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Abstract

Liitidginen, E. (2010): Advances in the Theory of Nearest Neighbor Dis-
tributions. Doctoral thesis, Aalto University School of Science and Technology,

Dissertations in Information and Computer Science, TKK-ICS-D18, Espoo, Fin-
land.

Keywords: nearest neighbor, computational geometry, entropy, residual variance,
correlation, nonparametric

A large part of non-parametric statistical techniques are in one way or another re-
lated to the geometric properties of random point sets. This connection is present
both in the design of estimators and theoretical convergence studies. One such rela-
tion between geometry and probability occurs in the application of non-parametric
techniques for computing information theoretic entropies: it has been shown that
the moments of the nearest neighbor distance distributions for a set of indepen-
dent identically distributed random variables are asymptotically characterized by
the Rényi entropies of the underlying probability density. As entropy estimation
is a problem of major importance, this connection motivates an extensive study of
nearest neighbor distances and distributions.

In this thesis, new results in the theory of nearest neighbor distributions are derived
using both geometric and probabilistic proof techniques. The emphasis is on results
that are useful for finite samples and not only in the asymptotic limit of an infinite
sample.

Previously, in the literature it has been shown that after imposing sufficient regu-
larity assumptions, the moments of the nearest neighbor distances can be approxi-
mated by invoking a Taylor series argument providing the connection to the Rényi
entropies. However, the theoretical results provide limited understanding to the
nature of the error in the approximation. As a central result of the thesis, it is
shown that if the random points take values in a compact set (e.g. according to
the uniform distribution), then under sufficient regularity, a higher order moment
expansion is possible. Asymptotically, the result completely characterizes the error
for the original low order approximation.

Instead of striving for exact computation of the moments through a Taylor series
expansion, in some cases inequalities are more useful. In the thesis, it is shown that
concrete upper and lower bounds can be established under general assumptions.
In fact, the upper bounds rely only on a geometric analysis.

The thesis also contains applications to two problems in nonparametric statistics,
residual variance and Rényi entropy estimation. A well-established nearest neigh-
bor entropy estimator is analyzed and it is shown that by taking the boundary
effect into account, estimation bias can be significantly reduced. Secondly, the
convergence properties of a recent residual variance estimator are analyzed.



Tiivistelméa

Liitisginen, E. (2010): Kehitysaskeleita Lihimmin Naapurin Jakaumien
Teoriassa. Tohtorin viitoskirja, Aalto-yliopiston teknillinen korkeakoulu, Disser-
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Avainsanat: lihin naapuri, laskennallinen geometria, entropia, residuaalivarians-
si, korrelaatio, epédparametrinen

Suuri osa epdparametrisen tilastotieteen tekniikoista liittyy tavalla tai toisella sa-
tunnaisten pistejoukkojen geometrisiin ominaisuuksiin. TAma yhteys on lidsné seké
estimaattoreiden suunnittelussa etté teoreettisessa konvergenssianalyysissa. Yksi
tallainen suhde geometrian ja todennédkoéisyyden vililld esiintyy epédparametristen
tekniikoiden sovelluksessa informaatioteoreettisten entropioiden laskentaan: on
néytetty, ettd alla olevan tiheysfunktion Rényi entropiat karakterisoivat asymp-
toottisesti tdysin ldhimmén naapurin jakaumien momentit joukolle riippumatto-
mia samoin jakautuneita satunnaismuuttujia.

Téssé viitoskirjassa on johdettu uusia tuloksia ldhimmén naapurin jakaumien teo-
riassa kayttden sekéd geometrisia ettd todennékoisyysteoreettisia todistustekniikoi-
ta. Paino on tuloksissa jotka ovat kidyttokelpoisia dérellisille ndytejoukoille eivatka
vain ddrettoméan nédytteen asymptoottisella rajalla.

Aiemmassa  kirjallisuudessa on  niytetty, ettd asettamalla  riittavéit
sadnnollisyysoletukset, ldhimmén naapurin jakaumien momentteja voidaan
approksimoida kéyttden Taylor-sarja argumenttia, jolloin loydetddn yhteys
Rényi entropioihin. Kuitenkin kyseiset teoreettiset tulokset antavat rajoitetusti
ymmérrystd approksimaatiovirheen luonteesta. Véitoskirjan keskeisend tulok-
sena on ndytetty, ettd mikéli satunnaiset pisteet ottavat arvoja kompaktissa
joukossa (esim. tasajakauman mukaisesti), niin silloin riittivin sdénnollisyyden
ldsnéollessa korkeamman asteen momenttikehitelméd on mahdollinen. Asymp-
toottisesti tulos karakterisoi tédydellisesti virheen alkuperiisesséd alhaisen asteen
approksimaatiossa.

Sen sijaan, ettd pyritddn tarkkaan momenttien laskentaan Taylor-sarjan avul-
la, voidaan joissain tapauksissa kayttdd myos epayhtéloita. Téssa vaitoskirjassa
nédytetiddn, ettd voidaan loytdd konkreettiset ala- ja ylarajat yleisilld oletuksilla.
Itse asiassa yldarajat voidaan johtaa kayttéden ainoastaan geometrista analyysia.

Viitoskirja siséltdd myos sovelluksen kahteen ongelmaan epédparametrisessa ti-
lastotieteessé, jotka ovat residuaalivarianssin ja Rényi entropioiden estimointi.
Yhté vakiintunutta [Ehimmén naapurin estimaattoria analysoidaan ja niytetddn,
ettéd ottamalla reunavaikutus huomioon, voidaan estimointiharhaa pienentad mer-
kittavésti. Toiseksi, erdén viime aikoina keksityn residuaalivarianssi estimaattorin
konvergenssiominaisuuksia on analysoitu.
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Frequently Used Symbols

()

diam

Lebesgue measure

Hausdorff s-measure

[P-norm either for vectors or functions

1?-norm either for vectors or functions

the L°°-norm of a function

volume of the unit (P-ball in R"

volume of the unit Euclidean ball in "

surface area of the unit Euclidean ball

distance between x and a set A

open ball of radius » and center x in the given metric
the surface of an Euclidean ball

the set of points z € R™ with p(z, X) <r

the set (0X), NX

the indicator function of an event

gradient vector of f at x

Jacobian of f at x

big-oh notation, goes to zero as fast as the given term
small-oh notation, goes to zero strictly faster than the given
term

interior of a set A

complement of A

closure of A

the set difference of A and B

cardinality of a set A (for a number, the absolute value)
i-th component of a vector x

integer part of the number inside the brackets
gamma function

digamma function

diameter of a set



Chapter 1

Introduction

Modern society produces vast amount of data due to the emergence of information
technology. This has led to the rise of data-based science including machine learn-
ing and data-mining in addition to interesting new developments in traditional
statistical techniques. The interest in developing efficient and robust methods for
data-based modelling and data exploration is increasing; one might even say that
there is an on-going revolution in engineering and science.

While new fields of science have emerged, at the same time the borderline between
data-based methods and first principles modelling has grown more vague. For
example, neural networks and other machine learning methods have emerged as
an alternative modelling tool for real-world systems and on the other hand, data-
analysis often brings new insights for modelling.

From the engineer’s point of view, these developments can be described using the
concept of data engineering as demonstrated in Figure 1.1. When facing a real
world problem, the first step is to develop theoretical models for the system at
hand. Often the difficulty is that in practice there are many factors that are
hard to take into account limiting the scope of theoretical considerations. Once
a sufficient understanding is achieved, the data-engineer develops models or in
general terms practical solutions based on the data that is available. It is common
that even if the theoretical understanding is incomplete, data-based methods are
able to find good solutions by using a general enough model. Of course the two
steps also interact with each other: valid theoretical principles are supported by
data and vice versa.

This thesis can be associated with the first step in the aforementioned process. The
goal is to develop new theoretical tools and understanding for statistical estimation
and modeling. In the spirit of data engineering, the work is of very general nature:
most of the results require relatively weak prior assumptions and the emphasis is
on methods that can be used in a large class of problems. The theoretical research
was motivated by practical needs, but on the other hand the applying research has
on its turn been guided by theoretical considerations.

As a specific task, at the early stages the thesis research was orientated towards
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Theoretical tools
(first principles,
statistical theory...)

A

Data
(measurements, »| Data engineering
databases...)

y

Practical solutions

Figure 1.1: The chart demonstrates the concept of data-engineering: theoretical
considerations produce a class of possible models, of which the one that fits best
the data is chosen using statistical techniques.

providing input selection methods for statistical regression between two random
vectors in order to alleviate the effect of the curse of dimensionality. Performing
trustworthy input selection is possible only if reliable methods for measuring de-
pendencies between random variables are available. It has turned out that the
analysis of nearest neighbor distributions provides a unifying factor behind several
important techniques. In the following, the research behind the thesis is intro-
duced in more detail by discussing statistical measures of dependency in order to
concretize the reasons behind the study of nearest neighbor distributions and to
establish a link to information theory.

1.1 Dependency Measures

A commonly encountered statistical modelling task is the prediction of a target
variable Y given a predictor Z. In order to perform the prediction, the underlying
relation between Z and Y is modelled using a finite set of observations (Z;, ;)M
where the number of samples M depends on the task at hand. The estimation
of the model can be difficult or easy depending on three aspects: the degree of
non-linearity present in the relation between Z and Y, the dimensionality (n) of
the predictor Z and the number of samples.

To simplify matters, classical statistics often focuses on the case where a linear
function from Z to Y is sufficient for a good prediction. In that case n can be
relatively large without imposing the requirement of having a very large number
of observations available, even though even in linear statistics small dimension-
ality is preferable. However, when linearity does not hold, things become more
complicated as seen from Figure 1.2. When no strong prior assumptions on the
non-linearity can be used, resorting to neural networks and basis expansions (e.g.
MLP and Gaussian processes [25, 53]) is one of the most important approaches.
However, a common denominator of such methods is their sensitivity to the di-
mensionality n. Currently the seriousness of the problem is debatable, but based
e.g. on [25, 67, 66], it is safe to claim that in high dimensional spaces, most non-
linear approximators do face problems with approximation capability, stability and
computational complexity consequently requiring a large amount of samples in the
estimation process.
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Figure 1.2: The dashed line is the optimal mean square linear fit to the parabola.
A linear dependency measure would indicate that X is not a good predictor of Y.

Luckily things are not as gloomy as they might seem to the data engineer who
does not have strong prior assumptions. In fact, it is common that even though Z
has many components, most of them are not needed for the prediction of ¥ and
a small subset is sufficient. This idea leads to the field of input selection, which
vaguely expressed investigates methods for finding a good subset of variables for
the prediction of Y. The task decomposes naturally into two subtasks: firstly, an
optimization method is used to go through subsets of the components of Z and
secondly, a method to evaluate the quality of such subsets is needed.

While the field of input selection arises naturally, it has been investigated sur-
prisingly little. Linear methods, however, are well understood. Considering the
random variables

YAGY)

X =

VAL
consisting of components of Z, the most basic linear input selection criterion is
the coefficient of determination (R2-value) of the empirical linear least squares fit
between X and Y, even though it is not the only possibility. However, if we look
in the univariate case of Figure 1.2, it is seen that no linear method is able to
capture the simple parabolic functional dependency. The inability to cope with
such non-linear relations suggests the idea of non-linear measures as a possibility
for measuring relevance when linearity cannot be assumed similarly as non-linear
modelling is a generalization of linear modelling. Of course, the reader familiar
with the topic might argue that non-linear modelling can be used to develop such
methods; however, as a deep theoretical and practical fact, the two problems should
be viewed separately as merely estimating the magnitude of dependencies is easier
than building a complete model (see Chapter 6 and [36], for example).

Obviously motivating non-linear dependency measures through input selection for
regression is not necessary as linear methods are an important tool in most fields of
science. As an example, ecologists and economists use it to seek validation of their
theoretical hypothesis. But most of the work in this thesis was in fact originally
motivated by the input selection problem largely thanks to the earlier work [1];
later on, more general theoretical ideas then arose as is common in mathematical
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Figure 1.3: In the figure, Y is the first component of X. Points close in the input
space tend to be close in the output space as well.

analysis.

1.2 Residual Variance Estimation

Under the definition m(z) = E[Y|X = 2] and r =Y — m(X), the target variable
Y can be decomposed into

Y =m(X)+r.
The residual variable r is the part that is not captured by the mean square optimal
predictor m(x). In this notation, if the linearity m(X) = w” X holds, then fitting

a linear model into the independent identically distributed (i.i.d) data (X, Y;)}M,
and computing the coefficient of determination amounts to estimating

Var|r]

b= Var[Y]

to measure how well X is able to predict Y. The general residual variance es-
timation problem then suggests itself in a natural way: is it possible to perform
the same without assuming linearity? It is an intuitive consequence of the no-
free lunch theorem that this is not possible without any prior assumptions. But
most real-world phenomena involve at least piecewise smooth functions rendering
non-parametric inference of the residual variance a viable option.

Numerous approaches for estimating the residual variance exist; see Chapter 6
for more details on those. However, all of them build at least to some degree
on the assumed smoothness of m, which implies that points close to each other
in the input space produce similar outputs as demonstrated in Figure 1.3. The
most straightforward way to concretize such an idea is to observe that if X; and
X are two samples close to each other (j(i) is a random index), that is, with

J
| Xi — Xj(3|| small, then

Y; =Y~ (Xi = X)) Vx,m 4 — iy = — 150 (1.1)

with Vx,m the gradient of m at the point X,;. Because the approximation is
indicated to depend mostly on r; —r;(;), a natural idea might be to consider (i > 0
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can be arbitrary as only i.i.d. sampling is discussed here)

M
CEI(Y = Y0 ~ 7 2 (Vi = Y (1.2)

=1

as an estimate of Var[r] for some constant ¢ > 0. The index j(7) must be chosen
in order to ensure

1. The approximation of the expectation in (1.2) is valid.
2. || X — Xl is small.

3. E[(r; — rju))?] = ¢ Var[r?].

The validity of point 2 is maximized by choosing X ;) as the point closest to X;
in the sample (X;)M, measured in the Euclidean metric. Then j(i) = NJi, 1] is
called the index of the first nearest neighbor of X; and d; 1 = || X; — Xj(;|| is the
first nearest neighbor distance. For this choice, point 1 is established in Chapter
4 using a rather standard proof technique. The last point is not obvious, but in
[42] it was shown that

E[(r; — rj(#))?] =~ 2Var[r]

is a valid approximation under certain regularity conditions; this also fixes ¢ =
1/2 in Equation (1.2). Unfortunately, those conditions are quite restrictive and
generally there is no theoretical guarantees that (1.2) is a good approximation. To
solve this problem, the estimator

M
1
i > (¥ = Y (Vi = Yivjiz) (1.3)

i=1

has emerged [14, 17, 36] and it is analyzed in detail in Chapter 6 as an application
of the theoretical considerations of the thesis. Here NJi,2] refers to the second
nearest neighbor of X;.

In addition to the previous arguments, the choice of using nearest neighbors is
motivated by computational efficiency; in fact, by using special data structures,
at least in low dimensions the nearest neighbors of each point in (X;)M, can be
found in O(M log M) time. Nevertheless it should be mentioned that there are
other paradigms not directly based on the use of nearest neighbors; the purpose
of the thesis is not to review those, even though new tools for that are provided.

1.3 Nearest Neighbor Distributions

In the previous section we saw that whether Y; — Yz is close to 7, — ryi g
or not depends on the quantities (X; — X N[iyk])TV x,m if second order terms are
neglected. On the other hand

BlI(X; = Xnppag) " Vx,ml®] < BlIVx,ml|Xi = Xnpiwl?] < cBldf ] (1.4)
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for some ¢ > 0 if the gradient is assumed to be a bounded function. By deriving a
bound on E [df &) it is then possible to establish worst-case convergence bounds for
the nearest neighbor residual variance estimators (1.2) and (1.3) as demonstrated
in Chapter 6. In fact, it is not only due to this particular estimation problem
that nearest neighbors are interesting; an analogous consideration applies to many
non-parametric statistical methods as well [29].

To bound E[df,] (introducing o > 0 does not complicate matters significantly), it

is possible to examine
M
i > d
i=1

without any probabilistic arguments. Such an analysis is done in Chapter 2 pro-
viding for example the following theorem (among others):

Theorem 1.1. Suppose that the random vectors (X;)M, take values in the cube
[0,1]™. Then we have for 0 < o <n and M >k,

M
1 2nn"/ 2
el E 4o, < (2 TMya/n
M &k = 7
where distances are measured using the Fuclidean norm.

So, in general it can be said that E[df‘k] tends to go to zero at least as fast as

M~%/"_ But can it happen that convergence is strictly faster? When the sample
(X;)M, is i.i.d, a negative answer is given in Chapter 2: a constant ¢; with

B[d )] > c; M~/

can be found. Moreover, ¢y is found as well, even though the optimality of the
bound cannot be claimed.

The upper and lower bounds effectively settle the issue raised in Equation (1.4).
However, once we have started in the analysis, it is natural to ask, whether the
expectation E[d{ ;] can be found in some more exact way. It is not hard to find
a partial answer in the literature [18, 69]: in general, for i.i.d. variables (X;)},
with the common density ¢,

ye ) — Ve EEES ) [ gpieingg (15)
in the limit M — oo (I'(+) denotes the Gamma function). Effectively this amounts
to invoking a locally constant (Oth order) approximation of ¢ around X; as can
be seen from [18]. As a contribution of Chapter 3 and also the central result of
the thesis, the possibility of a higher order expansion is demonstrated: under a
set of theoretical assumptions, the limit remains the same but an additional term
emerges:

—a/mI(k+a/n) _
a/n a ] a/n l1—a/n
M E[ 1,/{:] Vn F(k) /n q(.l?) dx

+Czr(k+?g)+ V) pp-1m o o(ar-1imy, (1.6)
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where ¢y is independent of M and k (see Chapter 3 for details on ¢3).

While the discussion started from the bound (1.4), it is in fact true that (X; —
X N[i7k])TV x,;m has many properties that are not understood only by examining
nearest neighbor distances. While the thesis does not comprehensively analyse
these, Chapter 6 nevertheless scratches the surface by using the local uniformity of
nearest neighbor distributions in order to show that (1.3) has favourable theoretical
convergence properties.

1.4 Entropies

While residual variance is a natural measure to estimate how well a given set of
variables can be used to predict the target variable, it is still based on the use of a
specific cost function (the mean square cost). In many cases, especially when doing
data-analysis, it is not necessarily very useful to estimate the relevance in terms
of a cost function. Instead, we might want to ask, how much of the randomness in
Y is explained by X. If the pair (X,Y) has a joint density ¢(z,y), then the joint
randomness is measured by the differential entropy [58]:

H(X,Y)= */%/HQ(%Z/) log q(z,y)dzdy; (1.7)

the maximal randomness is in fact achieved if the components of (X, Y") are jointly
Gaussian and independent of each other. The marginal differential entropy H (X))
for X is defined analogously for the marginal distribution ¢(z) and the conditional
entropy is

HY|X)=HX,Y)—- H(X).

Consequently, once an estimate for the entropies H(X,Y) and H(X) is found,
then the theoretically attractive measure of relevance H(Y|X) can be computed.

While the information theoretic approach leads naturally to logarithmic entropies
when some plausible axioms are accepted, there are however other entropies ob-
tained through relaxing one of the axioms. More specifically, the functions

Hj(X) log( [ _al)?da)

1
=13
are called Rényi entropies when § > 0 and while the theoretical foundation behind
these is less solid, they are still attractive as measures of randomness in those prob-
lems, where deep information theoretic connections are not needed. One observes
a connection to nearest neighbor distances: Equation (1.5) yields

V" (k)
T'(k+a/n)

n

2 log(M/" Eld54) = Hi—an(X)

showing that a natural finite sample (and well-known [34]) estimate of Rényi en-
tropies is
Vi (k)

n
Hy om(X) ~ —log(M®/" 2~/
1-a/n(X) «a os( I'(k+ a/n)

E[d ). (1.8)
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Because the definition Hy_,,,,(Y|X) = Hi_o/n(X,Y) — Hi_q/n(X) still makes
sense and is a valid measure of dependency [22] (though the definition is arguable),
we have in fact gone through a full circle: the discussion was started from input se-
lection, which (albeit somewhat vaguely) motivated the research on nearest neigh-
bor distributions and finally the asymptotic analysis led to information theory.

The downside of the estimate of Equation (1.8) is its reliance on the low order result
(1.5). Since after Chapter 3, the higher order result (1.6) is at our disposal, new
possibilities for the estimation emerge. Such techniques are examined in Chapter
5 both theoretically and by simulations. Moreover, not only improvements are
suggested, but an analysis of the low-order estimate is provided. Extending the
work to the estimation of the differential entropy is done as well.

1.5 Outline and Contributions

In Chapter 2, bounds on the mean nearest neighbor distances on random point sets
are derived. The treatment follows our earlier work on the topic in [40]. Originally
it came to us as a slight surprise that the closest work to ours is in the field
of material physics ([64]), where upper bounds are derived in three dimensions.
However, the bounds in [64] do not take the boundary effect into account, and
on the other hand, they work only for the first nearest neighbor distance whereas
we are interested in k (k > 1) nearest neighbors. As a second contribution in
[40], expected nearest neighbor distances E[df";] are bounded from below using
the theory of maximal functions.

Chapter 3 presents a central result of the thesis: an extension to the boundary-
corrected expansions of power-weighted mean nearest neighbor distances in our
work [38]. In contrast to Chapter 2, the expansion gives exact information in the
asymptotic limit of infinite sample size. In this thesis, the boundary correction is
shown to hold even if singularities exist at the boundary as long as there are not
too many of them.

In Chapter 4, the variance of sums of bounded local functions is analyzed. The
theoretical results are rather similar to [16], but somewhat less general. A variance
analysis is presented mostly for completeness of the theoretical applications in
residual variance and entropy estimation.

In Chapter 5 the boundary corrected expansion is used to derive a bias correction
to a class of entropy estimators introduced in [34]. The method was first presented
by us in [39] and the treatment here is similar.

Chapter 6 concerns the problem of residual variance estimation as an application of
the analysis of nearest neighbor distributions. Recently the product estimator (1.3)
has been shown to possess favourable theoretical properties. Using the theory in
Chapters 2 and 4, a worst-case convergence analysis is established. We speculated
in [41] that the method has a faster rate of convergence than expected by the
worst-case analysis. As a theoretical contribution, a formal proof is presented that
verifies the hypothesis by exploiting the local uniformity of probability densities.
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When reading the thesis, it is best to follow the order of the chapters with the
exception that Chapter 6 can be read before 5 depending on the interest of the
reader. Moreover, Chapter 6 does not rely on Chapter 3



Chapter 2

Geometry of Nearest
Neighbors

2.1 Introduction

Consider a grid of 36 points in the unit cube [0,1]* as in Figure 2.1(a). If we
take any of the points, then it is easy to convince oneself that the distance to the
nearest point in the Euclidean distance is always 0.1. Similarly, in general if M
samples are set on an n-dimensional grid, then the nearest neighbor distance is
1/(M'Y™ — 1) assuming that M'/™ is an integer. Consequently, if a sum over all
the first nearest neighbor distances is taken, we have for any a > 0,

M
Sdg, = M g o(Mt o), (2.1)
=1

Is it possible to generalize Equation (2.1) to hold for a larger class of point sets in
an inequality form? Based on the grid consideration, one might conjecture vaguely
that the left side of Equation (2.1) tends to be of order M'~%/™ in most cases. In
this chapter, it is shown that in fact, for any set of points in the unit cube [0, 1]",
Equation (2.1) generalizes as the inequality

M
> dgy < koMt (2.2)

i=1

for some constant ¢ > 0 independent of M and k. Two geometric proof techniques
are used: one based on the concept of instrinsic dimensionality following [32] and
another, slightly different technique stemming from material physics [64]. As a
theoretical contribution, the extension of [64] to the case k > 1 was presented by
us in [40] and moreover, by taking the boundary effect into account, a tighter bound
was established in a rigorous way. On the other hand, the instrinsic dimension,
while often providing bounds far from optimal, generalizes naturally to general
metric spaces.

18
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1 1
0.5 0.5
G0 0.5 1 OO 0.5 1
M=36 M=121
() (b)

Figure 2.1: Two point sets with the number of points (M) 36 or 121.

Obviously there does not exist any non-trivial universal lower bounds for the
power-weighted sum of distances (2.2) as for example taking M copies of a vector
produces a sample with all 1-NN distances equal to zero. To introduce more struc-
ture, it is common to examine independent identically distributed (i.i.d) samples
in ®™, which enables the use of probability theoretic tools. Then the direction of
the inequality in (2.2) can be reversed on expectation:

M
E[Y d2y] > ck/m e/ (2.3)

i=1

for some constant ¢ > 0, which depends on n and the common distribution of the
points. In fact, the inequality is a consequence of the theory of maximal functions.
It seems to appear first time in our work [40].

Figure 2.2 presents an outline of the chapter and it indicates that the sections on
upper and lower bounds can be read separately. After the theoretical analysis,
in the section related to applications, some known applications of the theory are
reviewed.

2.2 Basic Definitions

As the very basic framework in this thesis, we assume that (X;)*, is a sequence of

independent random variables taking values in a metric space (X, p), where X is the
set of elements and p the metric on X'. Each variable is distributed according to a
probability distribution P; on X'. Formally, there is also an underlying probability
space (Q,F,P), where the o-algebra F defines the set of events and P is the
probability measure.

It is common in statistical literature to require not only independence, but also
that the variables (X;)}, are identically distributed. This is not always done in
this thesis, because as a subtle point, dropping this second constraint adds to the
generality of the proofs.
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.
E=1

Figure 2.2: An outline of Chapter 2.
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Figure 2.3: 1-NN and 2-NN under the Euclidean distance with X = R2.

The nearest neighbor of a point X; is defined simply as the point closest to X;:
N[i, 1] = argmilllgj§M7j¢ip(Xi,Xj).
The k-th nearest neighbor is defined recursively by

NTi, k] = argminlgng,ng{i,N[i,l],A..,N[i,kfl]}p(Xiﬂ Xj)-

The concept is intuitive as shown in Figure 2.3 for the Euclidean planar case.
Of course, the geometry of the space looks very different with other choices for
p and X. Especially in high-dimensional vector spaces one must take care as
considerations stemming from low-dimensional analysis may lead astray.

Some complications may arise if ties occur, that is, p(X;, X;) = p(X;, X;) for
some indices j # [ distinct from 7. While for continuous valued random variables,
the occurence of two similar distances has zero probability, this is not the case
for discrete data and for this reason tie-breaking has deserved attention in the
literature [9]. As our purpose is not to delve deeply into this special case due to
the additional complications and because we commonly work with distributions
possessing a density, the problem of ties is solved by choosing the smallest index
among the alternatives.

Using the definition of the k-th nearest neighbor, we may define the corresponding
distance by
dik = p(Xi, XN(i k)

and the averaged quantity

LM
OM ko = Vi z_; i (2.4)

which is the target of our analysis in this chapter.

Finally, define the distance between z € X and a set C C X by

— inf .
p(x,C) ;relcp(z,y)
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Figure 2.4: (a) presents 50 points sampled according to the uniform distribution
on [0,1]%. In (b), uniform sampling was applied on the line y = x to generate the
50 vectors.

If X € R, we also set
Cr={xeR": JyeCst pla,y) <r} (2.5)
and 9,.C = (9C), N C, where OC refers to the boundary of C.

2.3 Upper Bounds

2.3.1 Using the Instrinsic Dimension

In Figure 2.4 we see two different point sets. In 2.4(a), it is natural to take
X =[0,1]? (2.6)

as the metric space in which the variables (X;)?%; take values. In 2.4(b), the same
choice would not describe the situation well as the points are restricted onto the
line with unit slope. A better choice is to set instead

X={zel0,1)?: 21 =z@}, (2.7)

Compare now Figures 2.4(a) and 2.4(b) to verify that the nearest neighbor dis-
tances are much smaller in (b). Clearly this is due to the fact that the space (2.7)
is in some sense smaller than (2.6); in fact, (2.7) is essentially one dimensional
being a scaled and rotated version of the interval [0,1]. Obviously a good theory
should adapt to the special geometric structure in (2.7) and provide significantly
smaller bounds for 0,/ o compared to the case [0, 1]?.

A survey of mathematical literature reveals that there exists various theoretical
methods for assessing the dimensionality (and size) of a metric space. To facilitate
the choice, the following mathematical observation is useful.

Lemma 2.1. For any choice of X and realization (X;)M,, it holds that

B(Xl,d1’1/2) N B(X27d2’1/2) = (Z)
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Proof. If x € B(X1,d11/2) N B(X2,ds,1/2), then

1 1
p(X1, X9) < p(Xy,2) + p(z, X2) < §d1,1 + §d2,1 < max{dy 1,d21}

with a contradiction. O

Heuristically, Lemma 2.1 implies that the presence of many large 1-NN distances is
possible only as long as the corresponding disjoint balls fit inside the metric space.
This suggests the use of packing numbers, which bound the maximal number of
disjoint balls with given radius inside X.

Definition 2.1. A set A C X is an r-packing, if for all distinct points x,y € A,
plx,y) > r. Forr > 0, we define the r-packing number as the cardinality of the
maximal packing, that is:

Npacking (T) = sup |A| .
A is an r-packing

In basic cases, the packing numbers are able to capture the geometric structure of
the underlying space rather well as demonstrated by

Example 2.1. Consider the unit cube X = [0,1]® under the Euclidean metric.
Let {x1,..., 21} be an r-packing of X with 0 < r < 1. Then the balls B(x;,1r/2)
and B(xj,r/2) are disjoint when i # j and also \(B(z;,7/2)N[0,1]%) > 274 Vor2,
where X\ refers to the Lebesgue measure. We may write
l
27 Vor? <3 AN(B(xi,1/2) N[0,1]%) = A0, 1] NU_, B(a, 7/2)) < 1

i=1

implying the inequality | < [2V; 'r~2] (the operation [-] can be used here because |
is an integer) and consequently Npqcking(r) < [2*m~1r=2]. For the line in Equation
(2.7), we may consider the Hausdorff 1-measure H' (length) to obtain similarly

1
274 < STHN (Bl r/2) N X) = HN(X N UL, Blay,7/2) < V2

and Npacking (1) < [23/2r71] when 0 < r < /2.

Fix a realization of the sample (X;)M, and a real number r > 0. Moreover, assume
that 41,...,4 indicate points with d;; 1 > r. Then (Xi_j)é»:l is an r-packing of X
and it must be that [ < min{M, Npackmg(r)}. Thus, we have a concrete method
to bound the amount of points with the first nearest neighbor larger than some
threshold. In order to apply the considerations to

1 M
Onta =37 > di, (2.8)
=1

the following lemma is useful.
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Lemma 2.2. Let u(dz) be a probability measure on . For any bounded measur-
able function f: R — [0,00) and p > 0, we have

[ raruan =p [Tt e R p@) > (2.9)
R 0

Proof. The proof can be found in [56] in Theorem 8.16; the reference contains
also a compact introduction to measure theory. A short derivation of Equation
(2.9) is presented here for the sake of completeness: by the right continuity of the
integrand

°°p71 T : f(x rY)dr
p/O P lu({z e R: f(z) > rhd

= p}lLiH}JhZ(m)p*m({x eR: f(z) > h(i+1)}).
i=1

Because partial integration can be applied to sums as well as to continuous inte-
grals, we have

Ry (hi) " u({z € R: f(z) > h(i+1)}) = —h > [n({z € R: f(z) > h(i+2)})
i=1 i=1
—pfz e R: flz) >+ DN (hj)
j=1
=hP> p{zeR:h(i+1) < flz) <h(i+2)}H)> 7 (2.10)

i=1 Jj=1

When i grows, the approximation Z;Zl jP~1 ~ p~14iP becomes increasingly accu-
rate and on the other hand, terms with a small 7 can be neglected in the limit

h — 0; thus

; D . ; < p—1
lim ;u({xeﬂ? h(i+1) < f(z) < h(i+2)} Zy

= lim p~ lz,u{x€§R h(i+1) < f(x) < k(i +2)})(hi)?

h—0

—p_l/ f@)Pu

Applying Lemma 2.2 and the discussion before it to 01, (viewing the sum as
an integral) yields

O

diam[x]
M1 Sa/ re {1 <i< M :d;y > r}|dr
0

diam[x]
< a/ ol min{ M, Npacking (1) }dr. (2.11)
0
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It remains to replace Npgcring(r) with an appropriate expression to generate con-
crete bounds. Example 2.1 indicates that assuming

Npacking(r) < [C""in] +1 (212)

when 7 > 0 (observe that Npgering(r) > 1) covers a rather large number of finite
dimensional spaces. We also note that the well-known packing dimension is the
infimum of those n > 0 for which the bound (2.12) can be established for some
¢ > 0 [65]. Thus, this choice seems appropriate in order to turn (2.11) into the
main result of this section

In addition to being just a summary of the discussion this far, the proof contains
a generalization to k > 1. A proof based on the idea appeared first time in [32].

Theorem 2.1. Assume that for some constants Cp,,n > 0, Npacking () < [Crr™ "]+
1 when v > 0. Then for 0 < a <n and M > k(C,, + 1),

(2.13)

5 _.n (C,J:)“/" aC" XM
Mka S — —
(

n—a\ M n—a)M+ M

For a = n, we have the bound

M\ C,k
O e < <2+1Og(k)> W

Proof. As a preliminary observation, the diameter of X is bounded by C’}L/ " due
to the fact that the existence of two points x,y € X with p(z,y) > Y™ + € for
some € > 0 would indicate that Npacking(C,}/n +e)>2.

Choose arbitrary r» > 0 and define the set of indices
I,={0<i<M: di>r}

When k£ = 1, we know that I, is an r-packing. For k£ > 1, things are slightly
more complicated but it is shown next that I, can be turned into an r-packing by
removing points.

Choose i1 € I, and define the set I, 1 = I, \ {N[i1,1],...,N[i1,k — 1]}. Then
pick up ig # i1 (i2 € I.1) and set L0 = {i1} U (L1 \ {N[iz, 1],..., N[iz, k — 1]}).
Correspondingly,

I3 = {i1,i2} U (Ir2 \ {N[i3, 1],..., N[iz, k — 1]})

with i3 # i1,49. To explain in words, in each iteration a point is chosen from the
active set and its nearest neighbors are removed up to the index k — 1 (excluding
the previously chosen points). Then, this chosen point is added to the set {i;}. By
repeating the aforementioned procedure as long as possible, we construct the sets
{L; }jL:1 for some L > |I,.|/k. By construction each index in the sequence (ij)JLzl
isin I, 1.
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Choose now 4,5 € I, with i # j and notice that from the properties of I, j, it
follows that p(X;, X;) > r showing that it is an r-packing.

Now the proof proceeds similarly as Equation (2.11) was derived: I, contains
by construction L > |I,.|/k points, which implies that the cardinality of |I,.| is
bounded by

|| < kL < kNpacking (1) < kCpr™" + k.

Under the assumption that M > kC,,, we have using Lemma 2.2 (0 < o < n):

00 C:L/"'
Mo = / aM_lr"‘_1|IT|dr§/ aM ot min{Cp,r~"k + k, M }dr
0 0
cl/m

= Cy/mkem M 4 oM +/ aCpkM ™ r® 1" dy
C}L/"kl/n,M—l/n

= L/ O M o i,

n—«o n—«o

When a = n, the calculation is nearly similar, but the integral of =1 produces a
logarithm:
e
Ontpn < 20 kM + / nkC, M~ 'r~ dr
/MR M1/

= C, kM~ (2 +log %).
O

Example 2.2. In the case X = [0,1]%, Ezample 2.1 and Theorem 2.1 together

imply the inequality
6\ /2
Sarpn < 812 (M)

when 0 < a < n. For the space in Equation (2.7) similar considerations reveal
that

M\ k
) <232 (2 4+1log— | —.
Mkl < + log Y

It is of importance to observe that n does not have to be an integer. Thus,
Theorem 2.1 applies to many fractal sets of non-integer dimension. Such sets
commonly occur for example as attractors of non-linear differential equations.

2.3.2 Arbitrary Point Sets

While Theorem 2.1 adapts well to instrinsic dimensionality, it suffers from subop-
timality in the limit & — n, because the term

n

n—«oa
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Figure 2.5: If D is the maximal 1-NN distance, then the balls B(X;, d; 1/2) drawn
in the figure belong to the set [-D/2,1+ D/2]%

approaches infinity providing rather unfavourable constants. Moreover, with « = n
one might ask if the additional logarithm can be avoided.

It seems that to address these issues more assumptions are required. At this point
the requirement of generality is dropped and the focus is shifted to worst-case
bounds on the unit cube [0, 1]™ (n is from now on an integer) as stated by

(A1) X is a subset of [0,1]" and p(z,y) = ||z — yl|, for some p > 1 (the [P-norm).

In contrast to general metric spaces, the concept of volume is now available. It
can be employed using the observation that by Lemma 2.1, the sum

M

n
E di'y
i=1

is proportional to the volume of UM, B(X;,d; 1/2), which is contained in a cube
with side length determined by the largest nearest neighbor distance as drawn in
Figure 2.5. The generalization to k > 1 requires some additional work; moreover,
the theory becomes more accurate when large distances are handled separately,
which motivates the cut-off in the following lemma.

Lemma 2.3. Suppose that (A1) holds. Then for any 0 < a < n, M > k and
r >0,

n a/n
ZA A 2)k ’\(X“”/Q)k) (2.14)

M
1 (o3
=S (g <) <
Mizld”k <d“’“—r)—< VoM
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with I the indicator function of an event and A the Lebesque measure.

Proof. Choose any x € R". Let us make the counterassumption that there exists
kE + 1 points, denoted by Xj; ,...,X;, ., (the indices being distinct), such that
r € B(Xy;,di; x/2) (B refers to a ball in the {P-norm) for j = 1,...,k+ 1. Let
(ij,1;) be the pair that maximizes the distance || X;; — X; ,[|,. Then the triangle
inequality yields

1 1
||Xij - Xz'j/ ||p < ||Xi,- - x”p +jz - Xz'j/ ||p < idij,k + §dij/’k'
On the other hand, by the definition of the pair (i;,4;/),
1 1
1K, = Xy llp = 5l1Xi, = Xip llp + 511X = X [y
1 1
= 2 P T Xl g, o, I = Xl

v

1 1
—d;. —d; ,
o ik + 5 bijr ok

leading to a contradiction. Thus, we have for the sum of indicator functions

M
Z/ I(x € B(X;,d; 1/2),di ) <r)dx
171 T

M
_ / S I(x € B(Xiydir/2), i < )z < N X2k
Xry2 =1

On the other hand,
M M
Z/ I(x € B(Xi,dix/2),dip < r)da =27"V, ;> diyI(di <)
i=1 Y 1" i=1

implies that

M

1

i D drI(dig < 7)< 2"V S A( X 2)kM T
i=1

The generalization to 0 < a < n is easiest by Jensen’s inequality [56]:

1 1 U o
17 D i (dig <7) < |52 D> dig I (dig < 1)
i=1 i=1
which implies (2.14). O

By dropping the constraint d; ; < r, one obtains straightforwardly the following
corollary.

Corollary 2.1. Suppose that (A1) holds. Then we have for 0 < a < n and

M >k,
onpn/pg\ /"
OM ko < <M> .
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Proof. The diameter of X = [0,1]" in the l,-norm is n'/P which implies that
setting 7 = n!/? in Lemma 2.3 is equivalent to not having the cut-off at all.
Moreover, X1/, is contained in the ball of radius n'/? and center at the point

(%,...,2), which has the volume V}, ,n"/?. O

Compared to Theorem 2.1, the logarithmic factor is avoided for a = n. Moreover,
when « is close to n, the constant in front of M=%/ is much smaller.

If one wants to proceed to the direction of deriving as tight a bound as possible,
then the constraints d; ;, < 7 in Lemma 2.3 become useful:

Theorem 2.2. Suppose that (A1) holds and 0 < A(X,) < AN(X) +c1r when r < ¢y
for some constants c1,co > 0. Then for any 0 < a <n and M > k,

2"\ Xr k a/n N n/Ppo—n
Mo < inf <<(/2)> +2”7"’f>

0<r<nt/p Vn,pM M
2 A(X)k a (noaina=!
_ (ﬁ)a/n +O(M7;("’+7a+l)) (215)
n,p

Proof. The proof follows that in [40]. We already know by Lemma 2.3 that

M
1 27 \(X,2)k
=Y A I(dig < 1) < ()
M — wrl(dik < 7)< Voo M )

A straightforward application of Corollary 2.1 to the subsample I = {1 <i < M :
d; > r} yields

M

1

7 2 (i > r)diy < 2 P(IIm e M ge
i=1

The bound holds also in the special case |I| < k as it is always true that d; j, < nt/p.
The first inequality in (2.15) follows now by Chebyshev’s inequality and Corollary
2.1:

M
7| <r7" dek < M PpTm M
i=1

because r can be any value between 0 and n'/?. To see the second result, choose

7 = M #?-antn and use the approximation (1 + z)*/™ ~ 1 + S valid for small
x. O

An analogous result to Theorem 2.2 appeared in [64], but the boundary effect was
neglected as not significant, which is the case when M is very large.

The condition A(X,) < A(X) + ¢17 requires some regularity of the boundary 90X
and works poorly with fractal boundaries. It is similar to condition C.2 in [18].
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0 20 40 60 80 100
Number of samples (M)

Figure 2.6: A demonstration of the bounds in Corollary 2.1 (the solid line) and
Theorem 2.2.

Nevertheless, such a bound holds for many commonly encountered sets; for exam-
ple, if X =[0,1]™ we have

AMXrj2) = AMX) < (147)" =1 =nr+ o(r?)

and the open ball B(0,1) satisfies a similar bound. It is clear that the influence of
points close to the boundary grows once the dimensionality of the space becomes
bigger. To demonstrate the achieved improvement compared to the direct appli-
cation of Lemma 2.3 with » = \/n under the Euclidean metric, both bounds are
drawn in Figure 2.6 withn =3, k =1, p =2, a = 1 and X = [0,1]? using the
estimate A(X,2) < (r+1)% in (2.15).

The main use of Theorem 2.2 comes from that fact that it is already rather tight
and it looks likely that further improvements would require probabilistic arguments
as it is hard to improve the geometric method. The request for a probabilistic
approach stems from the asymptotic results in [18] and Chapter 3, which the
interested reader can compare to Theorem 2.2.

The analysis assumes that the space X is bounded. However, at least theoretically
it is of interest to ask, whether similar bounds hold even if the boundeness con-
dition is replaced by a condition on the moments E[|| X;||”] (again, a probabilistic
condition is needed). A result to this direction was proven in [36].

2.4 A Probabilistic Lower Bound

2.4.1 The Small Ball Probability

The small ball probability function is often a useful concept when working with
nearest neighbors because of its distribution-free properties. Assuming that (A1)
holds, in the given [P-norm it is defined as the probability mass of a ball with
radius r and center x:

wy(r) = P(Xy € B(z, 1)), (2.16)
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which of course makes sense only if the variables (X;) | arei.i.d. It is a remarkable

fact that the distribution of wx, (di ) is independent of the common distribution
of (X;)M, or the choice of p as shown by the following theorem, which has been
proven for example in [18].

Theorem 2.3. Assume that (A1) holds and the sample (X;)M, is i.i.d. with a
common density q w.r.t. (with respect to) the Lebesque measure X\. Then for o > 0,

L(k + a)D(M)

Elwx, (dl,k)a\Xl] = mz

where T'(+) refers to the Gamma function.

Proof. Choose 0 < z < 1 and set t = inf{s > 0: wx,(s) > z}. By continuity,
wx, (t) = z. Thus wx, (d1 ) > z if and only if there are at most k — 1 points in
the set B(X1,t). A combinatorial argument yields (with probability one)

e

-1
Pl (dra) > 530 = 3 (M), (00—, (0

. <Mj— 1) (1= )M, (2.17)

> <.
=]

o

Jj=

Now, we have using the formula

(M—l): (M)
j I'(M —j)I(j +1)

and some basic identities for beta functions,

(Mjl)[jyﬂx%laMi’wz(M;]>FU;§?Y3”

T +a)(M)
= TG Y DTG+ o) (2.18)

Theorem 8.16 in [56] (to represent the conditional expectation) implies that

1
Elwx, (dyg)*|X1] = a/ P, (dy) > 2 X1 )dz
0

k—1 1

Ml)/ jta—1 M—j-1
« , T = 2)Y Tz
jz_;)( J 0

k—1

I'(y (M I'(k (M
—aY .(]+a) (M) _ T(k+a)I(M) (2.19)
= FG+1)INM+«a) TEIDM+ )
The last equality can be proven by an induction argument. O
For a fixed k the small ball probability behaves as M ~, because
I'(M) - a1
———— =M+ 0M™ ¢ 2.20
T(M + o) O ) (2.20)

as shown by
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Lemma 2.4. For any fixed o > 0,

(M)

Tarss) = M HOMT.

Proof. The proof here is a shortened version of that in Lemma 3.7 of [13]. For
any fixed o > 0 and all M > 0, Stirling’s formula for Gamma functions yields the
approximation

2 M+ o

(

T(M +0) = M+o e

YM*er oM. (2.21)

Equation (2.21) can be applied to the ratio of two Gamma functions:

INCUS o mw [M+ol+OMY)
m_(1+M)M \/71+O(M1)6M : (2:22)

For small z > 0, log(1 + ) can be expanded as log(1 + z) = x + O(2?) yielding

1+ i)M+a — (Mto)log(l+oM ™) _ [(M+o)oM ™ +0’ M™% _ o+O(M™?)
M
=e’ +O(M™). (2.23)

Equation (2.23) substituted into (2.22) yields
(M) [M+o. _ 1
= M™[1 M .
T(M 1 o) ] 1+ O]

M+o
M

And finally

=1+0(M™);

consequently
['(M)

T 1 o) - M=% 4+0(M 1),

2.4.2 Maximal Functions

Suppose that X = R" with p the [P-metric and that the sample (X;)M, is i.i.d.
possessing a common density ¢ w.r.t. the Lebesgue measure. If we want to an-
alyze df'; (notice that by the ii.d. assumption we may fix the index 1), then
the distribution-free properties of the small ball probability function (2.16) are
attractive. To reach a transformation of the problem, one may write

Vi pd? ), wx, (d1.x)
) , a/n _ d a/n WX \01k 7a/n.
v ) (dl,k:)) wx, (d1k)*™( )

Va/nda _ d a/n
n,p 1,k le( 1,k) ( Vn,pd?’k
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If the interest is only on bounding the expectation E[df ;] from below, then it is

useful to observe that J
w wyx, (r
X ( i’k) < sup x, (1)
Vn,pdl,k. 0<r<oo Vn,prn

(2.24)

Those familiar with measure theory recognize the expression in the right side of
(2.24) as the maximal function of ¢:

q(y)d
M) = sup I, o,m) €Wy HG)

>0 Vn,an r>0 Vn,prn

The theory of maximal functions is in fact extensive and and appears in most basic
treatises of real analysis such as [56]. M(z) : R™ — [0, o] is a positive measurable
function (see e.g. [56]). An important goal in the theory of maximal functions is
the characterization of the conditions under which M is integrable. A satisfying
answer to this question is given by the following classical result, which tells that
finiteness of certain LP-norms of ¢ is sufficient.

Lemma 2.5. Choose any s > 1. The maximal function of q is bounded by

2
n/s S S S
EIM(X0)] < 3"/ *(=) Yl gl

The scalar s' refers to the conjugate of s found by solving the equation %—I— ;1, =1.

Proof. By Holder’s inequality,
EMOG)] = [ a@)M@)ds < gl M].

The end of the proof relies on the result by Hardy and Littlewood, which can be
found for example in Theorem 8.18 of [56]. It says that

82

IMIl, < 3775 5 (=) gl

2.4.3 A Derivation of the Lower Bound

Section 2.4.2 gives a lower bound for E[d$;] in terms of the maximal function.
What remains is an application of Jensen’s inequality as demonstrated by

Theorem 2.4. Suppose that (A1) holds and the variables (X;)M, are i.i.d. with
a common density q w.r.t. the Lebesgue measure. Then the inequality

T(k + a/n)T(M)
T(OT(M + a/n)

7a/nr(k + Ol/’I’L)F(M)
WP ()M 4 a/n)

Eldf ] >V, /M EIM(Xy)) 7"

> 370‘/227&/71670(/2”HQ||2_2a/n (2.25)

holds for a > 0.
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Proof. By Theorem 2.3,

E[dS ] > V2 EIM(X1) ™ " wx, (dy k)]
T(k + a/n)T(M)
T(T(M + afn)’

=V, o/ EIM(X1) 7"

The proof is completed by observing the fact that by Jensen’s inequality
E[M(X1)”/"] = BE[M(X,)] 7"

and applying Lemma 2.5 with s = 2. O

The second inequality in (2.25) is of worst-case nature and in fact, some debate
about the optimal constant for the bound on maximal functions is still going on.
For this reason, it is sometimes a good idea to examine the maximal function
directly e.g. when considering the uniform distribution.

Example 2.3. If (A1) holds and q is uniform on the set X C R", then the first
inequality in (2.25) yields

T(k + a/n)T(M)

Bl 4] 2 Vg "X S G o)

In the literature it 1s known that the inequality becomes an approrimate equality
in the limit M — oo. Due to being non-asymptotic, it might be useful in many
applications as demonstrated in [35].

One might ask, whether upper bounds in the spirit of Theorem 2.4 are possible.
If one tries to proceed into this direction, one probably needs to impose regularity
on q.

2.5 Applications

The bounds have importance in discrete and random geometry. Below, we mention
some already established applications.

Convergence analysis in non-parametric statistics

In non-parametric statistics, the inequalities of Section 2.3 serve as a useful tool,
often allowing a relatively general setting. In fact, the bounds first occured as a
method to analyze nearest neighbor classifiers under arbitrary sampling [32]. As
another example, in [28] a probabilistic upper bound was used as an important
building block in the analysis of the rate of convergence. As one direction of
research, one might want to generalize the analysis there to manifolds using the
theory in Section 2.3.1.

In Chapter 6, a worst-case rate of convergence is provided for an estimator of
residual variance. Again, Section 2.3 turns out to be useful there. The lower
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bound seems to find less use in this context, but it should be mentioned that in
the aforementioned [35] it was employed to demonstrate the curse of dimensionality
for a noise variance estimator.

Geometry of high dimensional spaces

Given the i.i.d. sample (X;)*, on [0, 1]" and a point ¢ € R", consider the quantity

_maxieya [X — allp

min;—y v | Xi —qllp

It is a non-intuitive fact that A, tends to be close to 1 when the dimensionality n is
large as shown in [4]; in fact, this holds for any p-norm. Such considerations have
deserved attention in the theory of nearest neighbor search [4, 19, 52], because they
show that distances lose their significance in high dimensional spaces. The analysis
is done in the context that both M and n approach infinity in some appropriate
proportion. Interestingly, A, relates to nearest neighbor distances by

A, = do

)
dq,l

where dg . refers to the nearest neighbor distances of the point ¢. By Corollary
2.1 and Theorem 2.4,

E[dl M] 1/ 1
LML S ept/pyi/npgt/n 2.26
E[dl’l] — n,p ( )

for some ¢ > 0 independent of n and M; moreover, it was stated in [21] that

lim sup nl/pvn%" < 2(ep)'/?.

n—oo

Consequently, if M1/™ is large, then the contrast Ax tends to be large as well with
a high probability given an independent random variable X distributed similarly
as the variables (X;)M,; of course, one still has to translate this consideration in
terms of Ax to take into account that Equation (2.26) has expectations in the
fraction. This was done in [21], where new instability results were derived using
our original work in [40] contributing to the general thread of research.



Chapter 3

Asymptotic Results for
Nearest Neighbors

3.1 Introduction

Suppose that the points (X;)}, arei.i.d. with some common density g. In Chapter
2 we derived inequalities for the sum

M

> odg.

i=1
When more probabilistic structure is introduced, it is possible to go deeper and
in fact determine the exact asymptotic M — oo behavior. Two aspects arise
naturally: expectation and variance. The focus here is on the former, whereas the
latter is considered in Chapter 4.

As a central result in nearest neighbor analysis, it has been shown that in the
Euclidean space with various other assumptions (see Section 3.3),

a/n « —« nr(k+a/n) 1—a/n .
de ) — ViR S | gtayteias, (3.1)

the sufficient conditions for this convergence can be said to be quite well-understood.
The result establishes a remarkable connection to information theory as discussed
in more detail in Chapter 6. However, Equation (3.1) involves in fact only a low
order approximation; for finite M, there are other factors that are significant.

More precisely, there are two sources of error:
1. The derivation of Equation (3.1) is based on a local linearization of ¢, without
taking into account higher order terms in the Taylor expansion.

2. ¢ is taken as smooth on the set X but not on the whole space R™; conse-
quently, the boundaries X may include points of non-smoothness rendering
a linearization argument challenging.

36
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Whether 1 or 2 is more relevant depends on the adopted setting. The mathematical
setting here involves assuming that ¢ is smooth and strictly above zero with X a
bounded set (e.g. the uniform distribution in the unit cube). Then, somewhat
surprisingly, point 2 is the most relevant source of approximation error. In fact,
as the main result of the chapter, it is shown that under sufficient regularity of X
and ¢,

—a/ml(E+a/n) _
M(x/nE a1 Vn a/n / q(z 1 a/ndw
[ 1,k] F(k) . ( )
(k4 a/n+1/n)
I'(k)
+ O(M72/n 10g2+2a/n+4/n M)

+ (D _ Vn—a/n—l/n)

M—l/n/ q(l,)l—a/n—l/nds
oxX

The second term in the right side shows that the boundary effect contributes a
surface integral. The constant D is computed later; it does not depend on k or M.
The expansion has appeared before in [38]; in this chapter an extension to that
result is provided by adopting more general regularity conditions.

The logarithmic distance has been analyzed in a similar fashion as the expectation
(3.1) and it is known that under some regularity,

Bllog i) = = [ ala)loga(e)da + % (0(k) — v(M) ~Tog Vi) + o(1).  (32)

where 1 denotes the digamma function. Even though it has not appeared in
the literature before, the boundary correction extends straightforwardly to the
logarithmic case. The derivation is demonstrated in parallel with the analysis for
the c-moments.

The chapter is divided into eight parts as shown in Figure 3.1. In Section 3.2
basic definitions and assumptions are stated. The assumptions exclude unbounded
probability measures and require some smoothness of the densities. In Section 3.3
previous work and the main contributions are overviewed and placed in relation
to the adopted setting.

In Section 3.4 and 3.5, nearest neighbor distributions and the general proof tech-
nique are presented. After that, we proceed to the development of rigorous analysis
close to boundaries and in the interior. As common, the theoretical proofs involve
general ideas that can find uses in other contexts as well.

3.2 Assumptions and Definitions

Because the boundaries & have a significant role in a higher order nearest neighbor
analysis, regularity assumptions need to be imposed on dX. To achieve this, some
basic concepts from differential geometry are useful.

A nonempty subset S C R" is called an (n — 1)-dimensional submanifold, if for
each x € § there exists € > 0 and a homeomorphism

¢:U— SN B(x,e¢)
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3.2. Assumptions and > 3.3 Earlier Work and > 3.4 Nearest Neighbor
Definitions Main Results Distributions

i

. < 3.6 Geometry of the < 3.5 A General Overview
SAhelntErion Boundaries of the Proofs

3.8 Nearest Neighbors > 3.9 Proofs of the Main
Close to the Boundaries Theorems

Figure 3.1: Main parts of Chapter 3.

with U an open subset of #7~!. Recall that a homeomorphism is a bijection
with both ¢ and ¢~! continuous. This means that the set S is in a sense n — 1
dimensional even if it is a subset of R"; as a standard example consider for example
the surface of a sphere. Because all submanifolds that will be encountered are n—1
dimensional, we simply refer to submanifolds without stating the dimensionality
explicitly.

A submanifold is said to be twice continuously differentiable, if the local parametriza-
tion ¢ can be chosen as twice continuously differentiable on U and the Jacobian
Jy¢ has linearly independent columns for all y € U.

Choose z € S and = = ¢(z) for some z € R*~L. When the Jacobian .J, ¢ exists, we
may define a subspace G, as the span of the columns of J,¢. G, is the tangent
plane at z; for our purposes, another convenient set is the shifted plane

T,=2+G,={yeRN": y=a+7 for some & € G, }

in set aritmetic notation, which will be continuously invoked in this chapter. With
two overlapping submanifolds, we use the notation G to specify that the subman-
ifold S is meant.

It is possible to show that the tangent plane is invariant with respect to the choice
of ¢ as it should be for the definition to make sense. The normal vector n(z) is
defined as the unit vector orthogonal to G,. Notice that there are two possible
directions for the normal; this orientation problem will be solved in later sections.
The orientation is important as the half-planes

U, ={z+y:y R and y"n(z) <0} (3.3)

are used later. In any case the normal is continuous in the sense that regardless
of the orientation,

min{||n(z) — n(z,)|, |n(z) + n(zn)[|} — 0 (3.4)
when z,, — x in the limit n — oo.

In our work [38] we required that the boundary 0X is a twice continuously dif-
ferentiable compact submanifold. Such an assumption works well because for any
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Figure 3.2: The set Jp.1X \ No.; when X = (0,1)2.

x € OX the boundary can be locally approximated with the tangent plane 7.
However, in addition to the exclusion of most unbounded sets (due to the compact-
ness requirement), many important sets have only a piecewise smooth boundary.
For example, the unit cube (0,1)™ has a boundary, which is non-smooth in the
intersection of any two faces.

Even if the unit cube does not have a completely smooth boundary, the set of
singularities is heuristically speaking small. For example, in the planar X = (0, 1)?
case, the set of singularities (call it V) consists of the four corner points of the
rectangle. Then if § > 0 is small, the amount of points closer than § to IV is small
as seen from \(95(0,1)?) = 46 — 462 and A(Ns N (0,1)%) = 762 (see Figure 3.2).
For n-dimensional hypercubes we can similarly say that A(9s(0,1)™) < 2nd and
A(NsN(0,1)") < n262. Corresponding considerations hold in terms of surface area
(the Hausdorff (n — 1)-measure in £"):

H" (N5 N 0(0,1)") < 2n?%6.

Because nearest neighbor distributions are of local nature, it is more or less in-
tuitive that once the amount of points close to the problematic points of non-
smoothness is small, they have a small effect on nearest neighbor distances. Con-
sequently, it happens that the proof techniques in [38] remain valid albeit with
some additional technicalities. The following assumption almost achieves the goal
of summarizing the small set of singularities property of the cube.

(A2) X C R" is an open and bounded set with n > 2, p is the Euclidean distance
(p(x,y) = ||z —y||) and the boundary dX is an (n — 1)-dimensional submani-
fold (not necessarily differentiable), which can be represented as the union of
[ disjoint twice continuously differentiable submanifolds denoted by {C;}!_,
and a closed set N. We require that

1. The Hausdorff measure (surface area) H" 1(Ns N dX) is bounded by
H" L (Ns NOX) < b

for some constant ¢ (depending only on X') and all 0 < § < 1.
2. The volume of the set of points close to IV is bounded by

AMN; N X) < b2,



40 3. Asymptotic Results for Nearest Neighbors

(a) (b)

Figure 3.3: (a) The face C; denotes here the leftmost line of the rectangle excluding
the end points. D; completes C; into a smooth compact submanifold. (b) Assump-
tion (A2) does not hold, because at the corner points the tangent planes on C; and
C; become parallel.

again for a constant ¢ > 0 and 0 < § < 1.

3. There exist compact twice differentiable submanifolds {D;}!_, such that
C; = D;NOX \ N. Moreover, for any pair D;, D; with i # j, the tangent
planes at the intersection of the two submanifolds are not parallel to
each other: GDi # ij.

4. For each i and z € C;, there exists 6 > 0 such that B(z,0) N D; C C;.
This means that each C; is open relative to D;.

The set X is assumed to be open as a technical detail. For the cube (0,1)™ it is
natural to choose

Coi ={z€[0,1]": 2P =0and 0 <z <1 when j # i}

and
Coi1={ze[0,1]": 2 =1and 0 < 2) < 1 when j # i}.

Then as explained before, points 1 and 2 hold for N = [0,1]™\ (U?",C;) and point
4 holds as well.

Condition 3 is demonstrated in Figure 3.3(a) for the rectangle (0,1)2. The as-
sumption that each piece of the boundary is a subset of some compact smooth
submanifold is useful, because it allows a smooth parametrization of dX even
at points of non-smoothness. Figure 3.3(a) shows an extension consisting of two
half-circles; the idea generalizes to the n-dimensional hypercube. Because the sub-
manifolds {D;}!_; are allowed to intersect each other outside OX, their existence
is not such a strong assumption.

In Figure 3.3(b) we find an example where condition 3 in (A2) is not valid, because
the tangent planes of the intersecting faces C; and C; become parallel. To the eye,
it is most clear for the rightmost corner point; however, in fact the two other
intersections also involve tangent planes becoming parallel.
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For the cube (0,1)™ it is on the other hand clear that neighboring faces do not
become parallel on points of intersection as they are in fact orthogonal to each
other. Thus we have verified that (A2) holds for (0,1)™; in addition, it is clear that
it also holds for sets with a smooth, compact boundary. Consequently, it allows
a larger class of sets than the setting in [38] even though the case of unbounded
probability distributions remains open. Moreover, (A2) is by no means elegant
and most likely it is possible to simplify it.

Even though (A2) guarantees a large degree of regularity, it is useful to have the
following at disposal as well. It might follow from (A2), but there is no rigorous
proof at the moment.

(A3) X CR" and
inf  ANB(z,r)NX)r " > 0.

n
reX,0<r<1

Often all the regularity provided by (A2) is not needed if an analysis of the bound-
ary effect is not the goal. Then, instead of (A2) and (A3) it may be sufficient to
work with (A3) and

A2) X C R™ is a closed set. Denoting by 9, X the set 0,X = (0X), N X, it holds
that

sup 7 IAN(9,X) < oco.
0<r<1

In contrast to Chapter 2, it is essential in this chapter that (X;)}, isi.i.d. with a
regular common density g. Here two kind of regularity of ¢ is needed: the domain
must be regular and the function must be smooth on the domain. (A2)-(A3) ensure
the first whereas the second relates to Holder continuity:

Definition 3.1. Assuming that X C R"™ and 0 < v < 1, the set of Hélder contin-
uous functions H(c,7) is defined as the class of bounded scalar valued functions f
with the property

|f (@) = f(y)] < el —yl” (3.5)
for all z,y € X. For 1 <~ <2, H(c,v) is the set of scalar valued functions f
on X such that f is differentiable in the interior X° of X, f € H(1,c) and the

gradient YV f is Holder continuous (as a vector valued function) on X° with the
exponent v — [].

The following states the regularity condition on g:

(A4) The variables (X;)M, are ii.d. possessing a common density ¢ w.r.t. the
Lebesgue measure A on the closure X with X C R” an open set and ¢ €
H(cy,7) for some 0 < v < 2 and ¢; > 0. Moreover, we assume that ¢ > ¢y
on X for some constant co > 0.

The closure is taken as the domain of definition for ¢ to ensure it to be well-defined
on OX.

The following definitions are needed:
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Figure 3.4: W (1.5) is computed as the area of the gray region.

Definition 3.2. The half-plane of points with a positive first coordinate is denoted
by H:
H={(s,z): seR,zeR"" and s > 0}.

Obviously, (s,x) is understood as a concatenation. W is defined as the volume of
the intersection between a ball of radius r centered at (1,0) and H:

W(r)=XDB((1,0),r) N H).

W (r) is used to model the behavior of w,(r) (Equation (2.16)) close to the bound-
aries of X'. In words, H denotes the set of points right from the y-axis and W (r)
is just the area of the intersection between the ball centered at (1,0) and H. This
is demonstrated in Figure 3.4. It is obvious that W(r) = V,r"™ when 0 < r < 1,
but for r > 1 the situation is more complicated as shown by

Example 3.1. When n = 3, the function W is given by

when 0 <r <1 and

forr > 1.

3.3 Earlier Work and Main Results

An introduction to general random local geometry can be found in the book [47].
One can also follow individual references; a review of recent developments with
applications can be found in [50]. To understand the thesis, it is not necessary to
go deeply into that direction, but it is good to know that in [69] such theories were
used to compute asymptotic limits for average power-weighted nearest neighbor
distances. For example, the following was proven:
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Theorem 3.1. Suppose that the i.i.d. wvectors (X;)M, take values in a convex
polyhedron X C R™. Then if the common density q is bounded from below and
above on X, we have for any o > 0,

a/n (6% — nr(k+a/n) —a/n
MBS ] — V! F(k)/Xq(x)l /™ dy (3.6)

as M — oo.

Alternatively, the asymptotic limit (3.6) can also be established if (X;); is i.i.d,
0<a<mnand

/ q(z)'=/"dx < oo

instead of the restrictive convexity and positivity requirements. Theorem 3.1 can
be viewed as the most general law of large numbers for nearest neighbor distances
providing the asymptotic limit when 0 < o < n and thus establishing the connec-
tion to information theory through Rényi entropies as discussed in more detail in
Chapter 5.

Similar generality has not been achieved for o > n; probably it is because in that

case
[ s

is often unbounded (e.g. Gaussians). Nevertheless the convexity condition in
Theorem 3.1 seems restrictive and can be relaxed to some degree as long as ¢ is
bounded from below by a constant larger than zero.

Many possible ways to extend Theorem 3.1 to different directions exist. One can
for example prove central limit theorems (e.g. [48]) or try to work under as weak
assumptions as possible. Here the focus is on analyzing the rate of convergence
w.r.t. M of which [69] does not as such provide much information. [18] provides
an approximation in the order of magnitude notation together with imposing rel-
atively few restrictions on X

Theorem 3.2. Suppose that (A2"),(A3) and (A4) hold with 0 < v < 1 in (A4).
Then, keeping any k, o > 0 and p > 0 fized,

o _ 7a/nF(M)F(k+Oé/n)
B =V 500 eyt )

/ q(@)' =/ de + oM~/ (3.7)
X

where the remainder term goes to zero faster than M—®/"=Y/"+e with respect to
M.

To interpret Theorem 3.2, recall Equation (2.20):

(M)

P S — —a/n —a/n—1
QT pagm = M oM ).

In the special case of bounded (from below and above) and smooth densities,
Theorem 3.2 improves on 3.1, because convexity is not needed anymore. It also
implies the asymptotic rate of convergence O (M ~®/?=7/7+P) to the limit and there
are good reasons to believe that the actual rate is in fact O(M~/"=7/m),
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Theorem 3.2 is a first-order approximation as it is based on approximating q locally
by a constant and neglecting the boundary effect. Of the various higher order
terms, it is of interest to ask which ones are dominant, and how much can be
computed in closed-form. The following theorem shows the perhaps surprising
result that in the presence of boundaries, it is the boundary effect that causes the
largest error in the approximation. Moreover, the related higher order term takes
a simple form in the final expansion.

Theorem 3.3. Suppose that (A2)-(A4) hold with 1 < v < 2 in (A4). Then for
fized k,

le% _ Y\« nr(k + a/n)F(M) l1—a/n

I'(k+a/n+1/n)(M) / l—a/n—1/
L(R)T(M +a/n+1/n) Jox )
+ O(MY/nma/n jgg2 20/nta/n \py (3.8)

+ (D _ ana/nfl/n)

where the constant D is the integral (recall Definition 5.2)

1 1
D= 7/ a—a—QW(a—l)—a/n—l/n—lW/(a—l)da
0

n

with W' the derivative of W.

Theorem 3.3 appeared first time in our work [38]. However, as mentioned in Section
3.2, instead of (A2) it was assumed that X is a compact twice differentiable
submanifold or a polytope; both are special cases of (A2). To the best of our
knowledge, comparable earlier results are few; one should mention the work in
[51], which can be used for a similar higher order expansion for minimal spanning
trees with the simplification X = [0,1]? and ¢ = 1 on the unit square (uniform
distribution).

It is remarkable that the second term in the right side of Equation (3.8) captures
the boundary effect in a simple way as a surface integral. The surface integral is
rigorously understood to be taken w.r.t. the Hausdorff measure H"~* on X, but
the identification

dS =\/|(J.¢)T J.¢|dz

for a local parameterization ¢ can be used to compute such integrals.

The constant D can be represented by the change of variable y = a~! and partial
integration:

— 00 —a/n—1/n
1 / o d(W(T‘) )d’l" 1 W(l)—a/n—l/n
1

a+1 dr a+1
foe) —a/n—1/n 00
o a—1 —a/n—1/n Va / -2
w dr > ——(1 d
) /1 T (r) rz— 1 1+« 1 r~2dr)
— V—a/n—l/n.

In the last inequality, the fact W(r) < V,r"™ was employed. It follows that
D—V, /"7 > 0 in Equation (3.8) implying that the boundary effect increases
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nearest neighbor distances. It is difficult to associate D with a geometric inter-
pretation because it arises from analytical considerations, but at least D can be
computed numerically when necessary.

There is also an unspecified error term in Theorem 3.3. Most likely the correct
order of magnitude is M ~7/"~%/" without the logarithmic factor, but showing
it would make the proof more complicated and in any case the Big-Oh notation
guarantees small error only for large M. The small sample case is examined via
experiments when necessary.

Example 3.2. As a concrete example, let us analyze uniformly distributed points
in the unit ball with o = 1. In such a case ¢ = V?fl and Example 3.1 together with
a numerical evaluation gives

D = 0.42.

Setting k = 1, Equation (3.8) takes the form

E[dy 1] ~T(4/3)M~'/3 4+ 3DVZ/*T(5/3)M ~%/> — 3T°(5/3) M %/
+O(M~'log* M).

While the moments of d; j are definitely very interesting, an equally interesting
quantity is logd; ; due to its close connection to the differential entropy ([30]).
The theory behind the expectation E[logd; ;] differs from E[d ;] only in technical
details even though the extension was not done in [38]. A modification of Theorem
3.3 to fit into this case results in

Theorem 3.4. Suppose that Assumptions (A2)-(A4) hold with 1 < v < 2in (A4).
Then for a fixed k,

_ (M) 1-1/n -1 /
Bllozds 1] =Cr (LK) s [ a(@)! a8 =07 [ a(o)logg(a)da
+ Cy (M, k) + O(M /™ log®+4/™ M.

The variables C1(M, k) and Co(M, k) are (¢ refers to the digamma function)

Vi /"T(k+ 1/n)log Ve Vi /"p(M + 1/n)D(k +1/n)
AT ) * nT(k)

(M + 1/n)D(k + l/n)) Va "p(k +1/n)

Cl(ka) =

+ Dy ((k +1/n) —

I'(k) n
DaT(k + 1/n)
(k)
CaM.K) = 1 (0(k) — (M) ~log Vi)
Dy = %/0 a2W (Y)Y W (0 Y)da
Dy = ! a2 W (a™H "YW (a7 Y (log W (a™t) + nloga)da.

n2 Jo
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Informally, Theorem 3.4 is obtained from Theorem 3.3 by taking derivative w.r.t.
« at the point aw = 0. But a rigorous derivation requires more work.

3.4 Nearest Neighbor Distributions

Denote by dw, (r) the Lebesgue-Stieltjes measure of w,(r) (see e.g. [56]). Moreover,
we define

Ser() = {(x1,...,26) €RVF: 0< oy —af| < ... <|lze—z]| <t} (3.9

for any fixed € R” and k > 0. In Chapter 2, we have analyzed nearest neighbor
distributions mostly based on geometric arguments. However, it turns out that
the nearest neighbor distribution has an expression, which allows an elaborate
analysis. The following theorem is of course by no means novel (see [18]).

Theorem 3.5. Suppose that the points (X;)M, are i.i.d. with a common density
q. Then the distribution of the nearest neighbors of a point x € R™ is characterized
by (f is a bounded measurable function on R™**+1))

Elf(X1, Xnpap - Xnpw) [ X1 = 2]
k
M—1
- k!< ) > / (1= we(llwr, — 2l F 2 f [ [al@ra)dara, ... doy k.
S,k (20) i=1

The argument of f was dropped for notational compactness. For functions that
depend only on the k-th nearest neighbor distance,

Elf(di )| X1 = 2] = k<Mk 1) /000(1 — we ()M (1)L F () dw, (7).

Proof. Choose (x1,1,...,%1,%) € Szx(00). Then we have
P(N[l,l} 2277N[1,]€] :k—|—1|X1 :Qj‘,XQ :$171,...,Xk+1 :Jfl,k)
= (1= wa ([l e — 2 )1 (3.10)

as this is the probability that no other points lie inside the ball B(z, ||x1 5 — z|]).
Using Equation (3.10),

k
E[fHI(N[lJ] =j+D)X1 =2, Xo =211, , Xpp1 = 71 4]
j=1

:P(N[Ll] = 27,N[1,]€] :k+1|X1 :LL‘,XQ Z.’I}Ll,...,XkJrl :xl)k]
x flx, 211, .., 21,%)
:(1 - wI(Hxl,k - J;H))M_k_lf(xvxl,lﬂ S 7'7“‘17]@)'
Because the sample is i.i.d, replacing the set of indices (2, ..., k+1) with any other

set does not make a difference. Thus, using the tower rule of conditional expec-
tations (E[-] = E[E[-|F]], see [56]) and the combinatorial fact that the number of
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different subsets of {2,..., M} with cardinality k is

M)

we end up with

—1 k
ot (M) B =] = Bl TL10VA] =+ DI =]
j=1
k
:/ Bl [T IONDL G =+ DIXs =2, Xa = 211, ., Xeps = 21.4]
Sa,k(00) j=1
k
X H q(ij)dl‘Ll, ey dml’k
j=1
k
:/S 1wl M g s oo d .
z,k (00 =1

The second result is obtained by integrating out the first £ — 1 coordinates. O

Under (A3)-(A4), the upper tails of the nearest neighbor distribution approach
zero fast.

Lemma 3.1. If (A3)-(A4) hold, then for 0 <t <1 and 0 <k < M,
P(dl,k: > thl) < MFEe—c(M—k=1)t"

for a constant ¢ > 0, which depends only on X and q.

Proof. Using Equation (2.17), we may estimate

1
Pldyy > t]1X1) = Plux, (diy) > w, (0]X1) < Mk/ (1 2)M=k=1q,.

wx (t)

Now, we apply the fact that 1 —2z < e * for 0 < z < 1 and the inequality (implied
by (A3)-(A4)),
le(t) Z ClA(B(Xl,t) n X) Z CQtn

for a constant ce > 0 which depends only on &. Thus

P(dy > t]X1) < MFEe—c2a(M—k=1)t"

O
From Lemma 3.1 it follows that for a fixed k and
ta = M"Y 10g? " M, (3.11)
it holds that
P(dl,k N M—l/n 10g2/n M|X1) < Mk—clogM’ (3.12)

which approaches zero faster than any polynomial w.r.t. M.
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0.757

,,,,,,,

~05-0.4 01 030405
X

Figure 3.5: In the interior X'\ 991X, ¢ can be expanded inside the ball B(0.2,0.1),
but outside the region bounded by the dashed lines it is no longer the case.

3.5 A General Overview of the Proofs

If we set for example ty; = M ~1/"1og?/™ M, then under (A2)-(A4),
Eldf ] = Eldf pI(dix < tar)] +O(M )

with 8 > 0 any fixed positive number. Thus cutting off nearest neighbor distances
at ¢ty introduces a negligible error term. If z € X'\ 9;,, X, then under the cut-off
the quantity

E[d?,k_[(dl’k S tM)le = 1‘} (313)

depends only on the values of the density ¢ in the ball B(z,t5s). Because B(x,ty) C
X, it is possible to approximate (see Figure 3.5)

a(y) = q(z) + (y — 2)" Vaq + O(t3)).

In Section 3.7 it is shown that because the error in the expansion is of order ¢3,, a
local linearization has a small effect on the expectations (3.13). On the other hand,
substituting a locally linear density into Theorem 3.5 leads to a simple closed-form
expression for the a-moments E[df .

The linearization argument here is a modification of the analysis in [18] with the
difference that in [18] a locally constant approximation of ¢ was used. While
the interior X' \ 0,, X is relatively casy to handle under sufficient smoothness,
difficulties arise when x € 9;,, X, because then B(z,tys) is no longer contained in
X and ¢ cannot be linearized.

As is often the case, to solve the difficulties associated with boundaries, it is useful
to consider a simplified case, namely the planar boundary. To do that, we set
X =10,1] x [-1/2,1/2]""1 and

x = (s,0,...,0) (0 < s <tu). (3.14)

Then we ask whether
E[dlll,kp(l = (57 Oa B 0)]

has some closed-form expression. Unfortunately, this does not seem to be the case
because the boundary cut-off introduces a source of non-linearity. To solve the
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Figure 3.6: The set A(z, 7).

problem, the trick is recalling that X; does not have to stay fixed. It is shown in
Section 3.8.1 that surprisingly

tv
/ Bl I(dy s < ta)|X) = (5.0,...,0))ds (3.15)
0

does have a closed-form expression. In fact, this observation is the most central
idea of the chapter; the rest is mostly an application of literature together with
additional technicalities.

The main source of technicalities arises from the transition to general X and ¢ from
the uniform distribution. In that process, we would like to end up with integrals
of the form (3.15). One approach is to define for each x € X'\ N (the singularities
N have to be excluded) and r > 0

Az,r) ={z —sn(x): s e (0,r]}, (3.16)

see Figure 3.6. n(x) refers here to the outer normal of the set pointing outwards of
X'; formally the existence of such a normal is shown in Section 3.6.1. The idea is to
associate to each A(x,r) a line in the unit cube through a linearization argument;
after that ¢ is linearized as well and the problem can be reduced to the uniform
unit cube case.

Does every point in 0;,, X belong to some A(x,tyr) if (A2) is valid and M large?
When points close to the set of singularities N are excluded, an affirmative answer
is given. In fact, it is shown in Section 3.8.2 that under (A2)-(A4),

/ Eldf  I(dix < ta)| X1 = z]q(x)dw
01y, X

-/ B[4 I(d i < tar)| X1 = alg(@)da + O(E25),
XN[Uyeor\NAY,tar)]

(3.17)

when ¢ € H(c,v) with v > 1. Each point in the set X' N [Uycpr\nA(y, tar)] can
be written as
y=2a —rn(x)

for some r > 0 suggesting a natural parametrization. In Section 3.6 it is shown
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that

/ Eldy p I(dyx < tar)| X1 = z]q(x)dz
XN[Uycar\nvA(Y:tam)]

tn
= / / Bldf  I(dx <tu)| X1 =2 —rn(z)]g(r — rn(x))drdS
8x\N Jo
+O(t57%).

To simplify further, we utilize

tm

; E[d‘f"kf(dl,k <tm)| X1 =2x —rn(z))q(z — rn(x))dr
~ () / " Bl W I(dy g < tar)| Xy = 2 — rn(o)]dr (3.18)
0

as a good approximation under (A4). If we now compare to the uniform case of
Equation (3.15), we see that the integral in (3.18) has the same form except that
¢ cannot be said to be locally uniform and the boundary is not planar. However,
it is possible to use

q(y) = q(z) + O(tpr)  when y € Bz, 2ty )N X

to show that for each z € X, the points (X;)*, can be thought to be approxi-
mately uniformly distributed inside B(z, 2¢57)NX. In addition, as shown in Figure
3.6, the boundary X can be linearized around x. Together with a linearization of
g and 90X, it is then shown in Section 3.8.2 that (3.18) reduces to the case of uni-
form points in the unit cube. Of the two arguments, linearization of the boundary
is more difficult to handle formally and the proofs in Section 3.6 take more effort.

The chapter proceeds now to the geometric proofs in Section 3.6. In Section 3.7
we analyze the interior X'\ 0;,, X and after that in Section 3.8 the boundary effect
is analyzed first for the unit cube and then in the general case.

3.6 Geometry of the Boundaries

As discussed in Section 3.5, the purpose is using the sets
A(z,r) ={x —sn(x) : s€(0,r]} (3.19)

to reparametrize 0,.X, but before that it is necessary to fix the direction of the
normal n(z). As mentioned earlier, we would like n(x) to point away from X.
Then intuitively one would suppose that A(z,r) C X, while A(x, —r) C X¢ for
any small positive 7. But rigorously it is not evident that the direction can be
fixed this way and considerable effort is taken in Section 3.6.1 to establish the
orientation when z is not too close to N.

Despite the difficulties, the orientation can be fixed and the following reparametriza-
tion result is proven in Section 3.6.2:
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Figure 3.7: The set X’ (inside the circular arc) can be locally approximated by U,
(grey area).

Lemma 3.2. Suppose that (A2) holds. For any function f : R" — R with 0 <
f <1 and a constant ¢; > 0 large enough, we have for 0 <r <1

[ fyan = /3 . /O F(z — Fn(x))didS + O(r2), (3.20)

where the outer integral is the surface integral over OX . The remainder term O(r?)
can be bounded by cor? with the constant ¢y depending only on X and c1, but not

on f.

Lemma 3.2 will be applied to the function
f(x) = Eldf , I(dix < tar)| X1 = x]q(z).

Choose two small numbers r1,79 > 0, € 0X and any y € A(z,71). Then if
0X is locally smooth, it is reasonable to assume that the boundary can be well
approximated with a plane inside the ball B(y,r2). As a consequence, under our
convention that n(x) points outward, it would seem intuitive that inside B(y,r2),
X is very similar to the half-plane U, of Equation (3.3) as demonstrated in Figure
3.7. A formalization of this idea in Section 3.6.1 in terms of volumes is the second
main result of this section:

Lemma 3.3. Assume that (A2) holds. Then there exists constants c¢i,co > 0
(depending only on X) such that for any 0 < § < 1, 0 < ri,re < ¢10 and x €
OX \ Ns, if we fir y = x — rin(z) and define the sets 21 = B(y,r2) N X and
Eo = B(y,r2) NU,, then we have

AE1\ Z2) + AE2\ E1) < eo(rP T + 031, (3.21)

Later on, it turns out that it is exactly the volumes of the intersections that matter
when simplifying the general case to the uniform distribution.

3.6.1 Linearization

The first step in establishing the main results in Lemmas 3.2 and 3.3 is showing
that for some constant ¢ > 0, n(z) can be fixed to ensure that A(z,r) C X when
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r > 0 is small and = € 9X \ N... We proceed through four intermediate steps,
which provide useful technical results. The following lemma is an application of
the derivative of inverse functions.

Lemma 3.4. Suppose that D C R" is an (n-1)-dimensional twice continuously dif-
ferentiable submanifold and choose any x € D. Then there exists a local parametriza-
tion ¢ : U — B(x,e) N D and a constant ¢, > 0 such that if (;)52, C D is a
sequence converging to x, then it is possible to choose an integer 1g > 0 with

lo™" (@) = o~ (@) < callws — =]

for i > 1.

Proof. Choose a twice continuously differentiable parametrization ¢ : U — B(z, €)N
D with ¢(0) = x. Because U is an open set, there exists ¢; > 0 such that the closure
B(0,67) is a subset of U. Notice that

(Jy)" Ty

is a continuous matrix valued function with eigenvalues strictly above zero for
each fixed y € U. By continuity of the Jacobian, this implies that there exists a
constant ¢ > 0 such that

it [[(J,0)z] > c. (3.22)

y€B(0,61),l1z[|=1

Because ¢ is a homeomorphism, ¢(B(0, d1)) contains the set B(z, J2) ND for some
82 > 0 and consequently ¢~'(z;) € B(0,d1) for some iy and all i > ig. Thus by
Equation (3.22) and the mean value theorem, for some § € B(0,d7) it holds that

i — zll = [6(¢™" (2:)) — 3¢~ ()]
= [ Jep(@™ (i) — &7 (@) = ello™ (z:) — ¢~ (2)]

finishing the proof if we take ¢ = ¢, ' O

Consider a local parametrization ¢ : U — B(z,¢) N D of a continuously differen-
tiable submanifold D. The tangent plane at the point © = ¢(u) is determined by
the span of the Jacobian J,¢. If ¥ is close to @, then by Lemma 3.4 i = ¢~ (%) is
also close to u and

&=+ Juo(a—u) + O(||a — ul]?)
=z + Juo(i —u) + O(||z — z||?) (3.23)
implying that the component of £ — x orthogonal to the plane G, has a length of
order ||Z — z||?, because the sum of the first two terms in the right side of (3.23)

belongs to T,. But the length of the projection is in fact given by |n(x)”(z — z)|,
showing that

(@) (@ — ) = n(@)" Jup(@ —u) + O(|7 — 2]*) = O(||z — =[*).

While the logic works around a fixed point x, we would like to extend it to hold
for any pair (z,2) € D x D. If D is assumed to be a compact set, then a proof to
this direction is possible.
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Lemma 3.5. Suppose that D is a twice continuously differentiable (n-1)-dimensional
compact submanifold. Then for any sequence (z1,,%2,)52, C D x D with ||z1,; —
T2l — 0 and z1,; # 25,

[n(z1,0)" (21,0 — 22.4))|
2

sup < 0. (3.24)

i>0 ||$1z — T2,

Proof. Let us make the counterassumption, that Equation (3.24) goes to infinity
for the sequence (z1,;,x2,)52;. By compactness, without losing generality it may
be assumed that

(1, 72,4) — (z,7)

for some x € D. Choose ¢ : U — D N B(x,¢) as a local parametrization around x
and set (for large )

uji = ¢ (25) (j=12).
By Lemma 3.4,
Uy stz — ¢ ()

and using the fact that (J,, ,¢)"n(z1,;) =0, we have

r Juy Ours —uai) + O(Jur s — uail?)
[ Jg—1(2yP(ur,i — ua) + o([luri — u2l)]?

n(xl,z‘)T(IELi - IQ,i)

21, — 2242

n(z1,i)
= 0@1)
leading to a contradiction. O
The following lemma is invoked twice in the forthcoming analysis. It shows that
if a ball B(x,r) is not too close to N with 2 € C; (recall (A2) for the notation),
then B(x,r) N Dy = B(x,r) NCy. We already know by condition 4 in (A2) that

for any small » > 0 and fixed z this happens, but it is of interest to show that the
threshold under which the inclusion is valid does not get arbitrarily small.

Lemma 3.6. Suppose that (A2) holds and choose one of the submanifolds {C;}!_,.
Then there exists a constant ¢ > 0 such for all0 <r < /5 < c and x € C; \ Ny

B(z,r)ND; = B(z,r)NC;.

Proof. Tt seems easiest to proceed by a counterassumption: assume that for some
sequence (%4, Y;, r4,0;)72, it holds that

1. For each i > 0, z; € C; \ N5, and y; € D1\ C5.
2. §; — 0 in the limit i« — oo and 0 < r; < §;/5.

3. e — wall < s
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The contradiction is established by examining a path between z; and y; to ex-
ploit the fact that such a path contains a point in N by (A2). To construct an
appropriate path between the two points, a local parametrization on D; is used.

By compactness of Dy, it may be assumed that x; — x for some x € D; and a
local parametrization ¢ : U — B(x,¢€) N Dy can be found. When i is large, both
x; and y; are in the range of ¢ and it makes sense to define u; = ¢~*(z;) and
Au; = ¢~ (x;) — ¢~ (y;). Consider

t; =sup{0 <t <1: ¢(u; +1tAu;) € Cq}
and z; = ¢(u; + t;Au;). z; ¢ Cy by condition 4 in (A2), but also z; € D; N OX
by closedness. Consequently, by condition 3, z; € N and it remains to show that
llz; — 2i|| < 47;. Lemma 3.4 indicates that (u;, Au;) — (¢~1(z),0) = (u,0) with
u = ¢~ !(x) and by a Taylor expansion

ri > |lzi = yill = [|(Ju,9) Aui + O Aws )] = | (Jud) Au; + o] Aug) |

1
SN Aul

Y

when i > iy for some threshold iy > 0. Consequently also

llzi — zill = [|ti(Ju@) Aui + o(t; || Augl]) ||
< 2((Jud) Aug|| < 4w — il < 4y (3.25)

A contradiction with the counterassumption is established, because z; € N, while
r; € 0X \ N5”. ]

Consider two points on different faces, say « € C; and y € Ca. For ||x — y]|| to be
small, it would have to be that the compact submanifolds D; and D, are close to
each other as well. However, it is stated in (A2) that D; and D intersect inside
0X only in the set IV, where they have tangent planes non-parallel to each other.
For this reason, it is expected that x and y cannot be too close to each other unless
they are close to N.

The heuristic discussion is demonstrated in Figure 3.8, where the point z is a point
of non-smoothness. The lower bound ||z — y|| > min{||z — 2|, ||y — 2||} shows that
z and y can be made arbitrarily close to each other only if their distance to z
approaches zero.

Lemma 3.7. Suppose that (A2) holds and choose integers i # j. Then there exists
a constant ¢ > 0 depending only on X such that for all0 <6 < 1, x € C; \ N5 and
Yy e Cj \ N(;,

[z =yl = co.

Proof. The proof is divided into three parts, of which the second one is the longest.

1. Counterassumption
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Figure 3.8: The distance between z and y is bounded from below by |z — y|| >
min{ [z — z[|, [ly = =|}-

The counterassumption states that there exists a sequence (x;,y;):2, and a strictly
increasing sequence of integers (j;)52; such that

Jillzi —will = 0

when i — oo, while x; € C; \ Nji—l and y; € Ca \ Nj;1 (C; and Cy may be fixed
without compromising the generality of the proof). By compactness, we may
assume (by taking an appropriate subsequence) that (z;,y;) — (z,z) for some
x € Dy NDyNIX and consequently by (A2) z € N. Without losing generality,
the choice x = 0 is made.

2. For some strictly increasing sequence of integers (ix)5e,, p(xi,, D1 N Da) =
Ok~ ).

Let us choose two local parametrizations, ¢ : Uy — Dy N B(0,¢€) and ¢o : Uy —
Dy N B(0,€) with ¢1(0) = ¢2(0) = 0. By invoking (A2) for large 4, there exists a
vector g € R~ of unit norm such that

(Jopa)g ¢ G* (3.26)

with GI'" the tangent plane of Dy at 0. Set u; = ¢ ' (2;), v; = ¢ *(y;) and define
the functions f; around (0,0) € 71 x R by

fi(ﬂ, Oé) = ¢1(u1 + ﬂ) — (;52(111‘ + ag).

In the following, it is shown that for any positive number ¢ > 0, f; has a zero point
in the ball B(0,cj; ") € R" for any large i (clearly f; is defined in the ball once 4 is
large). To understand why the zero points are useful, observe that if f;(@;, ;) =0
for some (@, ;) € B(0,cj; "), then ¢y (u; + @;) = é2(v; + a;g) and consequently
¢1(u; + ;) € Dy N Dy. Moreover, because ¢ can be arbitrary, there exists an
increasing sequence of integers (ig)7>, such that (u;,, i, ) € B(O,kj‘lji;l) with
fliti, , ai,) = 0 for k > 0 showing that p(z;,, Dy N Da) = O(k~1j; ).

Fix any ¢ > 0. In order to show that eventually f; has a zero point in B(0, cji_l),
observe that

Jo.0)fi = [Ju, @1, =(Jo,d2)g] = [Jo¢1, = (Jog2)g] + O[[vil| + [Juill);  (3.27)
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this holds because the parametrizations are twice continuously differentiable. One
notices that both matrices (Jo,0f;)(Jo,0fi)” and (Jo,ofi)* (Jo,ofi) have eigenvalues
bounded from below by a constant cfc > 0 independent of i and the choice of ¢
assuming that ¢ > iy, where the threshold iy depends on ¢. In fact, [Jop1, —(Jod2)g]
is independent of ¢ and non-singular by Equations (3.26) and (3.27) implying that
the non-negative eigenvalues of the positive definite matrices (Jo o fi)? (Jo,0 fi) (and
(Jo,0fi)(Jo.ofi)T) can be bounded from below once the remainder term in (3.27)
is made small enough in the limit ¢ — oo.

Now, let (iig,;, avo,;) be the point that minimizes || f;]|? on B(0, ¢j; ') (such a point
exists even if not necessarily unique). We assume first that || f; (%o, @04)|| > 0.
With the definition (7o ; is understood as a row vector so a transpose is taken)

=T
Uy ;
hi = 0,
Qo
we have for large 7,

I fi(iio,i, cv0.0) || = 1(Jo,0.fi)hi + £:(0,0) + O(lliio 1> + o )| = [|(Jo,o fi)hi +0(i; M),
(3.28)
because

£i(0,0) = [|¢1 (ui) — d2(vi)ll = llzi — will = 0(j; ")
by the counterassumption in the first step of the proof. The remainder depends
on the choice of ¢, but more importantly it goes to zero faster than j, L

Moreover, the minimizing point must be at the boundary of B(0, 3¢j;” 1), as the
gradient of || f;||? is
2fi (o4, aO,i)TJ&g7i,ao,ifi = 2f;(f0,:, 20,1)" Jo,0 fi
+ 2fi(t0,6,20,1)" (Jag 1,00, fi — Jo0f:)
= 2f;(t0,:, a0,1) " Joo fi + O | fildio i, 0.) )

which cannot be zero if f;(4g,;, av,;) is non-zero and ¢ large, because

| fi (0.5, 0.:) T Joo fill> = fi(tio,i a0,0)” (Jo0 i) (Joofi)T fildio i, aoi)
> C?||fi(fto,i70éo,i)||2

and thus no local minimum of f; may exist in B(0, %cji_l). On the other hand, if
h; is at the boundary, then

1 ,,
|(Jo,0fi)hil| > 5676 !

and by Equation (3.28), || fi(fo,i, 0,i)|| > cpcj; ' (say) for i large enough. Con-
sequently the minimizing point cannot be at the boundary either and it must be
that || f;(@o,:, v,:)|| = 0 once ¢ passes some threshold (which depends on ¢).

3. Contradiction:

We have proven in step 2 that there exists a sequence (z;)72 ; C Dy NDs such that

lzi — @i, || = o(j;klk_l). But because x;, € 0X \ N_;-1, this contradicts Lemma
, b

3.6 as by that result, B(xik,j;kl/5) ND; C C for large k whereas z, € D1 \C;. O
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Recall that there is two possible orientations for the normal n(z) at the boundary
0X. Now the orientation problem can be solved. The following result is not only
useful in this regard, but it also states that the sets A(x,r) in Equation (3.19)
tend to be disjoint for different points z.

Lemma 3.8. Suppose that (A2) holds. Then, there exists a constant 0 < ¢ < 1
(depending only on the set X ) such that for all0 < § < 1,

Alz,r) N A(y,m) =0
wheny # x, x,y € X\ N5 and |r| < cd. Moreover, when |r| < cd, the orientation

of n(z) can be chosen in such a way that A(z,r) C X and A(x,—r) C X°.

Proof. Lemma 3.7 ensures that we may always choose 0 < ¢ < 1 in such a way
that if z € C; \ N5 and y € C; \ N5 with @ # j, then A(z,r) N A(y,r) = 0 for all
0<r<cdand 0 <9 < 1. Thus, we may restrict ourselves to the case x,y € C;.

Let us make the counterassumption that there exist sequences (z;,v;)52, C C1 X Cq
and (71,4,72,:)52, — (0,0) such that

Ty —Yi = 7“1,1'”(33@') - T2,in(yi)
and z; # y;. Then we would have

1— Tl,in(ﬂﬂi)T(Ii —¥i) _ rain(yi) " (2 — i)

s = wall® i — will?

leading to a contradiction, because by Lemma 3.5 the right side should go to zero.
Thus the first part of the proof is complete.

We know also that if x € 90X \ N,., then A(z,r) must either be a subset of X’ or
its complement X¢ because otherwise it would contain points from X \ N. To
see that this would be contradictory, one should observe that the first part of the
proof holds for the sets A(x,r) U {z} as well.

Let us make the counterassumption that
Az, r) U Az, —r) € X¢
for some x € C; \ Ns and 0 < r < ¢0.

As a vague heuristic idea, such a situation could occur only if X somehow resembles
the set A in Figure 3.9 at the cross-point of four faces, which of course does not
make sense if n(z) is assumed to be well-defined. In order to implement this
consideration, choose any 0 < |t| < |r|, define the pair of points (21, 22+) by

20 =2+ (—1)'n(z) (1=1,2)

and choose € > 0 in such a way that B(z,,¢) C X¢ (this is possible because X
is an open set). By (A3) there exists a sequence (x;)$, C X approaching = (when
1 — 00). Then for any ¢t > 0, there exists an integer i; such that the set

{z;, —sn(z) : s € [0,t]} U{x;, + sn(x) : s € [0,]} (3.29)
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Figure 3.9: n(z) is not defined in any of the corner points including the cross-point
of the four faces.

contains two distinct points (214, Z2,+) on Cy approaching (x,x) when ¢ — 0. This
follows from the fact that for i; large enough, the set (3.29) intersects both B(z1 ¢, €)
and B(z24,€) with z;, € X thus containing points from X and X . Consequently,
(3.29) must also include points in X and with the choice of ¢ at the beginning,
such points are in Cy.

We have arrived into a contradiction with Lemma 3.5 because by definition

TL(.’L‘) . (El,t — 22,:‘,) 1

1210 — 22402 " 11210 — 2ol

M (@) = n(E) - G = ) |
nx)—n\z -\ Z — Z -

Cr) Cra = 20| < a) — nzn)|

21,6 — Z2,¢l

the latter being asymptotically neglible, because we may choose the normals in
such a way that

|21t — Zot

In(x) = n(z) — 0
ast — 0.
To finish, we must examine the opposite case
A(z,m) U A(z,—7) C X.

In this case, we may find a sequence (x;)3°, C X¢ approaching x. As in the
previous step, it can be seen that again

{z; — sn(z) : s € [0,t]} U {x; + sn(x) : s € [0,t]}

contains at least two distinct points from 0X for arbitrarily small ¢ > 0 when i is
large enough. Analogously to the previous case, this leads to a contradiction. [J

From now on, the outer direction of n(x) that ensures A(x,—r) C X is always
chosen. Next the proof of the linearization argument of Lemma 3.3 is given.

Proof. (Proof of Lemma 3.3)
Let us make the counterassumption that for any 0 < ¢; < 1, there exists a sequence

oo
(Cﬂi, Yis T1,i5 72,45 5i)i:1
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Figure 3.10: The set G; (grey region).

with T1,6,72,i — 0, 0< T1,i,72,4 < 0151' < 1, x; € oxX \ N(si and Yi = Xy — 7"171'71(1‘1‘)
such that the left side of inequality (3.21) exceeds czrﬁrl + czr;ﬁl for any co > 0
when ¢ is large enough. We may assume that z; € Dy for ¢ > 0 and z; — x with
x € Dy by choosing an appropriate subsequence (fixing D; is only a notational

convention). Then there exists a local parametrization ¢ : U — B(x,€) N Dy.

For each 7 > 0, choose an arbitrary point z; € B(z;,71,; + 72,;) N1 D1. In the limit
1 — 00, the formula for the derivative of inverse functions yields

oM (z) — 7M@) = (Jpm1(00) @) (zi— i) + O(||zi —2il|?) = O(||zi — z4]), (3.30)

where we used (Jd)—l(wi)(b)_l — (J¢—1(w)gb)_1 in the limit ¢ — co. When 1 is large
enough, the fact that B(x;,r1; + r2;) C B(z,€), a Taylor expansion and (3.30)
yield

%= i+ Jy1 (2P0 (2:) — 67 (w0) + O(||zi — za])?).
The first sum in the right side is a point on the tangent plane T}, ; thus the distance
between z; and the set Ty, is

p(2i, Tw,) = O(l|zi — il*) (3.31)

in the sense that there exists a point in T,, whose distance to z; is of magnitude
O(||zi — zi]|?). Set d; = SUP.coxnB (i, i+rs.4) P(%: T, ). Because each 2; is arbi-
trary in the ball B(x;, 71, + r2;), we may say that when ¢; is small in order for
Lemma 3.7 to hold,

d; = sup p(z,Ty,) < sup p(z,Tp,) = O(ri, +713,).-

z€C1NB(xi,r1,i+7T2,3) z€D1NB(x;,r1,i+72,5)
(3.32)
Define the sets (the sum of a vector and a set being defined in the standard way)

Gi = U—g;<r<d,[To, +rn(23)].
G; is demonstrated in Figure 3.10. Then,
OX N B(yi,r2,i) C Gi N B(wi, 11,1 + 12,1) (3.33)
and Equation (3.32) implies that
ANGi N Bz, i +124)) = O T + 05T, (3.34)
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We may divide B(y;,r2;) \ G; into the sets
Ay = (B(yu TQ,i) \ Gi) N Uy,

and

Ay = (B(ys,m2,) \ Gi) NUS,
both of which are open and convex. Lemma 3.8 implies that for ¢ large enough
(again assuming that ¢ is sufficiently small),

1
Yi — 57’2,171(1‘1') cAINX.

Thus A; N X is non-empty and consequently A; must be a subset of X because it
does not contain points from 90X (as implied by Equation (3.33)). For by convexity,
if Ay N XY £ (), then A; would contain a boundary point as well. On the other
hand, by Lemma 3.8 and the same argument as before, Ay is in X when i is large
enough. Thus, inevitably
AN X = 0.
We may conclude that for any large ¢,
A=ANX=(A4NX)U(A2NX)
= ((B(yi,r2,i) NUz, N X)\ Gi) U ((B(yi, r2,) NUS NX)\ Gy)
= (B(yi, 2,) N X)\ G

and Equation (3.34) leads to a contradiction with the counterassumption at the
beginning finishing the proof. U

3.6.2 The Set 0,X

We examine the set of points close to the boundary X defined in Equation (2.5)
rigorously. The idea behind the sets A(z, ) becomes evident once it is proven that
each point in 9, X belongs to one of such sets.

Lemma 3.9. If (A2) holds, then there exists a positive number co > 0 such that
for all ¢y > co, there is a constant c3 > 0 such that

AOr X\ Ugeor\n.,, A,7)) + MUseor\ ., Az, 1) \ 8:X) < car®

for 0 <r<1.

Proof. We show that any sequence approaching 0X eventually belongs to 9,X
as long as the elements of the sequence do not get too close to N. Set (z;)52,
as a sequence with d; = p(z;,C;) — 0 and x; € X \ N4, for some constant
c1 > 17. By compactness, we may assume that x; — = € D;. The proof proceeds
by an application of the implicit function theorem to show that eventually x; €

Uyeox\N,,q, Ay, ;).

Choose a local parametrization ¢ : U — Dy N B(z,€) (¢(0) = z) at the point x
and define the injective mapping ¢ : U x [—d1,01] — R™ (the proof of Lemma 3.8
shows injectivity for small §; > 0) by
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The normal is understood as that of Dj, because ¢(u) may well be outside 0X
(the orientation of the normal is not relevant here). If it could be shown that the
range of g contains an open set with x in it, then x; would eventually belong to
that open set when i is large and it would hold that

x; = g(ui,ri) = ¢(ui) — rin(d(u;))

for some pair (u;,r;) € U X [—01, 1] leaving us the proofs of r; < d; and ¢(u;) €
0X \ Nic,q,- Namely, if the latter two hold, then Lemma 3.8 shows that in the
limit ¢ — oo,

Ti € Uyeorx\Ny

when ¢; is large enough.

Possibly the easiest way to proceed is by examining the derivative of g at the
origin. Let (vi(¢(u)))?]' be an orthonormal basis for the tangent space at the
point ¢(u) obtained by Gram-Schmidt orthonormalization of the columns of J,¢.
Then, each v;(¢(u)) is a continuously differentiable function on U. For u close to
0, we obtain

(o) — 1) = S (n(a) v () i)
() = S5 (), vi($(w)) vilo(u))|
Clearly n(¢(u)) and consequently g is continuously differentiable around the origin,

because the denominator is bounded away from zero when u is close enough to 0.
Moreover, the Jacobian of g at (0,0) is

J(O,O)g = [J0¢7 —TL((E)] )

which is non-singular rendering the inverse function theorem valid. By the inverse
function theorem,

9(B((0,0),62))

is open for any small d > 0 and it contains x. Consequently, as mentioned before
there exists an integer 7 such that x; belongs to the range of g.

Let (u;,t;) be the pair with g(u;,t;) = x;; then the inverse function theorem also
implies that (u;,t;) — 0. For any 0 < d3 < 1, we may choose a point y; € C; with
le; — il < (1+ d3)d; and by Lemma 3.5,

(14 8% > s — gil* > £+ () — il — 20a(6(us) — 4)"n(0(0s)
= t7 + o(ws) — yill* + O(tillp(us) — i)
Specifically, there exists iy > 0 such that for all i > iy the remainder term is
at most half in absolute value compared to ||¢(u;) — y;||*> regardless of how d3 is

chosen. This implies that t; < (14 d3)d; and setting d3 — 0 with ¢ fixed, we have
t; < d;.

Before proceeding, we still need to verify that ¢(u;) € C; as well (it could be
outside 9X). To see this, for each i choose y; € C; with ||x; — y;|| < 2d;. Then

llo(ui) = will < lp(us) — @il + [lzi — yall < 3ds
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and also y; € 0X\ Ny54, (recall that ¢; > 17) proving by Lemma 3.6 that eventually
¢(u;) € Cq, because ¢(u;) € B(y;,3d;) N Dy.

To summarize, when ¢; is large enough, then for any choice (z;)2, with d; =
p(zi, 0X) — 0 and z; € OX \ Ne,q,, x; belongs to the set Uycox\n, | Alz,d;) for
zc1d;

1 > ig, where iq is a positive integer. In other words, for small r
OrX \ N¢,y» C UxeaX\N%cﬂA(fﬂ,T) (3.35)

It is also true that the inclusion

Uzeax\n,,, Az, r) C 0, X (3.36)
can be assumed to be valid in the small r region. It remains to show that

UreNe,nox\ny,  A@,7)
and N¢,,» N X have small volumes. The latter holds by condition 2 in (A2):

AN, NX) =0(r?).

Lemma 3.8 ensures that A(z,r) C & whenever 2 € 9X \ Ny1,, and

UmeaX\N%CITA(‘T7 )\ Uzcox\nN,,, A(@, 1) C Neyr N AL

Again by by condition 2 in (A2) the set in the right side has a measure of order
O(r?). O

Lemma 3.8 implies that the sets A(z,r) and A(z,r) are disjoint when z # z and
they also (mostly) cover 9,.X. For these two reasons, the reparametrization

y=ux—tn(x)

becomes possible for y € 9,X, x € 0X and 0 <t < r. One arrives at the result in
Lemma 3.2 as proven next.

Proof. (Proof of Lemma 3.2)

To begin with, let us fix a constant ¢ > 0 and choose any positive number r > 0.
Let 29 € X be a point on one or more of the smooth submanifolds {D;}!_,, say
on Dp. Then, there exists a local parametrization ¢ : U — B(xq,dp) N Dy with
U a bounded open set and we may define V = ¢~ (B(zq,d0) N OX ND; \ Ng.).
Instead of examining the whole integral (3.20), at this point we restrict ourselves
to a local neighborhood:

/ o (3.37)
Uze B(xg.60)N0XNDy \Nep A(T,7)

Assuming that c is initially large enough and r sufficiently small, g(u,t) = ¢(u) —
tn(¢(u)) can be taken as an injection on V' x [—r,r] by Lemma 3.8 and it has the
Jacobian

J(u,t)g = [Ju¢ - tJun(¢(u))v _n(¢(u))] . (338)
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The Jacobian is important, because its determinant appears after the change of
variables. To simplify the expression (3.38), notice that all submatrices in the
expression can be assumed to be bounded and we may use (for the [?-matrix
norm)

sup |det(D + eE) — det(D)] = O(e)
IDILIEl<1

when € approaches zero to conclude that in absolute value, the determinant of
J (u,t) g is

| det(Jeu,ng)| = | det([Jug, —n(d(u))])| + O(t) = 1/ det((Jug)" Jud) + O(t)

allowing us to get rid of the term Jyn(¢(u)). Under the change of variables y =
o(u) — tn(¢(u)), Equation (3.37) takes the form

/ o
UzeB(x0,50)NoXNDy\Nep A(2,7)

/ / F(() — tn(é(w)r/det((Jud)T Jud)dtdu + O(r2)

_ / / Fo — tn(@))dtdS + O(r2); (3.39)
B(20,50)N0XND1\No, J0

the remainder term goes to zero at least as fast as r? (with zo and dy fixed). In
the last equality, the standard definition of surface integrals was invoked.

Even though the local considerations are already convincing, a generalization of
(3.39) to the whole set is required. By compactness, each submanifold D; can be
covered with a finite number of sets of the form Dy N B(z;, ;) with corresponding
local parametrizations ¢;. If we set S; = B(x;,d;) N OX N Dy \ N, then one can
examine each ball separately by replacing f with

fz(x) = I( ¢ Uyes \Ui_ ISkA(y,T))f(SC)

to take into account the overlap between the sets. By proceeding through all the
submanifolds {D;}}_, we are able to cover the whole set X \ N, (the number
of sets in the cover is independent of r and c¢) and for the resulting functions

fla DR fS7
fw)dy = | W)y +0(r?)
8, X Urcax\Ner Alz,r)

-y / F)dy + 0(?)
i—0 UzeS \ul 1. A(z,r)

zg/&/o fi(x — tn(z))dtdS + O(r?)
=3[ [ st s s o)

= / / f(z — tn(x))dtdS + O(r?).
ax Jo

Lemmas 3.7-3.9 and the local analysis in the first part of the proof were applied
in the three first equalities, whereas (A2) establishes the last one. O

05k
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3.7 The Interior

It was shown in Lemma 3.1 that when considering E[d ;| X1], the cut-off
Eld  I(dy, < tar)| X4]

is possible if we set
ty = M~ log¥™ M (3.40)

as the difference between the thresholded and original expectations approaches
zero fast. After introducing the cut-off, X'\ ¢, X can be considered as the interior
points of X. The idea is that in this set, the boundaries can be neglected and a
linearization of ¢ is possible. In this sense, heuristically speaking X'\ d;,, X contains
the easy points.

We define the function

gu(z,r) = lifze X\ 9, X and 0 <r < itp;
gu(z,7) = 0 otherwise. (3.41)

The random variable gas (X1, ds i) ensures that X is in the interior and d; j does
not exceed t,;.

Recall Equation (2.17), which says that

k—1

P(wx, (dig) > 21X1) = > (Mj 1) 2 (1—z)M-I71 (3.42)

Jj=0

regardless of g. One immediately sees from Equation (3.42) that if d; j could be
replaced by wx, (dlyk)l/”, then the problem of estimating the moments df . would
reduce into a relatively simple integral. In fact, taking into account the cut-off, we
have

Lemma 3.10. If (A2)-(A4) hold, then for any bounded function 0 < f <1 and
M > 2k,

E[f(X1)wx, (d1e)*"gr (X1, dv k)]

_ T'(k+a/n)D(M) o
"~ T(k)T(M + a/n) /X\athf( )q(z)dz + R

with
|R‘ < Mke—ctX[M

for a constant ¢ > 0 independent of M.

Proof. From Lemma 3.1 we know that when z € X'\ J;,, X,

Elf(X1)wx, (dix)®™ (1 — gar (X1, di )| X1 = 2] < P(dy g > ta| X1 = )

< MbemeMtis,
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On the other hand, by Theorem 2.3,

E[f(X1)wx, (d1,)* " X1] = Elwx, (d1,)*"| X1] f(X1)

~ D(k+ a/n)T'(M)
" L(k)T(M + a/n) J(X).

Using Lemma 3.10 it is possible to evaluate

Eldf ygn (X1, da k)]

Lemma 3.11. Suppose that (A2)-(A4) hold for some 1 < ~v < 2 and set ty
according to Equation (3.40). Then there exists a constant ¢y (depending on X, q
and k, but not on M) such that we have the estimate

- F@*+a/nﬂYA4)/“ 1-
E[dS Xi,dy )] = V.oo/m a/ng
R R T CIT Ty W PRV
< ey MY/l ggy/nt2eln pr (3.43)

Proof. By algebraic manipulation,
A5 wgne = Vi q(X0) T (Vg (X)) ™ g

Vaq(X1)dt , — wx, (d1,k)
wx, (d1,k)

=V, q(X1) " wx, (die) ™™ ( + 1) gy

(3.44)

The arguments of gp; were dropped for notational convenience. The Holder con-
tinuity of ¢ implies that

Vaa(X1)dy ), — wx, (di k)
wx, (d1,x)

lgnr < Clcz_ltMgJW < (3.45)

| 57
where ¢y is the Holder constant of ¢ and ¢y is the lower bound. By the mean value
theorem o

nln
when 0 < z < 1/2, which together with Equation (3.45) can be applied for esti-
mating the expression (3.44):

Vag(X1)d} ), — wx, (dik)

11+ )™ —1— Laf < 20/n+ g
n

wx, (di,k) )
aVnq(X1)dy,, — awx, (di,x)
=(1+ : : + R 3.46
( neos (@ r) )gm 1 (3.46)

with an error term bounded by (the constants are not the best possible due to
notational convenience)

41+o¢/n
n2

ajn—a| 5 _,

|R1| < ciey*t3, < estyy,
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where the constant c3 collects the terms in front of #3,. To assess the first term
on the right side of Equation (3.46), we observe that if X; € X'\ 0;,, X, then by a
Taylor expansion

wx, (d1x)gm = Vaq(X1)dY p9m +/ (x — X1)'Vx,qdz gpr + Ry (3.47)
B(X1,d1,x)

with
|Ry| < et

for some ¢4 > 0. Moreover, by symmetry

/ (x — X1)"'Vx,qdx =0 (3.48)
B(Xl,dlyk)

and thus by Equation (3.47),

Vaq(X1)d} ), — wx, (d1k)
wx, (di k)

lgnr < Vn_162_104t?\/4. (3.49)

Because ¢ is bounded, we may also write that
wx, (dl,k) S C5d?7k (350)

for some constant c¢; > 0 depending only on ¢ and n. Putting these considerations
together, we derive from Equation (3.44) using (3.46), (3.49) and (3.50) that
d$ gn = V" q(X1) " M wx, (k)™ " gar
Vag(X1)d} ), — wx, (dix)
wx, (d1,x)

[0
+ gana/"Q(Xl)fa/nwxl (duk)/™ gm

+ VM g(X0) " wx, (daw) " gar Ry
=V, /"q(X1)" " wx, (d1k)*"gn + Rs
with
|R3| < coty)
The proof is finalized by an application of Lemma 3.10:

with )
|R4| < )\(X)Mkefct}\}M < )\(X)efcklog M+klogM’

which decays to zero faster than any M4 (3 > 0). O

If v < 1, then the symmetry argument in Equation (3.48) is not useful as the
gradient does not exist in that case. Nevertheless the error in the expansion is
of order ¢},, which however, converges to zero too slowly in comparison with the
terms arising from the boundary effect. For this reason, 1 < v < 2 is necessary to
make our proof technique to work.

The analogue of Lemma 3.11 for the logarithm is
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Lemma 3.12. If (A4) holds, then almost surely for any a > 0,

" ') Tk + a)y(M + a)
Elwx, (di,x)" logwx, (d1x)|X1] = m(ﬂ’(k +a)— (k) ):
where ¥(-) denotes the digamma function.
Proof. Define the function f(e) by
_ atepy 1 Lk+a+el'(M)
7€) = Blox, (dys) ™ 1X0] = T(k)D(M +a+e)

If a > 0, then the derivative of f at e = 0 is Efwx, (d1 x)* logwx, (d1 )| X1], because
the derivative can be taken inside the integral. The claim is then proved by the
definition of digamma functions via derivatives of gamma functions. O

Using Lemma 3.12, an analysis for the logarithmic distances in the interior can be
established in a similar way as for the a-moments. The proof is nearly the same,
but the final formula is different.

Lemma 3.13. Suppose that (A2)-(A4) hold for some 1 < v < 2 and set ty
according to Equation (3.40). Then there exists a constant ¢ (depending on X and
q, but not on M and k) such that we have the estimate

InEgn (X1, d k) log dy k]

— (k) + (M) + log Vi, + /X o osg(@)

< eM ™™ og? ™ M. (3.51)

Proof. When gp; = 1, we may write

di x9(X1)Vn — wx, (d1x)

nlogdy = logwx, (di 1) —log ¢(X1) —log V;, +log(1 +
wx, (d1 k)

).

Again, we apply the mean value theorem, this time to the function log(1+ z) ~ x:

dt 1 a(X1) Vi — wx, (d1x) d7 1 q9(X1) Vi — wx, (d1 k)

log(1 + = + R (3.52

g log( o () ) = 9um o (0 (3.52)
and recalling the symmetry argument (3.49),

|R| < eit), (3.53)

for an appropriate constant ¢; > 0. We still have to show that Eflogwx, (d1 )| X1]
is close to E[I(dy < tar)logwx, (d1,r)| X1], that is,

|E[I(dy1,x > tar) logwx, (di )| X1]]
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is small. This is not too hard as by Lemma 3.1,

|E[I(dyk > tar)logwx, (dix)| X1]|

IN

—P(dy s, > ta|X1)logwx, (tar)

_ 2
< —e cok log ]W+klogM10ng1 (tM)

for some co > 0, which as stated in the proof of Lemma 3.11 is neglible compared
to the other sources of estimation error, because

|logwx, (tar)| < loges —nlogtas

for some constant cg > 0. O

In fact, Equation (3.51) comes from (3.43) by taking the derivative w.r.t. « if the
error terms are not considered.

3.8 Nearest Neighbors Close to the Boundaries

In Section 3.7 it turned out that when points close to the boundaries of X are
excluded, it is possible to cope with relatively few regularity conditions. For points
close to the boundaries the situation looks very different as ¢ can no longer be
approximated by a Taylor expansion. Nevertheless a transition to the unit cube
is possible by simultaneous linearization of the boundary and the density ¢ as
demonstrated in Figure 3.11. As an important point, the same linearization is
used for all the points on the dashed line A(x1,7). The argument is formalized
in Section 3.8.2 by utilizing the geometric analysis of Section 3.6 as sketched in
Section 3.5.

Under the assumption of uniform points (X;)M, on [0,1] x [-1/2,1/2]"", in
Section 3.8.1 the expectations E[df,[X1 = (s,0,...,0)] are considered. Even
though the nearest neighbor distributions of Section 3.4 do not seem to allow any
simple representation of

Eldf x| X1 = (5,0,...,0)],

it turns out that somewhat surprisingly,

tar
E[d‘lx’kl(dl’k S tM)|X1 = (8, 0, ey 0)]d8
0

can be estimated with a high accuracy. This trick then applies straightforwardly
in Section 3.8.2.

3.8.1 The Unit Cube

Recalling the function W in Definition 3.2, we have the following important lemma.
The proof is based on the use of Fubini’s theorem for interchanging the order of
integration.
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Figure 3.11: From general X, linearization allows a transition to the uniform
distribution on the cube with sidelength s = q(;vl)*l/” and the translated point
yo = (q(x1)~Y"r,0,...,0) with the length of the second dashed line given by
q(zy) = mr.

Lemma 3.14. Let us define the constant

1/t
D= 7/ a—a—QW(a—l)—a/n—l/n—lwl(a—l)da'
nJo
If the variables (X;)M, are uniform on the cube [0,1] x [~1/2,1/2]"~!, we have
for any o> 0, tyy = M~/ 1og?™ M and M > 2k,

T'(k + a/n)T(M)
T(k)D(M +a/n) ™

tm
/ E[I(dl,k < tIM)d(ilel = (S,O, .. ,0)}d$ = ana/n
0

I'(k+a/n+1/n)T(M)

O =V G T ajn 1)

+ R.

The remainder term is bounded by

|R‘ S MkefivntKlM(D+ana/n+ana/n71/n).

Proof. Recalling the nearest neighbor distribution in Theorem 3.5, we obtain

tm

E[I(de S tM)d(ly’lel = (8, 0, ceey 0)]d$

M—-1 tm ptu o ko1 M—k—1
k k 0 o T W(s,0) (T’) (1 — W(s,0) (7’)) dw(s,()) (T’)dS

M—1 tav ta
k( ) / / t(s,r)drds. (3.54)
k 0 0

Because

S—

0

n T
w(s,O)(T) =S W(g)a

we have

r
).

The integral (3.54) can be divided into two parts by considering sets with s > r
and s < r separately. Because W (r) = V,,r™ when r < 1, it is true that for s > r,

t(S,’I") = Tasnilw(s,O)(r)kil(l — W(s,0) (r))Mikilwl(s

W’(f) _ nV,rv—1

s Sn—l
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and

I

o ta ty
k(M 1)/ / t(s,r)dsdr
tn
nd < )/ / rothn=lq — v, rm)yM=k=1sdr

M —
= ndk< f )/ rotn=L — ) (1 = V)Mo=l
0

By making the change of variable y = V,,r™, I; can be written as

M =1\ [Yii
I Vna/nth< N > / ya/nJrkfl(l o y)Mfkfldy
0
—a/n—1/n M -1 Vnt}\l/lan n+k— —k—
_Vn /n—1/ k( L >/ y /n+1/n+k 1(1_y)M k 1dy
0

The integrals from 0 to V,,t}; can be extended to integrals from 0 to 1 at the
expense of an error term roughly bounded by

1
|R1| < Mk(Vn—oc/n +Vn—a/n—1/n)/ ya/n-‘rk—l(l _y)M—k—ldy
Vatiy
< Mk(vn—oc/n + Vn—a/n—l/n)e—vnt}t,(JVI—k—l).

Applying the connection to the beta function as in Equation (2.18), we obtain the
final form of I:

_ v—a/n, L(k+a/n)I(M) —an—tm Lk +a/n+1/n)'(M)
=V Erar o Y TG T et L)
v R

Next we proceed to the slightly more difficult case r > s. One possible approach
is to make the change of variable (s,r) = (ar,r) to obtain

-1 tar -1 tm
I, = ( )/ / srdsdr—k:( )/ / t(ar,r)rdrda
M—-1
_ k‘( )/ kn— 1w( —l)k IW( )
k 0
tm
X / r“+"k(1 — a"W(a_l)r”)M_k_ldrda
0
E(M-1\ [ )
- ¥ —a=2yyy -1 7a/n7171/nW/ -1
SN ey (@)
W (a" 1),
% / ya/n+1/n+k71(1 _ y)Mﬁkildyda.
0
Intuitively, the half-plane can cut at most half of a ball; thus, W(a=1!) >

implying
a"W(a= M), > Vt"
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and consequently

M—1 ' a/n+1/n+k—1 M—k—1

I, = Dk k Yy (l—y) dy+R2
0

T'(k+ o/n+ 1/n)I(M)

- DF(k)F(M +a/n+1/n)

+ Ry

the error term being bounded by

1
|R2| < DMk/ ya/n+1/n+k—1(1 o y)M—k—ldy < DMke—%Vnt;&(JW—k—l).

1 n
2 Vi t]vI

O

The calculations for the logarithm are rather similar, but unfortunately slightly
more technical.

Lemma 3.15. If the variables (X;)M, are uniform on the cube [0,1]x[—1/2,1/2]"1,
we have for any o > 0, M > 2k and tp; = M~/ 10g2/nM,
tm

E[I(dl,k S tM) logd17k|X1 = (S, 0, ey 0)]d8
0

_ I'(M)
_Olm+tM02
with
o ViV Tk + 1/n)log Vi, Vi V(M + 1/n)D(k + 1/n)
v nT (k) + nT (k)

n n n—l/n n
+D1(¢(k+1/n)_F(k+1/122/])€()M+1/ )Y ¢5Lk+1/ )
+D2F(1£<(;—)l/n) (3.55)

o = k)~ Y(M) ~logV,) (3.56)
D, = %/0 a2W(a ) V"W (0 Y)da (3.57)
Dy = —op [ e W)W ) log W0 + nloga)da. (3.58)

Proof. As in Equation (3.54),

tm
/ E[I(dl,k < tM) 10gd1,k|X1 = (870,“-,0)](15
0

M—1 ta ta
= k:( ) / / t(s,r)drds,
k 0 0
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but this time
_ _ . T
t(s,r) = s" 1w(s,0)(7")k 1(1 *W(s,o)(r))M ¥ 1W/(g)10g7’-

Continuing in the same fashion as in the proof of Lemma 3.14, we obtain

o tym ty
I, = k(Mk 1)/ / t(s,r)dsdr
0 r

M—-1 ta ta
= ank( i ) / / rFn =1 — VrmM =k ogr dsdr
0 r
tar

M -1
= ank( i ) / Pt — ) (1 = Vr™M=F L logr dr.
0

By making the change of variable y = V,,7™, I; can be written as

Vnths
) / yF (1 = )M E  og(V, Yyt ™ dy
0

M —1\ [Veti
_ Vn_l/nk‘( ) ) / yk+1/n—1(1 _ y)JV[—k—l log(Vn_l/"yl/")dy.
0

The integral is extended up to 1 from V,t7,; this results in an error term R
bounded by

M-1

I thk< k

|Ry| < —eMFe=VnM=k=1t1 o0 ¢/
where ¢ does not depend on M. Possibly the easiest way to analyze I; is via
observing that by taking the derivative of Equation (2.17), we have
M—-1

P(wx,(d1 k) € [2,2+dz]) = k( k

)zk_l(l — )Mk, (3.59)

which is equivalent to saying that for bounded measurable functions f,

Bisox, @) =b(M 1) [ r@ -

Using Lemma 3.12 and Equation (3.59), we obtain

M—1\ [*
k( ) / Y1 — )M ogy dy = Elwx, (di k) logwx, (dir)]
0

k
. T(M) T(k + a)(M + a)
~ T oy VETY - T(k)

). (3.60)

By collecting all the terms and applying Equation (3.60) we calculate

Vi Y™ log Vi, D(k + 1/n)D (M)
n L(kE)(M +1/n)
v, T'(M) v, T(k+ 1/n)T(M)

vE G T Y YT 1)

= (k) — 9(0) ~ g Vi) + (g

WM + 1/n)T(k + 1/n)) Vi, Y (M)
(k) nI'(M +1/n)

no= MoV M) - () +

n

logV,, —¢(k+ 1/n)
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We move to examine the term I corresponding to r > s, which now takes the
form

_ tar T o 1 tar
I, = k(M 1)/ / t(sm)dsdr:k'(M 1)/ / t(ar,r)rdrda
k o Jo k o Jo

= k(Mk 1) /1 a"" W (@) T W (@)

0
2%
X / (1 —a"W(a )" )M Llogr drda
0

o 1
TIL{;(Mk 1) / a_QW(a—l)—l/n—lwl(a—l)
0

n

a W(ail)ty\/[
x / y L= )M logy — log(a" W (a™))) dyda.
0

Again there is no problem in extending a"W(a=!)t%, to 1. The terms dependent
on a are denoted by D; and Ds:

1 1
D, = ﬁ aiQW(a*I)*l/”AW’(a*l)da
0
1 1
Dy = _ﬁ a_QW(a_l)_1/”_1W’(a_1)(logW(a_l)+nloga)da.
0

Moreover, the integrals over y are already calculated in Equation (3.60). Thus

- D(k+1/n)e(M +1/n),  T(M) T(M)T(k + 1/n)
Iz = Du(w(k+1/n) = () T+ 1m PP £ U
O

3.8.2 Smooth Sets

The following lemma connects sampling and the total variation distance allowing
a transition between two measures. The proof is taken from [43].

Lemma 3.16. Suppose that (X;)M | is i.i.d. with respect to a probability density
q. Assume now that ¢ is another density function; the L'-distance between the
densities is

llg — gl = /n lg(z) — G(x)|dz.

Then, there exists (formally by extending the underlying probability space (2, F, P))
another i.i.d. sample (X;)M, (distributed according to G) such that

- 1 ~
P((Xi)ily = (Xi)ifh) 2 1 = 5Mllg = lh-
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Proof. If we set [¢(x) — q(x)]+ as ¢(z) — ¢(z) when ¢(z) > ¢(x) and 0 otherwise,
then it holds that

a=3 [ la@) - a@lde = [ lafe) - )} ds
=1— [ min{q(x),q(z)}dz.

§R’n
On R™ x R™, we define the two probability measures Q1 and Qs by

/ f@)dQ = (1 —a) b [ f(e,2) minfg(z), 4(x)}da
Rn x Rn

§R7L

and

/ f(z,y)dQs = a‘Q/ [q(z) = q(2)]+[a(y) — ()] + f(z,y)dzdy.
R xR n

We set

Q=(1-0a)Q; +aQs.
Each pair (X, XZ) is sampled w.r.t. Q. By integrating out w.r.t. = and y respec-
tively, it can be verified that the marginal distributions of @ match with ¢ and q.

Moreover,
~ 1
QX £ X) <a=3 [ alo) - dla)ldo

as required. Finally, the union bound ensures that

M
QXM # (X)) < Y- QX # %) < 3 [ a(o) - (o)l do.
O

Lemma 3.16 is now applied to generalize the unit cube analysis. A(z,tpr) of
Equation (3.16) replaces the line {(s,0,...,0) : 0 < s < tp} for the cube. A double
linearization is performed: the theory in Section 3.6 to linearize the boundary and
a Taylor expansion to ensure the local linearity of q.

Lemma 3.17. Assume that (A2)-(A4) hold with v > 1 in (A4). Moreover, choose
ty = M~/ 1og2/" M and x € OX \ N.,¢,,, where ¢y > 1 is such that Lemma 3.8
holds, that is, A(z,tr) C X, A(z, —tr) C X and Az, ta) N Ay, tar) = 0 when
y € OX \ N¢yt,, with x #vy. Then for any a > 0,

/0 ME[I(de < ta)d | X1 = o — sn(x)]q(x — sn(z))ds

T'(k + a/n)T'(M)
T(k)T(M + a/n)

tar
=y o/n / q(z — sn(x))=/"ds
0

I'(k+a/n+1/n)I'(M)
L(k)L(M + a/n+1/n)

_’_q(x)l—a/n—l/n(D_Vn—a/n—l/n) +R

with
|R‘ S C2M—a/n—2/n 10g2+20¢/n+4/nM

for some constant co (depending only on q, X and k). D was defined in Lemma

3.1/.
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Proof. By rotation and translation, we may assume without losing generality that
z=(0,0,...,0)

and similarly n(z) = (-=1,0,...,0). Given y = 2 — sn(z), the notation Z; refers
to B(y,tan) NU, and Zy denotes B(y,tp) N X as in Lemma 3.3. Define a new
density ¢ by setting
i(2) = g(@)I(z € 5))

for z € B(y,ta) and
(1 = g(@)A(Z1))g(2)

1— P(X; € =)
otherwise. Lemma 3.3 and Assumption (A4) ensure the existence of constants
c1,co > 0 such that

q(z) =

[ i) - @l < eVt +a@AEn Z) + a@AE\E)
B(y,ta)

< et (3.61)

Moreover, for t3; small enough to ensure P(X; € ZE3) < 1/2, we have

1 —g(@)A(E)

1—
| 1— P(X, € 5y)

| < esth
This implies the inequality

/ 13(2) — q(2)|dz < cat}!

for some constant ¢4 > 0. By the coupling argument (Lemma 3.16), there exists
an i.i.d. sample ()N(l-(l))f\il distributed according to the density ¢ such that for each
1> 1,

P(X; # XV) < ety

and consequently

P, # (X)) < 37 P(XG 2 XY) < eaddtff
i=2
The new sample has a convenient uniformity property in the neighborhood of y.
Taking X7 = X{l) independent of (X, X’i(l))ﬁz leads to the formula

\BII(d1 < tar)d$ | X1 = y] — E[[(dyg < tar)ds 1| X8 = y]| < 2ea M7,

(3.62)
because on the event (X;)M, = (Xi(l))f‘iZ the nearest neighbor distances are the

same for both samples. The notation d; ;1 refers to the k-nearest neighbor in the

sample (XM .

Using the notation A = [0, g(z)~Y/"] x [—q(x) /" /2, q(x)~ /" /2]*~', we introduce
a third sample, ()N(i(m)f\il:

When Xi(l) € By, tn), set Xi(z) = )~(i(1).
Otherwise sample Xi@) from the uniform distribution on A\ B(y, tar).
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Conditionally on Xfl) =y, the variable Jj‘)k)lgM(cZLkJ) (see Equation (3.41) for
the definition of gps) depends only on points in the ball B(y,tys). Thus

El(dy 1 < tar)ds 1| X = y) = BlI(dy g2 < tar)dS g0 X = (5,0)], (3.63)

the term in right side was estimated in Lemma 3.14, even though it is important
to observe that the cube here is not of unit length (but the side length is bounded
from below and above because of assumption (A5)). In fact,

I'(k+ a/n)I(M)
T(k)D(M + a/n)
I'k+a/n+1/n)I(M
I'(E)L(M +a/n+1/n

tar B ~ ~
Q(Sc)a/n/ ElI(dy k2 < tM)d?,k,2|X1(2) = (5,0)]ds = V,, /" M
0

T gla) (D — ve/ni §+0ﬁ#»

(3.64)

This result is obtained by employing a change of variables to transform the con-
ditional expectation in (3.64) into a conditional expectation w.r.t. the sample

(q(x)l/”f(i@))i]‘il, which is uniform on the unit cube [0,1]". Finally, we observe
that
E[I(dy. < tar)ds | X1 = ylla(y) — a(w)| < estyr®
with ¢5 the Lipschitz constant of ¢ on X', which shows that
tn

; E[I(dyx < tar)df x| X1 =z — sn(x)]q(x — sn(z))ds

ta
— g(2) / Ell(dyy, < tar)df x| X, = 2 — sn(2)]ds + O(£25°).
0

Moreover, the term q(x)l_o‘/"tM in Equation (3.64) can be replaced by an integral
at the expense of an error term of order O(t3/*). O

The logarithmic case is again very similar, even if the resulting formula is more
complicated.

Lemma 3.18. Assume that (A2)-(A4) hold with v > 1 in (A4). Moreover, choose
ty = M~Hn 1og2/" M and x € OX \ N.,1,,, where ¢c1 > 1 is chosen similarly as in
Lemma 3.17. Then

/0 ME[I(de <tm)logdi k| X1 = x — sn(z)]q(x — sn(x))ds
I'(M) e
TV + 1/n) + Cg/o q(z — sn(x))ds

—nt /0 " q(x — sn(x))logg(x — sn(x))ds + R

= Cig(z)' ="

with
|R| < C2M—2/n 10g3+4/nM

for a constant co > 0, which depends only on q, X and k. The definitions of Cy
and Cy are found in Lemma 3.15.
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Proof. We take x as the origin. The proof of Lemma 3.17 holds for the logarithm
almost as such. However, the error terms and final conclusion are a bit different.

Let us define the samples (Xi(l))f”il and (Xi(Q))iAil similarly as in the previous

proof. We make the preliminary observation that by Assumption (A3), there exist
a constant ¢; such that for ¢ > 0,

P(—logdy  >t) < Plwx, (d1 ) < cre™)
k—1

<1- Z (MJ_ 1) cre (1 — e HYM=I7L = O(Me™)

j=0
and using this it can be shown that for a constant ¢y > 0,
|BIL(dy s < tar)logdy k| Xy =y — BlI(dyp < tar)logdy 1| XY =y
< cth’Ifjl log M

the only difference to Equation (3.62) being the term log M. Another difference
comes from the fact that

E[I(dy 1, < tar)logdi x| X1 = yllq(y) — q(x)| = O(tar log M)

and by Lemma 3.15, analogously to Equation (3.64)

tm N - ~
/ E[I(dy 2 < tar)log(q(z) /" dy .2)| X = (s,0)]ds
0

(M)

= Cyg(x)~/" (M +1/n)

+tarCy + O(t3)).
We also need

tar B " _
/ ElI(dy g2 <twm) logdl,k,ﬂsz) = (5,0)]ds = —tyn 'logq(z)
0

tar N N N
[ Bl a < ta) og(a(e)' /" dr ) X = (5, 0))ds.
0

The terms q(x)logq(z)*/"ty and q(x)ty can be written as line-integrals at the
expense of an additional error term of order O(¢3,). O

3.9 Proofs of the Main Theorems

Proof. (Proof of Theorem 3.3)
Lemma 3.1 implies the bound

P(dvy > tar) = Plwx, (dik) > wx, (tar))
< MR —wy, (ta)MF1 < MFe—ctirM
for a constant ¢ > 0 independent of M and
Bld§ ) = E[d$  I(d1y < tar)] + O(MFectil)
= Eldy , I(dyr <tm)] + O((f’“"g2 My,



78 3. Asymptotic Results for Nearest Neighbors

The remainder goes to zero faster than any polynomial of M. Furthermore, re-
calling the notation of Equation (3.41),

BEldf p I(dy e < tar)] = Eldf pgn] + EldT I (dy g < tar, X1 € O, X))
We apply Lemma 3.2 and Lemma 3.17 to the function

f(x) = Eldf  I(dy < ta)| X1 = 2]:

Eldf  I(dix <tuy, X1 € O, X)] = / f(z)dx
0.

g X
tn
= / E[I(dy < tM)dik|X1 =2 — sn(z)]q(z — sn(x))dsdS + O(tﬁfz)
_y—a/n (k+0¢/n / / _ 1—a/n
V., T(R)T M—l—a/n - q(z — sn(x)) dsdS

HD =y )F(k)F(M+a/n+1/n)/ o)t ds

+ O(M—Q/n—a/n 10g2+2a/n+4/n M)

_ —a/nr(k+a/n)F(M) z 1—a/n o
=Va F(k)F(M+a/n)/ Xq< ) d

—a/n—1/n F(k+a/n+ l/n)F(M) l—a/n—1/n
D=V /)F(k)F(M+a/n+1/n)/ a(e)' = mdS

+ O(M72/n7a/n 1og2+2a/n+4/n M)

We apply Lemma 3.11 as well:

o _ Y« nr<k + a/n)F(M) l1—a/n
B0 =V G ) Jg, 1

+ O(M_Q/"_O‘/" logZa/n+4/" M).
The proof is finished by summing the two formulas. O
Proof. (Proof of Theorem 3.4)
The proof is analogous to the previous one. Observe that for some constant ¢ > 0,
\E[I(dy 1, > tar)logdy x| < MPe M (=1 4 |log ta]).
We decompose
E[I(dy <tay)logdy k] = Elgalogdy k] + E[I(dyx < tar, X1 € Oy, X)logds k]

and set
f(x) = E[I(dl,k < tM) log d1,k|X1 = x}

By (A3)-(A4), the term dy ; /wx, (d1,x) is bounded from below and above; conse-
quently f/log M is a bounded function by Lemma 3.12 independently of M (i (M)
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is of order log M). Thus Lemmas 3.2 and 3.18 can be applied:
E[I(dl,k < tM,Xl S 825MX) logdl)k]

ta
= / / E[I(d1x <ta)logdy kx| X1 =z — sn(x)]g(xz — sn(z))dsdS
ox Jo

I'(M) / 1-1 /
2 logM)=C{—2 /nq d
+ O(t3, log M) ClF(M+1/n) - q(x) S+ Cy 8tMXq(x) T

—n! / q(x) log q(z)dx + O(M /™ 1og®+4/™ ).
By X

For the interior term, we refer to Lemma 3.13:
Elgalogdy x] = n (k) —n~ (M) —n~"tlogV,

—nt / q(x) log q(z)dx + O(M~V/"=/m 1og3+4/m £y
X\, X



Chapter 4

Variance Bounds

In Chapter 3 an asymptotic analysis of the moments E[d{ ;] was performed. Usu-
ally the theoretical expectation is not available, and the expectation is estimated
by

1 M
i > dy; (4.1)
i=1

for the logarithmic distance the same role is taken by

| M
— Z log d; 1. (4.2)
M=

For completeness of the analysis, it is of interest to ask, whether the average is
close to the expected value. Let us define the sample

(Z)M) = (X3, V)M,

with each Z; € Rt (and X; € R", so Y; € R is taken as a scalar) and the
variables

h(Zi, ZNnjiags - - ZNTiK))s
where the nearest neighbors are calculated in the sample (X;)*, as in Chapter 3
with the function h bounded. Then the average

1]\4

U Zh(ZiaZN[i,l]a s ZNJiK) (4.3)
i=1

appropriately generalizes Equation (4.1). Taking (4.3) as the quantity of interest,

we derive two theorems that apply to (4.1) and (4.2) bounding the variance of the

two averages.

To understand what is to be expected from a variance bound, take (W;)M, as
independent random variables and choose a measurable function g. Then it is
simple to compute

Var[z g(W)] = ZVar[g(Wi)], (4.4)

80
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which is linear w.r.t. M under the i.i.d. assumption. This easily provable addi-
tivity of variance is a fundamental result in probability theory with far reaching
impact on our understanding of science in general. However, the terms in the
sum (4.3) are not independent with each other due to the dependency on nearest
neighbors. Nevertheless Equation (4.4) generalizes as the inequality

M

Var[z MZis Znjiags- - Znjig)] < M (4.5)
i=1

for some constant ¢ independent of M ([2, 71] and [49]). While the reader can
follow the references to find out that many results from random geometry apply
straightforwardly with nearest neighbors as a special case, the results are of asymp-
totic nature and they give the constant ¢ only for large M. The more concrete
approach taken in [16] has the advantage of being optimized for nearest neighbor
graphs with finite M instead of going to the limit M — oo. Moreover, the proofs
require only a bounded fourth moment whereas the moment conditions encoun-
tered in random geometry are much more restrictive.

To avoid ties, the following assumption is used:

A5) (Z)M, = (X;,Y;)M, is a sample of independent vectors with the variables

(X;)M | having their realizations in a set X for which Assumption (A1) in
Chapter 2 holds. Moreover, for all 4, 7,1 > 0 with j # [ and j # 1,

P([X: = X5 # 1 X3 = Xa)) = 1.

The distance on X' (i.e. p) is set as the Euclidean metric.

Motivated by the work in [16], it is shown that

Theorem 4.1. (Law of Large Numbers for Nearest Neighbor Statistics) Suppose
that (A5) holds. Let h(z1,211,-..,21k) be a measurable function (taking values in
R) and define the random variables

hi = h(Z’La ZN[i,l]a R ZN[Z,]C])7

where the nearest neighbors are calculated in the sample (X;)M

L. Assume that
each h; is bounded by some constant ||h||s. Then for M >k,

M
Var[» ~ hy] < [|h]|2, (1 + 2kL(n))(1 + 2k) M.
i=1

The constant L(n) is defined in Section 4.2.

In comparison to [16], the bound is tighter w.r.t. k, but depends on the bound on
h;. Due to the latter deficit, the application to (4.1) and (4.2) is not trivial, but if
the probability of large nearest neighbor distances is small, it is possible to extend
the proof of Theorem 4.1 straightforwardly into
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Corollary 4.1. Suppose that (A3)-(A5) hold and |hi| < d7 for some a > 0.
Then we have the bound

VarZh (14 2kL(n))(1 + 2k)M'=2/" 1og*/™ M 4+ O(M~P),

where B > 0 is an arbitrary positive number fixed a priori. As another special case,
we also have

M
Var[y “logd; ] < 4(1+ 2kL(n))(1 + 2k)Mlog* M + O(M 7).

i=1

In words, because each term E[dffk] tends to be of order M~?/" the average
(4.1) is indeed close to the expectation for large M the fluctuations being of order
M~1/? logz/ " M times the magnitude of the terms (measured by the standard
deviation).

If 0 < 2a < n, a more practical inequality than that in Theorem 4.1 is possible
by using the theory in Chapter 2 as in the following bound, the logarithmic factor
does not appear. This result is of some independent interest, because it does not
require the existence of a fourth moment as in [16], but exploits the fact that a
sum of the distances d'; is bounded deterministically.

Theorem 4.2. Suppose that (A5) holds and X C [0,1]". Furthermore, we assume
that for any distinct indices (J, 1, - -, Jk),

VEINZ,. 25, 2,2 (X)M,] < X, — X5, " as.

for some constant o > 0. Then if 0 < 2a < n, we have the bound

Var| Zh < PP2(EL(n) + 1) (k 4 1) F20/npe ppt=2e/n,

4.1 The Efron-Stein Inequality

The Efron-Stein inequality is a special case of a concentration inequality (see [57])
the purpose of which are to generalize the variance formula for the empirical mean
of independent random variables to more general functions. The result can be
stated for any independent sample (Z;)M, as

Theorem 4.3. Let (Z;)M, be a set of independent random variables and

f(Zh, .. s Zy)

a function of this sample. Moreover, for 1 <i < M, let

filZy,. . Zio1, Ziga, -, D)
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be a measurable function of (Z;)M, excluding Z;. Then

Var[f] < !

=

M
SOEBI(f - £)7).
i=1

Proof. The proof can be found e.g. in [57]. O

Intuitively, Theorem 4.3 applies when f is stable in the sense of approximate
invariance with respect to small perturbations.

4.2 How Many Points Can Share the Same Near-
est Neighbor?

Related to Theorem 4.3, it is important to verify the stability of nearest neighbor
graphs with respect to removal of samples. Fortunately, such an analysis is well-
known in the literature on computational geometry and the proof in [47] is repeated
here.

The set of indices corresponding to points in (X;)M; that have X; among their k
nearest neighbors is defined by

Kip={1<j<M: j#1i,NJ[jl] =ifor somel<I[<Ek}
In this section, our main goal is to bound the cardinality |Kj; j|.

(A5) imposes the condition p = 2 on the norm, which is not necessary (p > 1
works just as well, see [16]), but sufficient for the purposes of the thesis.

For a unit vector e, the cone of degree 30° is defined by
Cle)={zxeR": z¥e > |z| cos30°}. (4.6)
The constant L(n) is defined as the smallest positive integer with

R = UX

i=

V(e

for some unit vectors ey, ..., er(,). In words, L(n) bounds the number of cones of
degree 30° needed to cover the space R". For example, L(1) = 2 and L(2) = 6
(see Figures 4.1(a) and 4.1(b)).

Theorem 4.4. Suppose that (A5) holds. Then for any k > 0, 1 < i < M and
1<k <M, the cardinality |K, 1| is bounded by kL(n).
Proof. Fix the point X; and a vector e with ||e|| = 1. The non-centered cone is

defined by

Cx,(e) ={z e R": (z—X;)"e > cos30°||lz — X;||}.
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n=1 n=2

(a) (b)

Figure 4.1: The plane can be divided into six cones (4.6), and the real axis consists
of two cones. The angle between the lines on the plane is 60°.

Notice that for z,y € Cx,(e), we have the geometrically intuitive bound

1
(2= X5)" (v = X;5) = 5llz = X lly = X (4.7)
Let us now make the counterassumption that there exists k + 1 points (X ji)fill C
Cx,(e) with X; among their k nearest neighbors. By (A2), it holds that || X, —
Xl > |1 X, — X[ > ... > || Xj, — Xj||. Then inequality (4.7) implies that for any
1<i<k,

1 X500 — X512 < 1IX;

< |IX;

= XG0+ 11X - X507 - 11X

gee — Xl X = X
- X;?

k+1 k+1

k+1

the last inequality being strict. Thus we may conclude that X; cannot be among

the k nearest neighbors of the point X, ., leading to a contradiction.

To finish the proof one should notice that the space ™ can be covered with L(n)
cones of degree 60°. Each point in the sample falls into one of these cones and it
follows that X; can be among the k nearest neighbors of at most kL(n) points. [

Theorem 4.4 implies a concrete bound on |Kj; ;| with an exponential growth w.r.t.
n. To see this, we note that each of the 2" quadrants of R" is a cone of degree
90° verifying that L(n) > 2". Let e1,...,er,) be unit vectors such that the sets
C(e;) cover R™. For e; and ey we have el ey < cos60° and

ler — es]|* > 2 — elTeg > 2 —2cos60° = 1.

It follows that the balls B(e;, 1/2) are disjoint and also subsets of the ball B(0, 2).
A volume argument then implies that

L(n) < 4™

A much sharper bound is in fact possible, because the balls B(e;,1/2) are disjoint
and touch B(0,1/2) rendering the analysis into an examination of kissing numbers
[7]. Without going deeply into the matter, L(n) is bounded by the kissing number
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of the space R"™ for which upper bounds for dimensions n = 1,...,24 have been
tabulated. This also shows that a closed-form formula for L(n) is probably not

possible. It should be mentioned that kissing numbers were encountered also in
[13].

On the other hand, it is interesting that on expectation |K; | tends to be close to
k as indicated by the following theorem.

Theorem 4.5. Let (a;)M, be a sequence of numbers. Then for any 0 < k < M,
the equality

M M
DD a=k)y
i=1jeK; k i=1

holds.

Proof. Define the sets

Cii={1<j<M: j#i N[l =i}

Then
M M
2o w=2.2. 2
i=1jEK,; =1 i=1j€C;
Moreover,
CiyaNCiu=0

when i1 # i5 (a point has only one [-th nearest neighbor) and
Ui<i<mCiy ={1,..., M} (each point has a I-th nearest neighbor).
Thus
M M
SIS o
i=1jE€Ci, i=1

and the claim follows. O

4.3 Proofs of the Variance Bounds

Proof. (Proof of Theorem 4.1) The argument is based on the use of the Efron-Stein

inequality. Let us construct a new sample (Z;)1<i<nm,i by removing a variable
Z; and define ﬁgl) by calculating h(Z'7 ZN[i,l]’ ol ZN[i k]) on this modified set of
variables. Then in terms of indicator functions

i = B < 20|hlloc I (i € Ki)
when i # [ and by Theorem 4.4,

M M
Qohi— Y AP
i=1

i=1,il

IN

12|12 (1 + 2| K1 k)

IA

17123 (1 + 2K L(n)) (1 + 2| K k).
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Using Theorem 4.5 we obtain the final result

M M M B
SO T hi— 3 R < R (1 + 26L(0)) (1 + 2k) M.
=1 i=1 i=1,i#l

Proof. (Proof of Corollary 4.1) By Lemma 3.1,
P(dz,k > M—l/n 1Og2/n M) < 6log M —cq log? M
for some constant ¢; > 0 and (A3)-(A4) imply that

M M
Var[Y i) < Var[y_ hil (die < M7 10g?™ M) + caM?ecs 108 M—calog™ M

for some ¢y and c3 independent of M. Theorem 4.1 applies directly to the first
term in the right side.

For the logarithmic distance, it holds for some constant ¢4 > 0 that
P(|log di x| > log? M) = P(d; 5 < e~ 18 M) < ¢, M*—1o8 M

by Theorem 3.5 and Assumption (A5). Again, this expression approaches zero
faster than any polynomial w.r.t. M and the proof is completed similarly as in
the previous case. O

Proof. (Proof of Theorem 4.2) Let us again construct a new sample (Zi)1§i§M7i¢l
by removing a variable Z;. Then by our assumptions we have E[hZ|(X;)M ] <
75 and E[(h(l)) (XM, < d7%.,,. An application of the formula (Zf\il a;)? <

M > a? and the fact that (c + d)? < 3¢ + 3d? gives

1=1"
M
=
B3 hi— > R
i=1 1<i< M, il
<( Z di'y + Z d?,k+1)2
JEK xU{l} JEKL K

—3(|Kl,k:‘+1) Z d2(fc+3(|Klk|—|—l) Z dJ bl
JEK rU{l} JEKL K

<3(kL(n)+1) Y d2%+3(kL(n)+1) > %
jEKLkU{l} ]EKl k

Thus by Corollary 2.1 and Theorem 4.5,

STE - Y )X,
=1 =1

1<i<M,i#l

3(kL(n) +1)(k +1) Zd?%jtzmﬂ

S23+2a(kL(’n,)+1)(k‘—|—1)1+2a/nnaMl 2a/n

and the Efron-Stein inequality finishes the proof. O



Chapter 5

Entropy Estimation

5.1 Introduction

In Chapters 2-4 general theoretical principles related to random local functions
and especially nearest neighbor distances were discussed. In the remaining two
chapters, two important applications in statistical estimation are discussed. In fact,
the idea for boundary corrected expansions in Chapter 3 arose from the need for
improved entropy estimators that would better address the curse of dimensionality.

Given a random variable X, it is natural to ask ‘How random is X?’. One of the
milestones in statistics of the previous century was the development of information
theory ([58]), which defines a theoretically well-founded measure of randomness.
In general, based on intuitive axioms, the correct way to measure randomness of
X is the quantity

- / 4(z) log q(z)dz,
X

where ¢ is the density of X. This is not surprising as it has been known for a
long time that the logarithmic entropy measures disorder in equilibrium statistical
mechanics. On the other hand, it was shown in [54], that under slightly weaker
assumptions, one ends up with a whole family of entropies:

Iy o
where 3 > 0 (we assume 0 < § < 1). The logarithmic entropy then arises in the
limit 8 — 1. While the other entropies are theoretically less satisfying, they are
still useful to measure randomness in many applications even if not necessarily
optimal. Especially the case § = 0.5 is useful due to its relation to the Hellinger
distance (see e.g. [70]) between ¢ and the uniform distribution.

In this chapter, the task of computing the entropy of X using an i.i.d. sample
(X;)M | is discussed. This is an important problem as in practice ¢ is usually not
known in closed form whereas a sample of realizations is available.

87
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Figure 5.1: The randomness of the random variables taking values in the unit circle
is small compared to a uniform case, which also shows in the nearest neighbor
distances.

In general, a random variable with a low entropy tends to concentrate in a small
portion of the space implying that the nearest neighbor distances should also be
small. This is demonstrated in Figure 5.1, where clearly the random variables in
Figure 5.1(a) are much less random being located in a one dimensional submanifold
and the corresponding nearest neighbor distances are small as well. In terms
of information, the points on the circle can be explained with one variable and
thus contain less information. Somewhat surprisingly, the connection between
randomness and nearest neighbor distances is exact in the asymptotic limit of
infinite sample size; to be precise, we recall from Chapter 3 that

Ma/nE[d?k]_)ana/nr(k+a/n)/q(x)lfa/ndx
' L'(k) X

in the limit M — oo.

In this chapter, it is shown that taking the boundary effect into account helps
to understand the validity of the relation for finite sample sizes. Moreover, it is
shown how estimation accuracy can be improved by a weighted estimator. The
simulations at the end of the chapter demonstrate the improved accuracy for the
bias corrected estimators. However, it also turns out that the logarithmic differ-
ential entropy estimator has problems with estimation variance leaving room for
further research.

5.2 The Estimation Problem

Suppose that Assumption (A4) holds and the sample (X;)M, is ii.d. with a
common density g. Then as stated previously, Rényi entropies are defined by the
formula

1

1-p

Hylg] = —— log /X o(z)d) (5.1)
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for B > 0; the celebrated differential entropy is the special case g — 1:

- /Xq(x) log ¢(x)dzx. (5.2)

At first sight, the task of estimating these quantities seems challenging, as ¢ is not
known and should somehow be inferred from data. To this end, one can of course
consider building a density estimate ¢ of ¢ and using the approximation in place
of ¢ to estimate the integral (5.1) or (5.2) arriving at a widely investigated branch
of research (references include [11, 23, 27]).

While entropy estimation by performing an intermediate step of density estimation
is an approach that comes easily to mind, one quickly gets the impression that the
curse of dimensionality and free parameters tend to be problems to these methods
[3]. To address this issue, one can adopt a sophisticated density estimation scheme
(e.g. local linear estimators as in [33]) or look for other techniques. From a
theoretical point of view introducing local linearity is attractive; on the other
hand, it is likely that practical problems with robustness arise.

Interestingly, if one is interested only in entropy and not in the density ¢ itself,
the intermediate density estimation step is not necessary. In fact, from the results
in random geometry (e.g. [47, 48, 50]), one finds quicky that the total length of
many random graphs is related to the Rényi entropy (5.1). This deep connection
has been exploited e.g. in [8] and [26] to derive robust graph theoretic entropy
estimators. The goal of this chapter is to analyze and improve the estimators in
the special case of nearest neighbor distances.

5.3 Rényi Entropy and Nearest Neighbors

We start from the limit in Chapter 3:

(k)
a/n a/n 1 a/n
Ve Tk + a/n)M E| / dxr  (when M — o0) (5.3)

for a fixed @ > 0. The connection to the Rényi entropy (5.1) is obvious. As
mentioned earlier, such an asymptotic relation between the two things is not just
a property of nearest neighbor distances, but a similar limit arises for many other
functionals in random geometry even if the constant in front of [, q(z)'=/"dx
varies. The practical advantages of using nearest neighbor distances include most
importantly simplicity and understandability.

The simplest (even though not the only) way to use Equation (5.3) is formally

a/n
- n Vi '"T(k) age/n- o
Hlfoz/n[q] ~ Hl,lfoz/n[q] - E log( (k n a/n / 1 E d (54)

In this estimator, one may choose k = 1, which usually works well. One observes
that if 3 > 1in (5.1), then it must be that av < 0. While this choice is fully possible
(see [34]), the restriction 0 < 8 < 1 is imposed here.
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Instead of this estimator, to stay consistent with Theorem 3.3, we use

n o am DM Fa/m)D(k) e
o losi! PO+ a/n) ;divk) (5:5)

as using I'(M + a/n) /T(M) instead of M*/™ is a minor choice due to the approx-
imation

FU”“FO(/TL)/F(M) = Mo‘/n+Ma/7L—1

of Lemma 2.4. In [34], the asymptotic consistency of the estimator was proven
in a general setting. Here, our goal is not to analyze such proofs, but rather to
show an inherent problem of the method: it suffers rather badly from the curse
of dimensionality due to its reliance on distances. Theorem 3.3 characterizes the
bias in the following way:

Theorem 5.1. Suppose that (A2)-(A4) hold with 1 <~ <2 in (A4). Then for a
fized k,

I'(E)D(M +a/n) M / B
a/n M 1+1/n o —Ml/n 1—a/n
" T(k+ a/n)T(M) ; ds ey

F(k+a/n+1/n) - 7o¢/n71/n/ l1—a/n—1/n
- R ey [ ) s

when M — oo. The constant D was defined in Theorem 3.3. As a consequence,

P n 2 n l—a/n
tim inf M/ BAL 1o /0ld] ~  log /X a(2)1 =/ da| > 0.

Proof. The first claim follows from Theorem 3.3. For the second one, we can use
the approximation

a—b a—b (a—b)?

loga —logb = log(1 + = ).

The error expansion is unique compared to earlier work in the sense that it com-
plete characterizes the error up to the first order. The result is in agreement with
the rate of convergence in [18]. The bias depends on the surface integral

/ q(x)l—a/n—l/nds,
ox

which is non-zero in the presence of boundaries (see Example 3.2). This motivates
the conclusion that convergence is slow already for n = 3. If we could derive an
estimator that has a bias that goes to zero faster than M ~/™ with respect to M,
then at least for large M such an estimator would improve accuracy and hopefully
significantly alleviate the curse of dimensionality. This is done in next section.
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5.3.1 Boundary Corrected Estimators

There seem to be various slightly different possibilities for addressing the problem
at the boundary. The proposal here, introduced by us in [39], is to estimate

/ q(x)l_o‘/"dx
X

by using a linear combination of the quantities

M
OM o = i ;d?’l

for different values of [. Fixing a > 0 and k > 2, the weights (wl){“:1 are chosen in

such a way that
k

ZWM - Va/nlW (5.6)

and i
ZwlF(l+aI{(7;)+ 1/n) _o. (5.7)

=1

Such a choice is always possible when k > 2 and it depends only on «, k,n and M.
If £ > 2, the solution is not unique and the convention of choosing the sequence
with the smallest possible [>-norm is adopted. With these choices, the boundary
corrected estimator of Hy_,/,[q] is

k

~ n

Hyy_a/mld] = > 10%(2 wWidn 1,a)- (5.8)
=1

Example 5.1. As an example, if k = 5,n = 3 and a = 1, then inside the logarithm
n (5.8) we would have

1.655]\/[’1’1 + 1~126M,2,1 + 0.41(51\473’1 — 0.346]y[’4’1 — 1.10(51\/[’5’1.

The weights are the 1?-norm minimizing solution of Equations (5.6) and (5.7),
which in this case read as

z+1/3) AN (M +1/3)
Z -(&) St

Z z+2/3 o

The benefit of weighting is best clarified by
Theorem 5.2. If (A2)-(A4) hold with 1 <~ <2 in (A4), then for a fived k > 2

k
S wiBlbassal = [ ale)' " e = O/ og? 2/ A,
X
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Proof. Tn the order of magnitude notation, |w;| = O(M®/™). Theorem 3.3 implies
that

o1 eamll+a/n)I(M) —a/n
le[dLl]—len / m[vq(m)l /" dg

—a/n—1/n F(l+a/n+ 1/n)F(M) l1—a/n—1/n
+un(D =V, /)F(l)F(M+a/n+1/n) /8Xq(x) frotinds

+ O(M_»y/n_a/n 10g2+2a/n+4/n M)

When the sum over [ is taken, the second term in the approximation vanishes,
whereas the first one becomes
/ q(z)' =" dx.
x

O

The idea behind the boundary corrected estimator is now visible. The weights
(wl)f:1 ensure the disappearance of the error due to the boundaries, which im-
proves the rate of convergence by a factor of M~1/". From the general point of
view, it is remarkable that a weighting scheme obtains a cancellation of error; such
a principle could possibly be applied in other estimation problems as well.

In general, the improvement in terms of bias comes with a more or less increased
variance. The following theorem shows that if n > 4, then we can say at least that
standard deviation tends to approach zero faster than bias when M — oco. On the
other hand, for dimensions smaller than 5, standard deviation is in principle the
dominant part for large M after the boundary correction, even though in practice
probabilistic deviations tend not to cause problems in that regime. Recall that the
constant L(n) was defined in Section 4.2 and grows exponentially with respect to
n.

Theorem 5.3. If the assumptions of Theorem 4.2 hold with n > 2, then for a
fized k> 2 and 0 < a < n/2,

k k
Var[» " wibar 6] < 257220 w})(kL(n) + 1)(k + 1)1 T2 e py 120/,
=1 =1

Proof. By the Cauchy-Schwarz inequality [56],

k

k k

(e} 2 2a (¢
|Zwldi,l| < Zwl E :di,l < dig
=1 =1

=1

Theorem 4.2 can be applied straightforwardly:

k k
Var[y widnria] < 277200 w})(kL(n) + 1)(k + 1)>T2/ e 120,
=1 =1
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The restriction 0 < o < n/2 was avoided in Theorem 4.2 under (A3) and (A4);
that result could have been applied as well.

The variance bound in Theorem 5.3 is not tight in terms of constants, but the
dependency on Zle wl2 suggests the intuitive fact, that large weights should be
avoided. Finding a tight asymptotic expansion for variance is a topic of future
research that could lead to a more optimal choice for the weights (w;) le.

5.4 Differential Entropy

The differential entropy is more widely used than other Rényi entropies as it often
arises naturally from information theoretic considerations. For this reason, non-
parametric estimation of differential entropy has been widely investigated. The
related derivations differ from those in the previous two sections only in technical
details.

The state-of-the-art nearest neighbor estimator is analogous to H Ll—a/n

M
_ /X g(2) log q(x)dz ~ log Vi, — (1) + (M) + % ;log dii,  (5.9)

where ) is the digamma function (extension to k > 1 is trivial). The main reference
on this topic is [30]; the multivariate estimator has gained popularity ever since
probably due to its simplicity (no free parameters) and robustness. The method
appears often in the literature on the estimation of mutual information (see e.g.
[31] and [15]).

Analogously to previous section, we can say the following about the bias.

Theorem 5.4. Suppose that Assumptions (A2)-(A4) hold with 1 <~ < 2in (A4).
Then for a fized k,

M
n
MBI o)~ nCM) + [ ata)togatayds| - .

when M — .

Proof. This is a direct consequence of Theorem 3.4, because ¥ (M) grows to infinity
in the limit M — oo. O

Even though the bias goes infinity in the limit M — oo, such convergence is slow
due to the fact that 1) grows approximately logarithmically. In any case, the most
important thing is that the rate of convergence of the estimator (5.9) cannot exceed
M~'/" in the presence of a boundary cut-off. Analogously to the Rényi entropy
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case, we choose the weights (w;)¥_, in such a way that

k
> wiCy(M,1) =0 (5.10)

=1

k
> wi=n. (5.11)
=1

Again the weights can be found if k > 2.

The following straightforward application of Theorem 3.4 demonstrates the bound-
ary correction.

Theorem 5.5. Suppose that (A2)-(A4) hold with 1 < in (A4). If the
0

<
weights (w;)f_, are chosen according to Equations (5.10)-(5.1

0 2
(5.11),

k k
S wiBllogdig] — S wiCh(M, 1) = — / o(2) log g()de
=1 =1 X

+O(M /™ 1og® 4™ ).

Consequently, the proposed estimator takes the form

_/X ¢(z) log g(= MZZwllogdzl—ZwlCQ (M, 1). (5.12)

=1 11=1

To the best of our knowledge, no corresponding work exists in the literature on
nearest neighbor entropy estimation with the exception [39]. A similar variance
bound as in Theorem 5.3 could be proven here; one simply replaces dff, with
10g dz,k

From the practical point of view, instead of (5.10) it is easiest to choose (w;)F_,
to satisfy

Zwlw +1/n) =0 (5.13)

Z l+ 1/" =0, (5.14)

which automatically implies that Zle w;Cy(M,1) = 0. This way, the computation
of Dy and Dy in Theorem 3.4 is avoided, even though finding them is mainly a
technical matter at least in lower dimensions.

Example 5.2. As an example, if n = 3 and k = 13, then in Equation (5.12) we
would use approrimately

(wr,... wi3) = (—2.28,0.63,1.53,1.73,1.61,1.33,
0.94,0.50,0.025, —0.48, —0.99, —1.51, —2.05).
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1" 2 3 4 5 6 7 8 9 10

Figure 5.2: The norm \/Z"HO le, where the weights are calculated according to
Equations (5.13)-(5.14).

The weights are the solution of Equations (5.13) and (5.14), which now take the
form

> w1 +1/3) =0 (5.15)

=1

Zwl 1/3) =0 (5.16)

under the constraint leil w; = 3. Again, taking the solution with the smallest
12-norm provides an easy way to choose among the possible solutions.

Unfortunately, the boundary correction has a drawback in this case. Namely, if one
computes the weights according to Equations (5.11) and (5.13)-(5.14), it becomes

quickly evident that the norm \/Zle le grows fast. This is demonstrated in
Figure 5.2 for the choice K = n + 10. On the other hand, the experimental section
shows that things are better than expected in practice, especially for a large sample
size. The same problem arises for the other Rényi entropy estimators as well even
though the experimental results seem more favorable to them. On a deeper level,
the growth of the weights is a manifestation of the curse of dimensionality.

5.5 Simulations

5.5.1 Rényi Entropy

The simulations concern the estimation of
nlog/ q(2) =Y dx
X

corresponding to # = 1 — 1/n in Equation (5.1). The dimensionality n is varied
from 3 to 6 and we choose the weights (w;)¥_, to fulfil Equations (5.6) and (5.7).
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The choice k = n + 1 is made even if it is likely a suboptimal one. The estimator
of Equation (5.5) is compared to the boundary corrected statistic (5.8).

In the first set of simulations, the methods are tested with uniformly distributed
points in the cube [0, 1] letting M increase up to 9000 in steps of 300. As can be
easily verified, the real value is zero:

Hy _1/n(q) =0.

The uniform distribution can be viewed as the distribution with maximal random-
ness in the unit cube. The results of the simulations are drawn in Figure 5.3. As
a measure of accuracy, the absolute deviation

E[|H_1/n(q) — Ffmq/n(qm
is computed by averaging over 1000 realizations (i = 1,2).

Figure 5.3 shows that here the proposed method is more accurate for all sample
sizes, especially in terms of percentages. From Figure 5.4 we see that while stan-
dard deviation is larger, the increase is not too high and the trade-off is favourable
to the bias corrected estimator.

As a second experiment, to assess performance with a more complicated distribu-
tion, the simulations were repeated with the truncated Gaussian distribution on
the unit ball. In this case, the variables (X;)*, are samples from the multivari-
ate normal distribution restricted to the unit ball. The experiment involves both
boundaries and correlation between components. The results are drawn in Figure
5.5. Again, the real value was computed in closed form and the estimates were
compared to it. The results are rather similar to the uniform case in the sense
that the standard deviation in Figure 5.6 did increase, but not too much.

5.5.2 Differential Entropy

The experiments for the differential entropy were done in the same way as for
the Rényi entropy. The results with uniform data are drawn in Figures 5.7 and
5.8, whereas those for truncated Gaussian data are shown in Figures 5.9 and 5.10.
Instead of letting k vary with n, the choice k£ = 30 was used all the time.

From Figures 5.7 and 5.9, it is seen that the boundary correction works well for
dimensions n = 3 and n = 4, whereas after that problems appear due to the
weight increase problem. It can be concluded that the boundary correction for the
differential entropy is mainly useful in applications with a large number of samples
available (e.g. information compression and related topics). From Figures 5.8 and
5.10 it is seen that the problem is due to the increased variance brought by the
weighting. In Chapter 7 we suggest a possible improvement.
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Figure 5.3: Rényi entropy: Mean absolute deviation for the experiment with uni-
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Chapter 6

Residual Variance
Estimation

6.1 A Review of the Problem

While literature on the topic of residual variance estimation is rather scarce, in the
statistics community the topic is better known as noise variance estimation and
quite a lot of research has been done under that name. However, noise variance
estimation usually involves the assumption that the data (X;,Y;)}, consists of
i.i.d. random variables generated by

Y =m(X)+r, (6.1)

where 7 is zero-mean noise independent of X. Then the residual (noise) variance
is V = E[r?]. When speaking of residual variance estimation, the independence
assumption on 7 is not made and instead the definitions m(X) = E[Y|X] and
r =Y — E[Y|X] are imposed. Formally Equation (6.1) still holds, but in general
r may not be independent of X.

The most straightforward approach to residual variance estimation is to build an
approximation m to the optimal function m and then estimate

V V= E[(Y — (X)) = E[(m(X) —i(X))?] + V.

The drawback of this type of an approach is clear: the first step involves building
a regression estimate to m, which is to be avoided. In fact, the classical results
in [62] imply that for any regression estimator, there exists a sequence (mps) such
that each function in the sequence has the same Lipschitz constant and
lim inf MY CH) Bl(ma (X)) — mar(X))?] > 0,
—00
where My, is the approximation of my; with M samples. In words: the optimal
rate of convergence achievable for Lipschitz continuous functions is M —2/(2+7)
unless prior information is available. Such a rate is not satisfying as in [10] it was

105
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1/2

shown that in residual variance estimation, error of order M ~'/< is achievable for

n < 4.

A better idea is to estimate V' directly without the intermediate step of approxi-
mating m. As an example, for n = 1 difference based methods are known to obtain
low biases ([68, 55, 20]). Other (excluding nearest neighbor based methods) di-
rect approaches include the use of U-statistics ([46]) and in general various kernel
estimators ([24]).

Unfortunately, most of the direct methods have not been shown to stay consistent if
the independence of r from X is dropped. Once the homoscedasticity assumption
is removed, possibly the most succesful branch of research has been estimators
based on the use of nearest neighbors, which is the focus of this chapter.

The residual variance estimation problem should not be confused with estimating
the whole variance function (see e.g. [5, 45] and [6])

g(z) = E[(Y — E[Y|X])’|X = 1],

which is a considerably more difficult task and not necessary in many applications.
Of course, methods for the estimation of g yield V' as a special case, but this
is an overly complicated approach. Moreover, multivariate variance estimation
with random design is a relatively unexplored topic as most work concentrates on
univariate models or a fixed design limiting the scope of the methods.

6.2 Nearest Neighbor Approaches

Possibly the simplest nearest neighbor residual variance estimator is given by the

1-NN estimator
M

1
Vo~ BNV ;(Yi — Ynpa)?, (6.2)

where N[i, 1] is computed in the sample (X;)M,. An early reference on the method
is [61]. Later on, the 1-NN estimator has been found to be useful especially in
machine learning and data-analysis ([1, 12, 37]) for tasks such as input and model
structure selection.

To clarify the logic behind the estimator, let us assume that the sample (X;, Y;)M,
is generated by the model (6.1) with independent noise r. Now it is reasonable to
assume that the points X; and X ;1] are close to each other when the number of

samples is large enough and we may approximate heuristically

1 M
~ E 2
V ~ 2M P (Ti - TN[i,l]) N

Using the assumption that the variables (r;), are independent of the input vari-
ables (X;)M, and each other, it holds that E[r;ryp; 1] = 0 and one may further-

more write
M

M
1 1
ElV] ~ B3 ZEW] T oM ZE[T]ZV[i,l]] = E[r?,
i=1

i=1
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which is the residual variance.

Based on these considerations, clearly it is possible to prove that the estimator
(6.2) is consistent when the output noise r is independent of X. Of course, the
rate of convergence may be slow and various generalizations have been proposed.
Of these, possibly the most important is the Gamma test ([13, 61]) and the local
linear estimator in [60].

A natural question is, if consistency of (6.2) and its extensions hold also in a more
general setting. While currently no proof exists, it seems likely that convergence
indeed holds for heteroscedastic noise, because the distribution of the random
variable X ;1) approaches that of X; in the limit M — oco. Nevertheless it
is not guaranteed that such convergence is fast, which motivated us to look for
alternatives to the 1-NN method.

One extension is to allow kp; > 1 by

1 M 1 ks
Ve — > (Vi—— ) Yy i) 6.3
(1+k‘JT/[1)M ;( kM]; N -,]]> ( )

where the assumption ky; /M — 0as M — oo is essential for consistency. However,
even though it is possible to show that the approximation (6.3) is able to give
consistent estimates under general assumptions (a large body of research exists
on k-NN estimators, see e.g. [9, 28]), it is not without problems. One practical
difficulty is the choice of kj;, which is not obvious, as for example cross-validation
inevitably increases variance.

It is of course possible to approximate m with a local polynomial or a neural net-
work model instead of a simple locally constant approximator. But that would
probably not be a particularly elegant solution and would not utilize the possibil-
ities brought by increased complexity in a particularly good way. An alternative
solution based on modified nearest neighbor graphs was introduced in [10]. The
method there has rather similar properties to those of (6.2), but is not affected by
heteroscedasticity.

In this chapter we analyze a slightly simpler method based on modifying the ap-
proximator (6.2) as

M
o 1

The idea appeared first time in [14] and was later analyzed in [17, 41, 36]. More-
over, a generalization to higher order moments was provided in [17]. To understand
the logic behind the method, assume that the function m is continuous. Then the
heuristic approximation m(Xyy;4) — m(X;) ~ 0 and conditional independence
yield

1 M 1 M
VEor > El(ri — rap)(ri — rvie)] = Ely; > o, (6.5)
=1 =1

which is the residual variance. Moreover, it can be seen that the quality of the
estimate depends only on the smoothness of m and therefore the estimator does
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not have problems with heteroscedastic noise. This is the first benefit of using a
product of differences: the problematic terms ry(;1; and ry(; ) vanish from the
expectation.

Even though the ability to solve the residual variance estimation problem in a
general context was a major motivating factor behind the product estimator, in
this regard it does not bring any particular advantage over the solution in [10].
However, as the main result of the chapter it is shown that (6.4) achieves an
improvement in the rate of convergence. So in effect, while the method can be mo-
tivated as a solution for heteroscedastic noise, it actually has unexpected benefits
over the 1-NN method without significant disadvantages.

6.3 Analysis of The Product Estimator

Our analysis is divided into two parts: first worst-case bounds are demonstrated
under relatively weak assumptions leading to a similar rate of convergence as in
[17]. The proof technique is a typical application of the theory in Chapter 3 and
similar derivations work in other fields of non-parametric statistics as well; the
geometric nearest neighbor bounds lead to rather simple proofs. Secondly, we take
a look on what happens when sufficient regularity is present.

6.3.1 General Bounds on the Bias

Often in nonparametric statistics, estimation bias tends to be large, whereas vari-
ance is less of a problem. The most straightforward way to bound the systematic
error of the estimator (6.4) is to invoke the Holder continuity of m and the bounds
derived in Chapter 3. The argument based on the continuity of m is common in
non-parametric statistics and a good starting point here.

Theorem 6.1. Suppose that (X;,Y:)M, is i.i.d. with each variable X; taking
values in a space X ; moreover, it is assumed that the assumptions of Theorem 2.1
hold. Moreover, we assume that E[Y{] < oo and that the conditional expectation

m(x) = E[Y1|X; = «]

belongs to H (¢, Ym) with 0 < 7, < 1 (the Hélder continuity in Definition 3.1
generalizes trivially to any metric space). Then for n = 27, and M > kC,,, the
inequality

~ QCncfn M
|B[Vi] = V] < =57 (2 + log(5)) (6.6)
holds and for n > 27v,,,
P An 2C 5 4y, 2 CQWm/n 92 C2'ym/n
— < _m (ZZn Y /M mCmLn nCn '
BVl = V] < () lels & 67)

The constant Cy, was defined in Theorem 2.1.
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Proof. Notice that
E[(Y: = Yni)(Yi — Yap)] = El(m(X;) — m(X 1)) (m(Xs) — m(X o))
+ El(ri — rajia)) (m(Xs) — m(Xnp,2)] + El(rs — 7)) (7 — Tgi2))]
+ El(m(X;) = m(Xnpi1)) (i — rgi2)]- (6.8)

Because r; = Y; — E[Y;|X;], it holds by the basic properties of conditional expec-
tations that
Elrirngg)] = Elrnggrag,2)] = Elrngiagr) = 0.

For example,

Elrnuraig] = ELENggrag (X))

= E[Z Z E[rjlrszXi)gl]I(N[i’ 1] = jl)I(N[i> 2] = 32)]

M M
= E[Y Y Bl (X)L Elrg, (X)X, (N6, 1] = j1)T(N[i, 2] = j2)] = 0.
j1=14a=1

In the two last equalities we used the fact that the variables (r;)M, are condi-
tionally independent and mean zero given (X;)*, due to the assumption that
(X;, V)M, is ii.d. Observe also that the term with j; = jo is neglected as
I(N[i, 1] = j1)I(N[i, 2] = j1) is always zero.

Similarly

E[(ri — rpi) (m(Xa) — m(Xnpg))) + (m(Xs) — m( X)) (ri — 7a7i,2))]

is equal to zero. On the other hand,

M M
1> m(X) = m(Xnga) (m(X:) = m(Xnpa)| < D iy,
i=1 i

which can be bounded by Theorem 2.1. What remains of Equation (6.8) after
averaging over ¢ is the residual variance. O

The rate of convergence depends on the instrinsic dimensionality of the set X.
Avoiding the multiplier log M when n = 2+, seems difficult under the assumptions
that were made. A slightly tighter and more concrete bound on the bias is possible
if the packing dimension of X' is n with X C R™:

Theorem 6.2. Suppose that (X;,Y:)M, is ii.d. and X C [0,1]". Moreover, we
assume that m € H(CpyyYm) with 0 < vy < 1. Then for n > 2, the inequality

2n+1nn/2

|B[Var) = V| < e (=) /" (6.9)
holds. If n > 3 and the assumptions of Theorem 2.2 hold, then
R 2n+1 X
0] - VI < CAE iy o=z, (6.10)

Vo.M

where the remainder O(M’z%’l/") approaches zero faster than M —2Ym/™,
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Proof. The proof is similar to that of Theorem 6.1 with the difference that Corol-
lary 2.1 and Theorem 2.2 are invoked instead of Theorem 2.1. O

Interestingly, the rate M ~27=/™ is essentially the same as that obtained in [10] and
it also agrees with [17]. It is known to be the best possible for the 1-NN estimator
of Equation (6.2) with homoscedastic noise as has been demonstrated for ~,, = 1:

Remark 6.1. Assume that the sample (X;)M, is i.i.d. and uniformly distributed
on the unit cube [0,1]™. Moreover, the variables (Y;)M, are assumed to be linearly
related to the inputs:

Y, = wTXi
for some vector w € R™. Then using the lower bound of Section 2.4, it was shown
in [35] that
I'(M)
I'(M+2/n)

2/n

1 —2/n
E[(Y; — Ynp)?] = EHU’”QVn 2/

showing that by using the squared difference, M~
that can be achieved.

is the best rate of convergence

6.3.2 The Bias Under Sufficient Regularity

As the main contribution of this chapter, it is shown next that worst-case consid-
erations give a wrong view of the practical rate of convergence.

Lemma 6.1. Suppose that (A2°), (A3) and (A4) hold with 0 < ~v < 1 in (A4).
Let H : R — R"*" be a matriz valued function with ||H(z)|| <1 for all x € X.
Then for M > 2k and fized jo > j1,

(X1, — X0)TH(X1) (X, — X1)]| € eM ™27/ 10g?t6/m 0,

where ¢ is a constant independent of M.

Proof. Define h = (X 5,0 — X1)"H(X1) (XN, — X1). We set

ta = M~ Y™ 1og¥™ M.
The expectation decomposes into three parts (recall gy from Equation (3.41)):

E[h] = E[gM(Xl,de)h] + E[I(Xl € atMX,de < tM)h}
—i—E[I(de > tM)h] (6.11)

By Lemma 3.1,
|E[I(dy), > tar)h]| < ¢ P MFemctuM

for a constant ¢ > 0 independent of M. On the other hand, by Assumption (A2’)
/\(atMX) =O(tum)

and
|E[I(X1 € Oy, X, dig < tar)h]| = O(t3).
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The first term in the right side of (6.11) is the most important factor in the
decomposition.

Choose & € X'\ 0y, X; by definition B(x,tp) C X. Let us define the density G, (y)
by setting
when y € B(z,ty) and

o L —a(@)\(B(x, tar))
G:(y) = 7 “P(X, e B(x’fM))q(y)

when y ¢ B(z,tpr). Then by assumption (A4),
/. latw) =ty < et

for an appropriate constant c¢. By Lemma 3.16 we find an i.i.d. sample ()~( M
such that P((X )Z , # (X)M,) < eMt}7. Moreover, we choose X; =
(independent of (X;)M,) and denote by C' the event (Xi)i]\i2 = (X;)M,.

X1

The new sample (X )M, is uniform around x, whereas it differs from the original
one only with a small probability. Let us now denote by dl’k the k-th nearest
neighbor distance in the new sample; h is defined in a corresponding way. Then,

Moreover,
|E[I(C)gar (X1, dyg)h| X1 = 2| < 3, P(CC) < Mt} (6.13)

and the same holds of course also with respect to (X;)M,.

Thus, the sample (X)M, gives nearly the same expectation as (X;)M, and an
application of Theorem 3.5 yields

E[QM(X1,J1,1<)B|X1 =z = k'(Mk_ 1) / (1 - @(||z1p — mlH))M—k—lx

Sk (tar)

k
X (211 —a:)T Nz1,2 — ) H (x13)dz11,. .., dTy ). (6.14)

But Equation (6.14) is zero because ¢, is locally constant, whereas h is antisym-
metric w.r.t. the replacement of Xy 1) — X1 with —Xpnp11) + Xi. O

Theorem 6.3. In addition to m € H(cpm,Ym) (1 < ym < 2) and E[Y?] < 00
assume that the inputs (X;)M, are i.i.d. with a common density q satisfying (A2’),
(A3) and (A4) with 0 <~ <1 in (A4). Then for some constant ¢ (depending on

X, m and the density q),

|E[Var] = V| < eM7Hm=om/m g e =2/m=7/m 10> T0/m 0.
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Proof. Recall that of the terms in Equation (6.8), only the first one in the right
side poses difficulties. Firstly we notice that

E[(m(Xnp.2) — m(X1))(m(Xyp,y) — m(X1))]
= E[(Xnp — X)) Vx,m(Vx,m)" (Xypa — X1)] + O(M~H/m=m/m),

because for example
[(Xng — X)) (Vxom = Vi, ym) (Vx,m) (X — X1)| < endi 57,

where ¢; is some constant depending on m. In fact,

)

Eld]3] = Elwx, (d1,2)2/n+%”/n(4wx (dra)i /"
1 )

)>T7m] < ey Elwx, (di 2)*/ "/
< CBM—Q/n—'ym/n
by (A2) and (A3). Now it is possible to apply Lemma 6.1:
IE[(Xni1o — X1) Va,m(Va,m)T (X npay — X1)]| < caM = 2/m=7/m 10g? T/ \p

with ¢4 some constant. O

6.3.3 Bounding the Variance

The variance of the residual variance estimate Vj; can be bounded straightfor-
wardly using Theorem 4.1:

Theorem 6.4. (A General Variance Bound). Assume that (X;,Y:)M, is i.i.d.
with |Y1| < 1. The variance of Vi is bounded by

- 80(1 +4L(n

Var[VM] S (T())

Proof. Because the output variables (Y;)M, are assumed to be bounded by 1, it
holds that that [(Y; — Yy 17)(Yi — Yapi2))| < 4. Consequently Theorem 4.1 implies

that
M

Var[Z(Yi — Y)Y = Ypig)] < 80(1 4 4L(n)) M.

O

In general, by a comparison to the bounds on estimation bias in Theorem 6.3,
it is seen that usually variance is negligible in the limit M — oo if n > 6. For
example, Theorem 6.3 shows that in the presence of sufficient regularity, bias of
order M—3/™ can be achieved, which is more than the order M ~1/2 for statistical
fluctuations in the case n > 6.

The following bound is not optimal with respect to the constants, but it demon-
strates the fact that when the residual is on average small, the variance of the
estimator may be smaller than simpler proof techniques would indicate.
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Theorem 6.5. Suppose that (X;,Y;)M, is i.i.d. with |Yi| < 1; moreover X C
[0,1]" with n > 2. We assume that m € H(c¢pm,Ym), where v, > 1. If the
definition
o} = sup E[r{|X; = 2]
reX

is made, then the variance of Var is bounded by

32(1 + 2L(n))o?

VarlVy] < S 4 O(of M) o i/,

where the remainder terms are viewed with o4 and M as the free parameters and
everything else fized.

Proof. We divide Zf\il(Yz —Yn1i1))(Yi — Y g)) into three parts Iy + I + I3 with

M

L= (ri = rp) (ri = Tvji2)
i=1
M

I = Z(m(Xz) —m(Xnp,))(ri — 7(i2)

i=1

By the smoothness of m and the bound on Y7, it holds that
|(m(Xi) = m(X g ) (m(Xq) — m(Xnpi )| < (4+ ¢p,) min{1, || X5 — Xnp )
Because of this inequality, Theorem 4.2 implies that
Var(Is] = O(M 1~ mintd/m1h),
Similarly
E[(m(X:) — m( X)) (rs — rp2) | (X))
< (807 + 2¢;,07) min{1, || X; — Xnp o[}
Consequently, it holds that
Var[l,] = O(c2M~172/m),
Finally, Theorem 4.2 can applied to I, because
E[(ri — ryj,n) (ri — rvp,2) 2 1(X0)iLy] < 4o}

and consequently
32(2L(n) + 1)o}

Var[[l] S M
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The previous result is rather rough and it is more interesting to ask, whether the
convergence
M
ME[(Vy — M r2)%] =0

happens in the limit M — oco. It is easy to be convinced that this would indicate
asymptotic optimality of the estimator if the residual variance is above zero. The
convergence question was considered by us in [36], but in that paper we were not
able to show that the basic product method is asymptotically optimal. The exact
asymptotic variance remains an open question at this point, but it can probably
be derived from the limit theory of random geometric graphs (e.g. [49]).

6.4 Extending to k > 1

To define the estimator Vi, we used only the first and second nearest neighbors.
However, extending the method so as to employ 2k nearest neighbors is rather
obvious and it is stated mathematically as

M

. 1 i
VM,k:mZ % Eg 12] ZYN[12J 1

i=1

Theoretically, it is possible to show the following consistency result (see [36], the
theorem is stated here in a simplified form):

Theorem 6.6. Ifn <4, then

limsup £ V - — -,
]\/Iaoop [ AR Z )

where the remainder term depends only on k and the dimensionality n.

In fact, the bias considerations in Section 6.3.2 indicate that Theorem 6.6 holds
also for n = 5. The result implies that by increasing k with k/M small, VM,k ap-
proaches the minimum variance estimator at least in L2-sense. However, obviously
increasing k also increases the systematic error (bias) of the estimator and thus
one has to compromise between variance and bias.

Details on the bounds for the case k& > 1 are found in our paper [36]. Because
in most practical problems the benefit of using & > 1 is small and brings the
additional difficulty of choosing k, fixing k£ = 1 is usually recommended.

6.5 Simulations

The 1-NN estimator (6.2) is compared to the product estimator in the presence of
heteroscedastic noise. The task is to assess the practical impact of the faster rate
of convergence for the latter method.
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Figure 6.1: Results for the model in Equation (6.15) with uniformly distributed X.
The dashed line in a) corresponds to the 1-NN estimator. The related logarithmic
curve for the product estimator is in b) and that for 1-NN in ¢). The least squares
fits (dashed lines) in b) and ¢) have slopes —0.48 and —0.5 respectively.

6.5.1 Linear Problems

In the first simulation example, the observations are related to the inputs by
YV =XW 4+ 3X3 4 sin(drX®)e, (6.15)

where (XM, X)) is sampled from the uniform distribution on [0,1]? and e ~
N(0,1) is independent Gaussian noise. The variance of the residual is in this case
0.5. The experiment is repeated 100 times with the number of samples ranging
from 100 to 9000 and the mean absolute deviation (the absolute value of the
difference between the estimate and the real value) from the real noise variance is
calculated.

The results are drawn in Figure 6.1. To clarify the rate of convergence, we have
drawn the logarithm of the mean deviation with respect to log M.

In the second experiment, the higher dimensional model

Y =X+ X4 XxO 4 x® 4 x6O 4 X6 4 ¢ (6.16)
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Figure 6.2: Results for the model in Equation (6.16). The dashed line in a)
corresponds to the 1-NN estimator. The related logarithmic curve for the product
estimator is in b) and that for 1-NN in c¢). The dashed lines in b) and c¢) have
slopes —0.5 and —0.47 respectively.

was tested. The data consists of six dimensional vectors and in principle the
product estimator should have some advantage over the 1-NN estimator. However,
from the results in Figure 6.2 we can see that again this is not the case; apparently
here asymptotics show up only for very large values of M.

6.5.2 Non-linearities

While linear models are a good benchmark, the absence of second order terms in
the Taylor expansion makes estimation relatively easy. To examine the general
non-linear case, the same experiment as in Section 6.5.1 was performed with

Y =sin(2r X M) sin(2r X @) sin(2r X)) + 0.2 sin (47X D)e, (6.17)
where X is uniformly distributed and e is independent Gaussian noise. From

Figure 6.3 it can be seen that again there is no significant difference between the
product estimator and the 1-NN estimator.
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Figure 6.3: Results for the model in Equation (6.17). The dashed line in a)
corresponds to the 1-NN estimator. The related logarithmic curve for the product
estimator is in b) and that for 1-NN in ¢). The dashed lines in b) and ¢) correspond
to lines with slopes —0.47 and —0.45 respectively.

To assess the effect of dimensionality, we took the model

Y = (XM)2 4 3X@ 4 sin(4nxM)e (6.18)

and repeated the experiment as before. However, now the input was taken as
uniform on the cube [0, 1]6. Consequently, four noise variables were added. Figure
6.4 shows that the 1-NN estimator is more accurate in this case.
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Figure 6.4: Results for the model in Equation (6.18).

The dashed line in a)

corresponds to the 1-NN estimator. The related logarithmic curve for the product
estimator is in b) and that for 1-NN in ¢). The dashed lines in b) and ¢) correspond
to lines with slopes —0.51 and —0.31 respectively.



Chapter 7

Conclusion and Open
Questions

7.1 The Boundary Correction

The Nearest Neighbor Distance Expansion

In Equation (1.5), we find an asymptotic characterization of the behavior of E[df ;]
in the limit M — oo: if the i.i.d. sample (X;)M, takes values in a set X C R”,
then under sufficient regularity,

M) — Ve TEEAI [ gayaina o) (1)
' I'(k) X

and also the rate of convergence is understood [18]. Equation (1.6) on the other

hand conjectures the possibility for a higher order expansion, which would better

approximate M*/"E [d‘f .] for finite sample sizes. To assess which sources of error

are dominant in such an expansion, it was shown in Chapter 3 that the major

source of deviation from the limit in (7.1) tends to come from the boundary 0.X.

When analyzing the boundary effect, at first sight it seems that highly non-linear
integrals arise rendering simplification attempts challenging. In Chapter 3 it was
shown that the problem can be circumvented if x in the conditional expectation

Bld X = ] (7.2)

is allowed to vary in certain sense. It then follows that the boundary effect enters
in a natural way:

e _1 @ nr(k + a/n)F(M) l1—a/n

—a/n—1/n F(k+a/n+ l/ﬂ)F(M) l-a/n—1/n
O =V S E G T ajn 1) /M‘J(“’) rmds

+ O(M/mmaln og2 20 nta/n ypy (7.3)
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where D depends on a and n (see Theorem 3.3). Unfortunately Assumptions (A2)
and (A4) are restrictive and leave the analysis of unbounded densities as an open
problem. It is probable that some new phenomena arise in this case.

Secondly, the possibility of moving to even higher orders in one way or another
should be investigated; some attempts to this direction have been made in [59]
albeit in the context of classification. It is not necessarily so useful to have the
exact form of the constants in the expansion as long as the dependency on k and
M is understood.

Implications in Statistical Estimation

While the expansion (7.3) is of theoretical interest in its own right, it also has
implications in the theory of statistical estimation. In the context of entropy esti-
mation, an error analysis was established in Chapter 5 characterizing the dominant
error term for the standard nearest neighbor estimator of Equation (1.8):

a/n
n Vi '"T (k)
Xy~ n a/n 1§ 4
Hl*a/n( ) o Og( (k+a/n d (7 )

Moreover, it turned out that the boundary effect vanishes under an appropriate
weighted average of different estimates and the improved accuracy is demonstrated
through simulations as well.

While the proposed weighting takes the form

~lra/n Z Z widy'y,

i=1 k=1

for some weights depending on I,n and « (see Example 5.1), it might turn out
that

—1+a/n Z Z wkdz k

i=1 k=1

works out as well and yields a lower variance in some cases. Especially for differ-
ential entropy estimation, it would be of interest to consider estimators using the
quantity

Zlog Zwkdl k
i=1

as an attempt to reduce the increase in variance, while preserving the low bias.

From the more general point of view, similar ideas apply not only to variance but
also in general for statistical testing and estimation in those cases where nearest
neighbor distributions might turn out to be useful. It would be interesting to go
through statistical literature and find out where nearest neighbor based estimators
are applicable in some natural way and what are their properties.
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7.2 Nearest Neighbor Bounds

The nearest neighbor upper and lower bounds of Chapter 2 are a potentially useful
tool because of their non-asymptotic and general nature. Among others, it was
proven that under the i.i.d. assumption on (X;)M,

2npn/2f

F(k+a/n)F(M) < E[d?k] < (T)a/n’

T(k)T(M + a/n)

VoM EIM(X1) ]

where M(z) is the maximal function of the common density ¢. Standard tools
from measure theory were then applied in order to relate the lower bound to the
LP-norms of q. Moreover, a geometric boundary analysis provides also the bound

2" \(X)k

Bld%) < (S-p)®/" + o(M /)
n,p

as long as X is not a fractal and stays sufficiently regular. Moreover, it was shown
that upper bounds can also be derived using the instrinsic dimensionality of X
even though in that case some tightness seems to be lost. For an unexplored topic
of research, observe that the upper bounds were of geometric nature; whether
introducing some probabilistic structure would lead to sharper inequalities is an
open question.

Some applications were discussed including the analysis of high dimensional spaces
and convergence analysis in non-parametric statistics. In addition to these, be-
cause nearest neighbor distances relate closely to the geometric properties of the
underlying space, one might want to explore, whether unexplored applications in
the analysis of metric spaces and discrete geometry could be found, see e.g. [44].
We also mention in [40] that the bounds might be useful in addressing important
problems in random sequential adsorption [63].

7.3 Residual Variance Estimation

The theoretical properties of the product estimator

M
1
i > Vivjig = Y Yap — Vi) (7.5)
i=1
were analyzed in Chapter 6 and shown to be attractive, though other good alter-
natives exist including the Gamma test. It was shown that while in general

M
1 )
E[(m Z(YN[i,l] _ Y;)Q _ Var[r])2] > ClM_ min{1,4/n}
=1

for some constant ¢; > 0 independent of M, under sufficient regularity we have

M
1 i n
E[(M Z(YN[i,Z] - Yi)(YN[i,l] - Yz) - Var[r])Q] <eaM™ min{1,6/n} 10g2+6/ M

i=1
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for any n > 4 and some constant co > 0 independent of M, whereas for n < 4

M
1 2 -1
E[(M E(YN[LZ] —Y3) (YN — Ys) — Var[r])?] < esM
with ¢3 > 0 independent of M. In other words, the product estimator is less
sensitive to the curse of dimensionality than (6.2).

The proof technique exploits a local uniformity property of nearest neighbor distri-
butions, which possibly could find other uses as well e.g. in the design of statistical
estimators. It would also be important to examine the effect of non-independent
sampling on convergence. It is likely that when the dependency between samples
is not too strong, consistency can be established; in fact, the author believes that
actually not even stationarity is necessary if an appropriate definition of residual
variance is used. Of course, problematic cases such as time series data exist and
the practicioners should be aware of potential difficulties.

While other unexplored theoretical topics can be found, such as deriving confidence
intervals and a locally linear extension of (7.5), promoting the practical use of the
methods is most important as was stated in [13]. In fact, it is surprising that
nearest neighbor based methods have not gained more popularity, as they have
a relatively low computational complexity and moreover, non-parametric residual
variance estimation is a natural generalization of linear correlation.
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