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Abstract

The Gamma test is a simple technique for assessing the extent to which a given set of
M data points can be modelled by an unknown smooth non-linear function f. If the
underlying model is of the form y = f(x)+r where r is a random variable representing
that part of the data which cannot be accounted for by the smooth function f, the
Gamma test produces an estimate I"); for the variance Var(r). This estimate is rapidly
computed directly from the data, and since its introduction in 1995 has been used
extensively for a variety of different applications in several theses and papers. Thus it
is of some interest to provide a formal basis for the method, and this is precisely the
problem addressed in this thesis.

The Gamma test is based on the behaviour of certain near neighbour statistics as
the number of data points M becomes large. Our analysis involves determining the
probabilistic asymptotic behaviour of the mean squared kth nearest neighbour distance
in a set of M points, and other related sums. We develop new techniques for near
neighbour functions on sets of points sampled from a compact convex body in R™, the
study of what we have chosen to call L-dependent variables, and some quite technical
generalisations of earlier ideas of Bickel and Breiman [1983].

Using these techniques we are able to produce some quite interesting incidental results,
but the main result is that for sets of points selected from a compact convex body in
R™ according to some smooth positive sampling density then the Gamma statistic ['y,
converges in probability to the noise variance Var(r) as M — oo. While we believe
that the Gamma test has wider applicability, this result is sufficient to justify the test
in a wide variety of practical applications.
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Chapter

Introduction

The Gamma test [Stefansson et al. 1997; Konéar 1997] is a data—analysis technique
originally developed as a tool to assist in the construction of data-derived models.
The method has subsequently been successfully applied to problems in control theory
[Koné¢ar 1997], feature selection [Chuzhanova et al. 1998; Durrant 2001], secure commu-
nications [de Oliveira 1999] and controlling chaotic systems [Tsui 1999; Tsui et al. 2002;
Jones et al. 2002).

The aim of this thesis is to establish a rigorous mathematical foundation for the Gamma
test and to provide a detailed analysis of the conditions under which it may be shown

to be applicable.

1.1 Data—derived modelling

Data—derived modelling techniques seek to construct models of a system directly from
a set of measurements of the system’s behaviour, without assuming any a prior: knowl-
edge of the underlying logical rules or equations that determine this behaviour. With-
out further assumptions the class of potential models is enormous, ranging from logic
functions through rule based systems and probabilistic models to parameterised func-
tions. In this thesis we shall concentrate on the case where the underlying system

behaviour is an unknown smooth function.

Neural networks, trained by some variant of back-propagation, may be considered as the
generic example of a non-parametric smooth modelling technique. While the methods

discussed in this thesis are entirely independent of the particular modelling technique

Data Derived Estimates of Noise for Smooth Models Dafydd Evans



1.1 Data—derived modelling 16

employed, they have nevertheless proved to be extremely useful when applied to model

construction using neural networks.

We restrict our attention to those systems which may be thought of as smoothly trans-
forming some input vector into a corresponding output. This is a fairly general repre-
sentation — in the case of a smooth dynamical system the current state of the system
(possibly together with some of its previous states) may be thought of as the input, with
the output representing the transformed state of the system after some time interval

has elapsed.

Suppose we have a set of input—output observations of the form
{(ziy:) |1 <i < M} (1.1)

where the inputs & € R™ are vectors confined to some closed bounded set C' C R™
and without loss of generality, the corresponding outputs y € R are scalars. In the
general case where the outputs are vectors, the algorithms we consider can be applied
independently to each component and as we shall see, this involves very little extra

computational cost.

For our purposes a model is an algorithm which, using a data structure derived from
the initial data set (1.1), can be used to predict the output y corresponding to a
previously unseen query vector @. It is an implicit requirement that the process of
model construction and query should be computationally efficient. In practice this
means that at worst model construction should have time complexity O(M log M) and
querying the model for a single input vector should at worst have time complexity
O(log M) as M — oo. A technique such as the Gamma test, which is intended to
assist in the model construction process, must therefore also have time complexity of
at worst O(M log M) as M — oo.

1.1.1 Noise

One problem in constructing models solely on the basis of observation is that measure-
ments are often corrupted by noise. We define noise to be any component of an output

that cannot be accounted for by a smooth transformation of the corresponding input.

Noise may occur in a set of observations for several reasons.

Data Derived Estimates of Noise for Smooth Models Dafydd Evans



1.1 Data—derived modelling 17

e Inaccuracy of measurement.
e Not all causative factors that influence the output are included in the input.

e The underlying relationship between input and output is not smooth.

The Gamma test is a technique for estimating the noise level present in a data set. It
calculates this estimate directly from the data and does not assume anything regarding
the parametric form of the equations governing the system. The only requirement in
this direction is that the system is smooth — the precise conditions under which the

Gamma test may be applied will be given later.

1.1.2 A non—parametric approach

The traditional approach to data—derived modelling is to make some specific assump-
tions regarding the form of the relationship between the input & € R™ and the cor-
responding output y € R. An attempt is then made to find the ‘best fit’ for the
parameters in the hypothesised relationship, relative to the observed data. This ap-
proach leads to to the study of parametric statistics, see for example [Bates and Watts
1988].

However, in many cases we have no a priori knowledge with which to construct a para-
metric model. Traditional statistical models are then reduced to studying quantities
such as correlations, auto-regressions and co—variances, all of which are likely to be
very crude estimators of the ‘average’ causal relations between the input variables and

the outputs we seek to predict.

A new approach to this general problem is presented in [Pi and Peterson 1994]. Letting
f represent the optimal model of the system under investigation®, then rather than
presupposing some particular parametric form for f we suppose instead that it simply
belongs to some general class of functions, in particular those which are uniformly
continuous over the input space.

The relationship between an input @ and the corresponding output y is then expressed
as

y=flz)+r (1.2)

where

!The goal of any modelling technique is to ‘identify’ this function in some sense.

Data Derived Estimates of Noise for Smooth Models Dafydd Evans



1.2 Applications of a data—derived estimate of noise 18

e f is a smooth function representing the system.

e 1 is a random variable representing noise.

Without loss of generality, the expected value of the noise variable r may be assumed
to be zero, since any constant bias can be absorbed into the unknown function f.
Despite the fact that f is unknown, subject to the condition that f has bounded first
and second partial derivatives over the input space C', the Gamma test provides an
estimate for the variance of the noise variable, Var(r).

This estimate is called the Gamma statistic, denoted by I', and may be derived in
O(M log M) time? where the implied constant depends only on the dimension m of
the input space. The Gamma test is a non-parametric technique and the results apply
regardless of the particular methods subsequently used to build a model.

1.2 Applications of a data—derived estimate of noise

Before describing the Gamma test in detail we outline some important applications of
having an efficient technique for estimating Var(r).

e The Gamma test provides a method for assessing the ‘quality’ of the data.

If the Gamma statistic is small (relative to the variance of the output y) then it is likely
that the output is determined from the inputs by some smooth model. The Gamma
test can therefore tell us directly from the data whether or not we have sufficient data
to form a smooth non-linear model, and also indicates how good that model is likely
to be. If the error of prediction is too high regardless of how much data we are given,
then we might increase the accuracy of our measurements or alternatively investigate
whether or not we have included all input variables that are likely to affect the output.
In the case of time series analysis we may also choose to increase the rate of sampling.

To illustrate the convergence of I' to Var(r) as the number of points M increases we
define f(z) = sin(x), generate 500 uniformly distributed points x in the range [0, 27]
and construct the corresponding output values y by adding a uniformly distributed
noise component with a variance of 0.075 to each of the f(z) values.

The data points thus obtained are shown in Figure 1.1 and Figure 1.2 shows the
convergence of the Gamma statistic [' to the true noise variance of 0.075 as M increases
from 30 to 500 (the dashed line shows the true noise variance).

2In practice on a 500MHz PC with M ~ 1000 and m ~ 100 a single Gamma test computation is
complete within a few seconds.
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1.2 Applications of a data—derived estimate of noise 19

y 1 R 0.095
T PR P 0.09
) v ' 0085

1 2 3. 4 s .6 X 0.08
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0.07
o .
100 200 300 400 500
Figure 1.1: The noisy sine function y = Figure 1.2: The convergence of T' to
sin(x) 4+ r where Var(r) = 0.075 Var(r) for y = sin(z) + r.

Figure 1.3: Model (red) trained to a Figure 1.4: Model (red) trained to a
mean squared error of 0.0786 mean squared error of 0.056

e The Gamma test provides a method for determining a suitable stage at which to
stop adapting a model to fit the data.

Whatever the choice of non-linear modelling tool, one of the central problems of model
construction is to determine when to stop adapting the model to fit the data.

The mean squared error between the actual (measured) output values and those pre-
dicted by the model provides one indicator of how well the model fits the training
data. If we fit a model beyond the point at which the mean squared error over the
training data falls significantly below the noise level, we will have incorporated some
aspect of the noise into the model itself. The model will then perform poorly on pre-
viously unseen inputs despite the fact that its performance on the training data may
be almost perfect. Such models have effectively memorised the training data and are
consequently said to suffer from overfitting. If we stop adapting the model when the
mean squared error on the training set reaches our estimate I' for the noise variance
Var(r), and if we have confidence that our estimate ' is reasonably accurate, then
we should obtain a smooth model having the best possible mean squared error when
used to predict the output corresponding to an input point not seen during the model
construction process.

Figure 1.3 shows the model obtained by training a 1-5-5-1 neural network to a mean
squared error of 0.0786 on 100 points of noisy sine data (corresponding to I' = 0.0795),
while Figure 1.4 shows the model obtained by a training a 1-5-5-1 neural network to a
mean squared error of 0.056. In both cases model is plotted in red while the function
f(z) = sin(x) is plotted in black.
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1.3 Conditions 20

e The Gamma test can determine the minimum number of data points required

build a good model.

Suppose we compute a sequence of Gamma statistics I'; for an increasing number of
points M (see Figure 1.2)3. The value T' at which the sequence stabilises serves as our
estimate for Var(r), and if My is the number of points required for I'y; to stabilise to
within some prescribed error of I' then we will need at least this number of data points
to build a model that may be expected to predict with a mean squared error of I'.

e The Gamma test provides a new technique for determining the most significant
input variables*.

In this context, the goal of model identification is to choose a selection of input variables
that best models the output. That the Gamma test may be useful in this respect derives
from the fact that low noise levels will only be encountered when all of the principal
causative factors that determine the output have been included in the input. Some
input variables may be irrelevant, while others may be subject to high measurement
error so that incorporating them into the model will be counter-productive (leading to
a higher effective noise level on the output). Since performing a single Gamma test is
a relatively fast procedure, provided the number m of possible inputs is not too large
we may compute a noise estimate for every possible subset of the input variables. The
subset for which the associated noise estimate is closest to zero can then be taken as
the ‘best’ selection of inputs.

We can see that this approach to smooth data modelling is extremely general and far
reaching. Thus the issue of placing the Gamma test and its associated algorithm into
an established framework is of considerable interest.

1.3 Conditions

We now state the conditions under which the Gamma test can be applied. These fall
into three categories

e Conditions on the class of models f
e Conditions on the noise distribution ¥

e Conditions on the sampling distribution ¢

We remark that some of the requirements described below are only necessary for the
purpose of obtaining a proof of the algorithm®. Experimental results show that the
algorithm continues to work under less restrictive conditions.

3This is known the M-test.

“In conventional statistical analysis this problem is often addressed by a ‘principal components
analysis’ which suffers from the essential limitation that it is based on an ‘average’ linear model.

5 Although we loosely speak of obtaining a ‘proof’ of the Gamma test, we acknowledge that this is
an abuse of terminology and that in fact we are proving the consistency of the algorithm.
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1.3 Conditions 21

1.3.1 The class of models f

The domain of possible models f : R™ — R is restricted to the class of continuous
functions having bounded first and second order partial derivatives over the input space
C C R™. In particular, we remark that the Gamma test is not directly applicable to
problems involving categorical data.

Let Vf(x) and H f(x) denote the first and second partial derivatives of f at the point
x € C, defined by

Vi) = (ai{>)m amd - Hftw)= (%)m (1:5)

i,7=1

where x(i) and x(j) are the ith and jth components of @ respectively. Let H(C')
denote the convex hull of C'. Then we require that there exist constants by > 0 and
by > 0 such that for all z € H(C),

F.1 IVf(x)| <by and |Hf(x)| < by (1.4)

These conditions are denoted by F.1 for later reference, and are required in order that
we can apply the second mean value theorem to the unknown function f.

1.3.2 The noise distribution ¥

The noise r is defined to be a random variable representing that component of the
output which cannot be accounted for by any smooth model f having bounded first
and second partial derivatives. We denote the distribution function of the noise variable
by ¥ and the corresponding density function by .

Since any bias within the system can be included in the unknown smooth component f
we may suppose without loss of generality that the noise distribution ¥ has mean zero.
Using &, to represent an expectation with respect to U we denote this by £,(r) = 0.

As we are aiming to estimate the wariance of the noise variable r we also impose
the condition that this variance is finite. For technical reasons the third and fourth
moments of the noise are also required to be finite.

(1.5)

We impose two further conditions on the noise distribution as follows.

N.2 The noise is independent of the input corresponding to the output on which it is
measured. Thus we assume that the noise on an output is homogeneous over the
input space.

Data Derived Estimates of Noise for Smooth Models Dafydd Evans



1.3 Conditions 22

N.3 The noise values r; and r; on two different outputs y; and y; (¢ # j) are indepen-
dent — in particular they are uncorrelated so that £y (r;r;) =0 if ¢ # j.

If the noise is not homogeneous over the input space, this is not necessarily fatal in a
practical application — the Gamma test will return an estimate for the average noise
variance and is therefore still able to provide useful information regarding the selection
of relevant inputs (see [Jones et al. 2001]).

Non-linear coordinate transformations and their effect on noise

Before using any data—derived modelling technique we can attempt to reduce the di-
mension of input vectors by applying a transformation to their component variables,
for example

53'/1 = gl(.%l, . ,l’m)
To = go(T1,...,%m)
Ty = g1, T)
where t < m. If the input points & = (z1,...,x,,) are confined to some lower dimen-

sional manifold then this transformation may be locally invertible. Locally invertible
transformations which effect dimensional reduction are extremely useful in simplifying
the process of non-linear model construction. However, if the noise on an output is a
consequence of measurement error on the inputs then we should be aware that such a
transformation will also have an effect on the local noise distribution. The effect may
be to invalidate our hypothesis that the noise distribution is homogeneous over the
input space, in which case the Gamma test returns the average noise variance over the
whole input space.

In fact, the Gamma test has proved useful in the comparative evaluation of alternative
non-linear simplifying transformations (see [Koncar 1997] for an application to control
systems). Finding a simplifying transformation that preserves the essential features of
a model is important in the study of non-linear dynamical systems.

An example of non—homogeneous noise - toxin levels in fish

As an example of non-homogeneous noise [Bates and Watts 1988] we might consider
the concentration of polychlorinated biphenyls (PCBs) in trout as a function of their
age (the data is taken from SCIENCE 117:1192-1193, 1972). The plot of PCB con-
centration (ppm) against age (years) is given in Figure 1.5 and reveals a non-linear
relationship. Moreover, we see that there is increasing noise in the PCB concentration
as the age of the fish increases.
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Figure 1.5: PCB concentration against Figure 1.6: Log of PCB concentration
age of fish. against transformed age of fish.

It is suggested in [Bates and Watts 1988] that a suitable transformation for stabilising
the noise variance is given by

logy = o + fa” (1.6)

where x represents the age of a fish and y represents its PCB concentration. We
determine the parameters «, 3, and v by a least-squares fit, which yields

a=-5268  B=5131, ~=0.181 (1.7)

The transformed data and the associated regression line are shown in Figure 1.6. We
see that the noise variance is much more stable in the new co-ordinate system. Al-
though this transformation does not reduce input-space dimension it is nevertheless an
interesting illustration of how a non-linear change of co-ordinate system can affect the
distribution of the noise.

1.3.3 The sampling distribution ¢

So far we have ignored the question of how the input points x; € C' are generated. In
some situations it might be possible for the experimenter to set values for the inputs
and then proceed to measure the corresponding output. However, in most cases of
interest the input and output values are generated autonomously by the process we are
seeking to model, so their selection is not entirely within our control.

In general we suppose that the input points are selected from R™ according to some
sampling distribution function ®, and denote the corresponding density function by ¢.
The input space is then defined to be the set

C = {z € R"|¢(z) > 0} (1.8)

As we shall see, the Gamma test computes its estimate for the variance of the noise
by considering the distance between nearest neighbours in the input space. Moreover,
it requires that these distances become progressively smaller as the number of input
points increases. Thus we require that the input space C' is a perfect set — closed and
bounded and containing no isolated points. We state this for future reference as
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C.0 The input space C' C R™ is a perfect set of finite diameter.

In practice, the condition that C' must contain no isolated points may be a bit restrictive
because any closed subset of R™ can have at most countably many isolated points, so
the probability of selecting an isolated point is essentially zero.

This follows by the Cantor-Bendixon theorem, which states that every uncountable
closed set C' in R™ can be expressed as C' = A U B where A is perfect and B is
countable. To see this, note that every isolated point in C' can be centred within a
ball of positive radius containing no other point of C. Since these balls are disjoint
and because each contains a point with rational coordinates then there can be at most
countably many of them.

In a wide class of situations the support C' has positive Lebesgue measure (in which
case it must have integral dimension equal to the dimension of the imbedding space
R™). Given a reasonably well-behaved sampling distribution we show that this case
is manageable theoretically. A simple case of this situation is when the sampling
distribution is uniform over some closed bounded subset of R™.

Another case of interest is the analysis of chaotic time series. Here, following [Takens
1981] we seek to model a time series by predicting the next value (the output) based
on a number m of previous values (the input vector). For many chaotic time series this
relationship is smooth so the Gamma test might reasonably be applied. In this case the
sampling distribution is determined by an ergodic process over a set C' of zero Lebesgue
measure in R™ but having positive Hausdorff dimension d < m. A considerable body of
experimental evidence ([Tsui 1999], [de Oliveira 1999]) strongly suggests that whether
C'is of positive Lebesgue measure or of zero Lebesgue measure (and positive Hausdorff
dimension) is largely irrelevant to the estimates of noise variance returned by the
Gamma test. Indeed, in the zero measure case the Gamma test may be more efficient
(in terms of the number of data points required) because the input data is confined to
some lower dimensional subset of the full input space.

1.4 The Gamma test

The Gamma test works by exploiting the hypothesised continuity of the unknown
function f. If two points & and «’ are close together in input space, the continuity of
f implies that the points f(x) and f(2’) will be close together in output space. If the
corresponding output values y and 3’ are not close together in output space, this can
only be due to the influence of noise on f(x) and f(x’).

Let & and @’ be any two points of the input space C'. By (1.2) we have that y = f(x)+r
and y' = f(2') + 1/, and hence

1

W =)’ =5 (0" =)+ (f(a) — f(@)))’ (1.9)

N | —
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The continuity of f implies that
@)~ f@)| =0 as |2’ —a| -0 (1.10)

so by (1.9) we obtain

1 1
é(y' — ) — 5(7" —r)? as |¥'—x|—0 (1.11)

Since the expected value of r is zero and since r and r’ are assumed to be independent
and identically distributed we have

£ (%(r’ - r)2> — Var(r) (1.12)

Hence, taking the expectation of both sides in (1.11) it follows that

& (%(y' - y)Q) — Var(r) as |2’ —x|—0 (1.13)

In fact, if the points & and @’ are identical then & (3(y' —y)?) = Var(r). However,
given any finite data set we cannot make the distance |&’— x| between two input points
x and x’ arbitrarily small and thus we cannot evaluate the limit (1.13) directly.

1.4.1 The Delta test

The Gamma test has its origin in the Delta test [Pi and Peterson 1994], where it
is observed that the conditional expected value of %(y’ — )2, on hypothesis that the
associated input points &’ and x are located within a distance  of each other, converges
to Var(r) as § approaches zero, i.e.

& (%(y’ —y)?

' — x| < 5) — Var(r) as 0 —0 (1.14)

The Delta test is based on the fact that for any particular value of §, the expectation
in (1.14) can be estimated by the sample mean

1 1
E(G) == Y sly—ul (1.15)
11(d)] . - 2
(4,5)€I(5)
where
I00) ={(4,j) | |lej —xi| < 6,1 <i#j< M} (1.16)

is the set of index pairs (¢, j) for which the associated points (x;, ;) are located within
distance ¢ of each other.
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At first sight, (1.14) suggests that computing the sample mean E(0) for § sufficiently
small will provide us with a reasonably good estimate for Var(r). A problem arises due
to the fact that given only finitely many data points, the number of pairs x; and x;
satisfying |x; — ;| < 0 decreases as § decreases. Choosing a small value of ¢ therefore
implies that the corresponding sample mean F(d) is computed over a small number of
pairs y; and y;, so E(J) is subject to significant sampling error for small §. Any J must
therefore be chosen sufficiently large, say d > dy, to ensure that the sample mean F(J)
provides a good estimate for the expectation in (1.14). Clearly, this restriction reduces
the effectiveness of E(d) as an estimate for Var(r).

If we knew the parametric form of the relationship between ¢ and the corresponding
sample mean F(J) we could compute the E(J) for a range of values of § > 4y, then
estimate the limit as § — 0 using some kind of regression technique. However, a
parametric form for the relationship between § and E(¢) is not apparent. A further
problem is that the computational cost of finding the index list (1.16) is of order O(M?)
where M is the number of data points. This restricts the usefulness of the Delta test
in practical applications.

The Gamma test addresses these problems by defining quantities analogous to ¢ and
E(9), denoted by 0 and v respectively. These are based on the nearest neighbour
structure of the input points x; in such a way that

v — Var(r) as 0—0 (1.17)

The first advantage of this approach is that the computation time is reduced to
O(Mlog M), a significant improvement over the O(M?) time required by the Delta
test. More importantly, in this case we are able to establish a parametric form for the
relationship between v and 9, and a regression technique can therefore be employed to
estimate the limit in (1.17).

1.4.2 Nearest neighbours

Returning to (1.9) and (1.13), since f is continuous and has bounded first and second
partial derivatives over the input space C, and since C' is assumed to be closed and
bounded, then by the second mean value theorem of the differential calculus we may
write

f(@) - f(@) = (@ —2).Vf(@) + O]’ —a]’) as |o'—a| -0  (L18)

Hence, by (1.13) we see that the error involved in estimating Var(r) by the expectation
& (%(y’ — 1)?) essentially depends only on the distance |’ — x| between the points x
and x’. This error will be minimised if we consider pairs of output values y and g’ for
which the corresponding inputs & and @’ are nearest neighbours in the input space C

(i.e. those pairs of points & and a’ for which the distance |’ — x| is minimised).
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Let ! denote the nearest neighbour of ; among the input points {@1, ..., &}, defined
to be a point that is closer to &; than any other. The nearest neighbour relations for a
set of M points can be found in O(M log M) time using the kd—tree technique developed
by J. L. Bentley [Bentley 1975].

By (1.13) we may compute an estimate for Var(r) by the sample mean

M

1 / 2
- gy 1.19
M= g izl(y@ vi) (1.19)
where y/ is the output value® associated with the input point x;. By (1.18), an indi-
cation of the error involved in estimating Var(r) by 7, is given by the mean squared

distance between a point x; and its nearest neighbour x;. We represent this by

1 M
Sy = M;|m;—m,~|2 (1.20)

where |.| denotes the Euclidean metric. Intuition then suggests that (1.13) is in some
way equivalent to

ym — Var(r) as oy — 0 (1.21)

Since the values of v, and d); depend on a particular sample of input—output data,
the notion of convergence must now be weakened to that of convergence in probability.
Furthermore, by the condition that the input space C' contains no isolated points
and since the sampling density ¢ is assumed to be strictly positive over C, the distance
|z} — ;| between nearest neighbours in input space will converge to zero (in probability)
as the number of points M — oo so that

oy —0 as M — o0 (1.22)
and hence

yum — Var(r) as M — oo (1.23)

1.5 A more detailed description

Let @’ denote the nearest neighbour of & among the input points {x1, ...,z }. By the
conditions that the input space C' contains no isolated points and that the sampling
density ¢ is assumed to be strictly positive over C, the distance |’ — x| converges to
zero in probability as the number of points M — oo. In particular

Eo(ld' —x|]) =0 as M — o0 (1.24)

SNote that y/ is not necessarily the nearest neighbour of y; in output space.
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Replacing f(2') — f(x) in (1.9) by the first order approximation (z’ — x).V f(x) we
obtain

1
(Y —y)P =~

5 (" =)+ (' —r)(x' —x).Vf(x) +%((m’—m).Vf(:v))2 (1.25)

N —

Let us now take the expectation of (1.25) with respect to both the noise distribution
U and the sampling distribution ®. Since the noise variable r is assumed to be in-
dependent of the input @ on which it is measured, and since a is independent of its
associated noise value r, it may be argued that any expression involving only r and 7’
is constant relative to ® and that any expression involving only @ and x’ is constant
relative to W. Thus we write

e (50 -0*) m e (50 1?) + 6~ Dt (@ - 2).9 (@)

2 1 (1.26)
+ 58 (@ - 2).Vf@))")

By (1.12) the first expectation on the right hand side of (1.26) is equal to Var(r). By
hypothesis, r and r’ are independent and £(r) = 0 so it follows that E,(r' —r) = 0.
Thus, since |(x' — ).V f(x)| < ¢1by < oo where ¢ is the diameter of C' and b, is the

bound on the first partial derivative of f over C', we see that the second expectation
on the right hand side of (1.26) is equal to zero and hence

(50~ 0?) = Vartr) + 38 (@ - ).V @) (1.27)
Let
& (@ —x)- V(=)
A = (1.28)
so that (1.27) becomes
& (%(y’ — y)Q) ~ Var(r) + A(M)E, (|z' — x|?) (1.29)

Since |(' — x).Vf(x)| < |’ — ||V f(x)| and |V f(x)| < by it follows that |[A(M)| <

b3 < oo and hence

1

& (5 v —y) ) — Var(r) as & (|o' —x|*) -0 (1.30)
From our data set {(x;,y;) © 1 < i < M} we compute estimates for the expected

values £ ( —y 2) and &, (&' — x|*) via the sample means

| M
! 2

S 'y 1.31
™= 57 ;:1 |vi — il (1.31)
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and

| M
_ / 2
o = ;_1 |z, — x; (1.32)

respectively.

If the sample mean of a set of identically distributed random variables converges to
its expected value (as determined by the associated distribution function), the sample
mean is said to satisfy the law of large numbers. 1t is relatively straightforward to
prove this in the case of independent random variables. The difficulty in our case is
that vy, and 0y, are sample means of dependent random variables.

One step in establishing a rigorous mathematical foundation for the Gamma test will be
to show that the law of large numbers holds for both ~,; and d,,, and also to determine
the error incurred by replacing the expected values in (1.30) with the sample means
vy and Oy

Supposing for the moment that v,; and 6, do in fact satisfy the law of large numbers
so that

vy — & (%(yg — yi)Q) and o — & ((m; — :131)2) (1.33)

as M — oo, then (1.30) is equivalent to

vy — Var(r) as 0y — 0 (1.34)
and (1.24) becomes
oy —0 as M — (1.35)
so that
ym — Var(r) as M — oo (1.36)

1.6 The crude method

Let us now perform a Gedanken experiment in which we plot successive pairs (dar, Yar)
as the number of points M increases in significant steps. By (1.34) and (1.36) the result-
ing curve should intersect the ), = 0 axis at the noise variance Var(r), as illustrated
in Figure 1.7. If we knew the parametric form of this curve we could extrapolate the
result of our successive computations to determine the required intersection, providing
us with an estimate I' for Var(r).

The Gamma test is based on the assertion that this curve
is approximately linear in probability near d,; = 0.
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Figure 1.7: Gedanken Experiment

Thus we assert that there there exists some ‘constant’ A(M), independent of the par-
ticular sample {x1,...,xy}, such that

ym = Var(r) + A(M)oy + 0(dp) as oy — 0 (1.37)
or by (1.35),

ym =~ Var(r) + A(M)dy + o(dy) as M — oo (1.38)
where the convergence is in probability.

This assertion forms the basis of the crude Gamma test algorithm, in which we compute
the pairs (dp7,7a) as M increases in significant steps then perform linear regression
on the resulting points. The constant term of the regression line is then returned as
our estimate I' for the variance of the noise, Var(r). We remark that the ‘constant’
A(M) in (1.38) may depend on the number of points M, so if the regression technique
is to be effective we require that A(M) converges to some fixed value as the number of
points M increases.

1.7 The refined method

We now present a refinement of the crude method, and indicate its advantages.

1.7.1 kth nearest neighbours

For any ordered set of points T = {@1, ..., x} the kth nearest neighbour of any point
x; € T is uniquely defined as follows.

The first nearest neighbour of ; is that point «; € 7'\ {«;} having minimal distance
from a; and minimal index j;. The second nearest neighbour of x; is that point
x;, € T\ {x;, ;, } having minimal distance from «; and minimal index j,. In general,
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the kth nearest neighbour of @; is that point x;, € T\ {x;,x;,,...,x;,_,} having
minimal distance from @; and minimal index ji.

Ordering equidistant points by their indices means that every point x; has a uniquely
defined kth nearest neighbour. More importantly, if & is the kth nearest neighbour of
x; then there are at most k points x; € T with |x; — x;| < |z} — =;|. This property
will be required in (4.17) in order to construct a rigorous proof of the algorithm.

The kth nearest neighbour lists for a set of M points can be found in O(M log M) time
using kd-trees [Bentley 1975] and as we shall see, this is the most computationally
expensive aspect of the Gamma test algorithm.

1.7.2 The kth nearest neighbour modification

Let @np ) denote the kth nearest neighbour of the point @; in the set {x1,...,xm}
and define the sample means

M
1
Y (k) = BYYi ; [YNTik) — yil? (1.39)
and
M
om(k) = i ; TNk — ;| (1.40)

where |.| denotes the Euclidean metric and yyy; 4 is the output value” associated with
L Ni,k]-

The refined Gamma test algorithm (which we refer to simply as the Gamma test) is
based on an extension of the asymptotic linearity assertion (1.38) to the kth nearest
neighbour statistics v/ (k) and 05/ (k).

In this instance, we claim that there exists some ‘constant’ A(M, k) (defined in (1.46))
which is independent of the particular sample {@x1,..., 2} such that

ym (k) = Var(r) + A(M, k)or (k) + o(dp (k) as M — oo (1.41)
where the convergence is in probability.

On the basis of this assertion, we compute the pairs (dp(k),var(k)) for 1 < k < p
(where p is typically taken in the range 10-50) and perform linear regression on these
points as illustrated in Figure 1.8. The constant term I' of this regression line is
returned as our estimate for the variance of the noise, Var(r).

In order to establish a rigorous mathematical foundation for the Gamma test we must
provide a proof of the asymptotic linearity relation (1.41), along with a formal justifi-
cation of the associated linear regression technique.

"Note that YN[i,k] 18 not necessarily the kth nearest neighbour of y; in the output space R.
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Figure 1.8: The Gamma test regression plot

1.7.3 The gradient of the Gamma test regression line

The gradient A(M, k) of the regression line computed by the Gamma test may depend
both on the number of points M and the near neighbour index k.

In the crude Gamma test algorithm the gradient A = A(M) is required to converge
to some fixed value as M — oo. However, in the refined Gamma test algorithm the
question of whether or not A(M,k) depends on M is not relevant, since the pairs
(0ar(k),yam(k)) for 1 < k < p are each computed with respect to the same number of
points.

In many cases A(M, k) is also independent of k although simulation results (see sec-
tion 7.8.3) suggest that this is not the case for some sets of fractional dimension.
However, subject to a fairly weak condition on the asymptotic behaviour of d;/(k) as
M increases we can show that even if A(M,k) depends on k, the intercept of the re-
gression line computed by the Gamma test still converges in probability to Var(r) as
M — oc.

1.7.4 Advantages of the refined method

In the crude Gamma test algorithm we compute the pairs (d57,var) as the number of
points M increases in significant steps. Since the nearest neighbour structure of the
input points will change as M increases in this way, we will need to construct a separate
kd-tree [Bentley 1975] for every pair (8,7, vas), and this incurs a computational cost of
order O(M log M) each time.

However, provided p is small relative to the number of points M a single kd—tree is
sufficient to determine the kth nearest neighbours of the input points for all 1 < k£ < p.
Thus, in order to compute the pairs (d5/(k), vas(k)) the refined algorithm requires only
a single computation of order O(M log M).

Furthermore, some of the sample means d,; and vy, computed by the crude algorithm
are necessarily computed over a small number of points (relative to the total number
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available), and will therefore involve a relatively large sampling error. In contrast,
each of the sample means (k) and 7,/ (k) computed by the refined algorithm is
computed over the complete set of M data points, and the sampling error can therefore
be considered as the best possible in each case.

1.8 Statement of the main theorem

The following theorem, proved in Chapter 7, reiterates the conditions and definitions
and is best regarded as a formal statement that provided the gradients A(M, k) are
independent of k, then with probability approaching one as M — oo the relation-
ship between the points (dx/(k), var(k)) for 1 < k < p is approximately linear for M
sufficiently large.

Theorem 1.1. Let C' be a closed bounded subset of R™ containing no isolated points.
Let f : R™ — R be continuous and have bounded first and second partial derivatives on
the convex hull H(C) of C. Let the points x1,...,xy in C CR™ and ry,...,ry in R
be independently selected according to the probability distributions ® and ¥ respectively,
where the first four moments of U are finite, and write

yi=flx)+m 1<i<M (1.42)
Let x ;) denote the kth nearest neighbour of x; and define
| M
om (k) = i ; TNk — ;| (1.43)
| M
(k) = o ; YNk — yil? (1.44)
Then for every k > 0,
1

with probability greater than 1 — O(1/M?**) as M — oo, where

& ((@nu — ) - V()"

28 (|1 iR — xil?)

A(M, k) = (1.46)

and satisfies
1
0 < A(M, k) < 51)3 < 00 (1.47)

where by is the upper bound on the gradient of f over C.

Remark: In Chapter 3 we show that the expected value of 6,,(k) is of order 1/M?/™.
Of the two error terms in (1.45) it thus follows that O(1/M'/?>~*) dominates o(0;(k)
for m < 4, while o(0;(k) dominates O(1/M*27%) for m > 5.
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1.9 Statement of the algorithm.

Procedure Gamma Test (data)
{data is a set of points {(x;,y;) |1 <i < M} where & € R™ and y € R}
for : =1 to M do

for k=1topdo

compute the index N[i, k] of the kth nearest neighbour of x;.

end for
end for
{If multiple outputs do the remainder for each output}
for k=1topdo

compute dp(k) as in (1.40)

compute vy (k) as in (1.39)
end for
Perform linear regression on {(0x(k), var(k)), 1 < k < p} obtaining v =T+ A
Return (I, A)

Algorithm 1: The Gamma test algorithm.

The Gamma test algorithm is given in Algorithm 1. We shall see that Theorem 1.1
allows us to infer that the Gamma statistic I returned by Algorithm 1 converges in
probability to Var(r) as M — oo.

Theorem 1.2. Subject to the condition that for some fized p > 1 there exists a positive
constant ¢ < 1 such that

on(1) < cdn(p) (1.48)
for all sufficiently large M, the number I' returned by Algorithm 1 converges in proba-
bility to Var(r) as M — oo.

Using the results of Chapter 3 we can then infer

Theorem 1.3. Let C' be a compact convex body in R™ and let ® be a sampling distribu-
tion having smooth positive density over C'. Then the number I' returned by Algorithm 1
converges in probability to Var(r) as M — oo.

In addition to I', Algorithm 1 also returns the gradient A of the regression line. As we
shall see in section 7.7, this often provides an indicator of the complexity of the surface
defined by the unknown function f.

1.10 Historical remark

The original version of the Gamma test described in [Stefansson et al. 1997] used
smoothed versions of the statistics y,/(k) and (k) defined by

k M
* 1 1
Yar(k) =+ > oYV > (i — vi)’ (1.49)
=1 i=1
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and
1 1
o (k) = EZMZ|wN[i’j] — ;] (1.50)
j=1 i=1

The idea behind this was to decrease the significance of more distant near neighbours.
Taking p large in such an implementation often does not significantly alter the resulting
value of I'. Later experience showed that provided p is kept small, the extra complica-
tion of computing v;,(k) and 0;,(k) is largely unnecessary (although this form of the
Gamma test can sometimes produce better estimates when the number of data points
M is small) and the later implementations of the technique are based on the definitions
(1.39) and (1.40) presented here.

1.11 Summary

In this chapter we have given a brief introduction to the ideas behind the Gamma test
and indicated why one should be interested in a noise estimation technique. We have
also attempted to clarify the line of reasoning leading from the crude Gamma test to
the more efficient form of Algorithm 1.

At the time the work of this thesis began there was already a substantial body of ex-
perimental results demonstrating the utility of the technique. Moreover, there had also
been substantial software development to provide easy-to-use Windows (winGamma™ )
and Unix based software for the analysis of non-linear systems using the Gamma test.
Thus there was a clear need to provide a formal mathematical basis for the method,
and the goal of this thesis is to address this need.

1.12 Thesis outline

Following Chapter 1 the structure of this thesis is as follows.

In Chapter 2 we outline the general strategy motivating the proof of the Gamma test.
We introduce some notation and show how the expression 7,,(k) can be decomposed
into three separate sums of dependent random variables. The chapter concludes by
identifying the need to establish upper bounds on the variance of each of these sums.
Figure 1.9 outlines the logical structure of the proof.

In Chapter 3 we give an account of near neighbour distance distributions. The results
of this chapter represent extensive generalizations of the little that had previously ap-
peared in the literature. In particular, using a novel boundary shrinking technique
suggested to us by W. M. Schmidt, we are able to find asymptotic expressions for all
moments of the kth nearest neighbour distance distribution on M points as M — oo,
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Problem Decomposition

(Chapter 2)
Expected Near Neighbour Distance Maximum number of points that can
(Theorem 3.2) share a common nearest neighbour
(Theorem 4.4)

/

L-dependent random variables
(Theorem 5.1)

pth nearest neighbour condition Sums of bounded functions of a
(Condition 1.48) point and its kth nearest neighbour
(Theorem 6.1)

The Gamma test

Figure 1.9: Logical structure of the proof.

where the points may be selected from any compact convex body C' C R™ according
to any sampling distribution having smooth positive density over C. We conjecture
that these results may generalize to sets of zero Lebesgue measure but having positive
Hausdorff dimension, and provide some preliminary experimental evidence in this di-
rection. These investigations are prompted by the need to quantify the term (k) in
as wide variety of circumstances as possible and the results will subsequently be used
in Chapter 7.

In Chapter 4 we study kth near neighbour graphs. These are defined to be the directed
graphs obtained by joining each point in a set of points {1, ..., &)} C R™ to its kth
nearest neighbour in the set. The main result of this chapter establishes an upper bound
on the number of points in the set that can share a common kth nearest neighbour,
the crucial fact being that the bound is independent of the total number of points M.
We also digress to mention an interesting observation on first near neighbour graphs
which follows from the investigations of Chapter 3.

It emerges that two quite separate techniques are needed to establish the required
upper bounds on the variance of the three sums identified in Chapter 2, both of which
depend on the main result of Chapter 4. In Chapter 5 we develop the theory of L-
dependent variables to establish the required bounds for the first two sums. Although
not required for a proof of the Gamma test algorithm we also prove a Central Limit
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theorem for this class of random variables. In Chapter 6 we extend some results of
[Bickel and Breiman 1983] regarding functions of a point and its kth nearest neighbour
to obtain a bound on the variance of the third sum.

In Chapter 7 we assemble the results obtained in Chapter 4, 5 and 6 to construct a
proof of Theorem 1.1. Following this we identify a simple condition that allows us to
infer the validity of Algorithm 1 from Theorem 1.1, then use the results of Chapter 3
to show that this condition is satisfied by the class of sampling distributions having
smooth positive density over a compact convex body in R™.

The Gamma test is a technique for estimating the second moment of the noise distribu-
tion U, despite the fact that both the underlying function f and the noise distribution
itself are unknown. In [Durrant 2001] an interesting and potentially useful generalisa-
tion of the Gamma test is described that enables one to estimate all higher moments
of a symmetric noise distribution. This idea is based on a conjectured system of easily
computed equations that constrain both odd and even moments. If ¥ happens to be
symmetric then there are precisely as many equations as there are even moments and
we can therefore solve for the moments. [Durrant 2001] provides experimental evidence
supporting this system of equations and in Chapter 8, using techniques similar to those
used in Chapter 7, we are able to provide a full proof.

The concluding Chapter 9 provides an overview of what has been accomplished and
summarises the extent to which these results are new and original. We also indicate
some unresolved questions which would be natural to pursue as a result of the present
study.
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—
Chapter

Decomposition of the problem and proof strategy

2.1 Introduction

In this chapter we give a representation of the problem in terms of random samples.
Following this we provide a decomposition of the problem from which emerges three
distinct sums of dependent random variables. As we shall see, we will need to show that
each of these sums converges to zero in probability as the number of points M — oc.

The general line of attack to prove the convergence of each sum is based on Chebyshev’s
inequality. Using Fubini’s theorem to separate the noise terms from the near neighbour
distance terms, we show that the expectation of each sum is zero and hence that the
main problem of proving convergence in probability becomes that of suitably bounding
their variances.

2.2 Random samples

Let C C R™ and let X = (X,... X)) be a vector of independent and identically
distributed random variables X;, each taking values x; € C' according to the sampling
density function ¢. We think of X as a random point sample of size M taking values
in the sample space CM.

Associated with each random point sample X in C™ we define a random noise sample
R = (Ry,...,Ry) of identically distributed random variables R;, each taking values
r; € R according to the sampling density function . By hypothesis (N.1) we have
that £,(R;) = 0, E4(R?) < 00, Ey(RY) < 0o and Ey(R}) < .

Let Xnix denote the kth nearest neighbour of X; in the random point sample X =
(X1,...Xu). For every such point sample X we have a corresponding indexing struc-
ture N(X) = {N[1,k],... N[M, k]}, and the associated noise sample R inherits this
indexing structure from the point sample X.
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Any expression defined in terms of the noise sample R = (R, ..., Rys) and the indexing
structure N (X) might not be independent of the corresponding point sample X. On
the other hand, by hypothesis N.2 we see that any expression defined in terms of X
and its kth nearest neighbour indexing structure N (X) is clearly independent of the
associated noise sample R.

Finally, corresponding to each pair (X, R) in the product space C* x RM we define a
random sample Y = (Yy,...,Yy) € RM where Y; = f(X;) + R; for each 1 < i < M,
and this also inherits the indexing structure A(X) from its associated point sample
X.

Reformulating our problem in terms of random samples we obtain

M
1
o (k) = i Z | X g — Xil® (2.1)
=1
1 M
(k) = 537 D (Vg — ¥ (2.2)
=1

and think of dyr(k) : CM — R and vy (k) : CY x RM — R as random variables on
the sample spaces CM and C™ x RM respectively.

2.3 Decomposition

Consider

2

%(YN[U«] -Y)? = %((RN[i,k] —R)+ (f(Xnpw) — F(X2))) (2.3)

By hypothesis (1.4) f has bounded first and second partial derivatives at each point
in the convex hull H(C') of C' so it follows that we can apply the second mean value
theorem to the function f. Thinking of X; as a column vector, this means that there
exists some point Z; € H(C') on the line segment joining the points X ;4 and X; such
that

F(Xnig) — f(Xi) = (Xnpw — Xo) - VX)) + Tr(Xs, Xnjig) (2.4)
where
1 _
TH(Xi, Xnpiw) = §(XN[i,k} — X)) H f(Z) (Xnjip — Xi) (2.5)

Note that the value of H f(Z;) is uniquely determined by the points Xy and X;,
even though the intermediate point =; may not be. Substituting (2.4) back into (2.3)
we get

1 1 2
_(YN[i,k} - Y;)Q =5 ((RN[i,k} —R;) + (XN[i,k] — Xi) - VI(X;) +Tr(X, XN[i,k]))

2
(2.6)
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Expanding the square on the right hand side of (2.6) we obtain
1

2
5 =(Ynjin — =3 (RN[z i)
+ (Bnik — ) ((XN[i,k] = X;) - V(X;) + Ty (X, XN[i,k:]))
1 2
+5 (Xnpwm — Xi) - V(X))
1
+ éTf(Xia XN(ik) <2(XN[i,k] = Xi) - V(X)) + Ty (X, XN[i,k]))
(2.7)
Summing both sides of (2.7) over 1 < i < M then dividing by M it follows that
v (k) = Ap(k, b)) + Bag(k, h) + Car(k, B) 4+ Dy (k) (2.8)
where
~ 1 w1 p
Au(k) = i ; 3 (Rwjin — Ri) (2.9)
| M
Buy(k) = i ; (Rnjin — Ri) ((XNW] — X;)- V(X)) +Tf(XZ-,XN[i,H)) (2.10)
~ 1 o= 1 2
Cu(k) = -7 ; 5 (Xniy = X0) - V(X)) (2.11)
M
1 1
Dulk) = = > Ty(Xs, Xnin) ((XNW] ~ X)) V(X)) + §Tf(X@-,XN[Z,k])) (2.12)

1

)

First, by hypothesis (1.4) there exists some constant b; < oo such that
[(Xnpigwg — Xo) - V(X)) < b X — X (2.13)
and some constant by < oo with
| Ty (X Xnvjieg)| < ol Xivgig — Xil® (2.14)
By definition of d/(k) it thus follows that Dy (k) = 0(dx(k)) as M — oo and hence
v (k) = Ap(k) + By (k) + Car(k) + o(6r (k) as M — oo (2.15)

Our aim is to prove Theorem 1.1 which states that for every x > 0,

in probability as M — oo where

Es (X — X0) - V(X))
285 (| Xnjim — Xil?)

A(M, k) = (2.17)
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In view of this, we define

Au(k) = % ‘ %(RNM ~R)® — Var(r) (2.18)
Cah) = 513 (Xt = X0+ VICX)) = A Xng — Xf?) (2.19)

so that Ay (k) = Ay (k) + Var(r) and Cy(k) = Cas(k) + A(M, k)8 (k). Substituting
(2.18) and (2.19) into (2.15) we thus obtain

yar(k) = Var(r) + A(M, k)dr (k) + o(0a (k) + A (k) + Bag(k) + Car (k) (2.20)

and think of Ay (k), By (k) and Cy (k) as random wvariables on the product space
CM x RM,

2.4 Chebyshev’s inequality

Let P(A) denote the probability that event A occurs. A sequence Zy, Zs, . .. of random
variables is said to converge in probability to the random variable Z as M — oo if for
any € > 0,

P(|Zy—Z|>€¢) —0 as M — oo (2.21)

This is equivalent to
P(|Zy—Z|<¢)—1 as M — (2.22)
so the probability that Z,; is within any € > 0 of Z approaches 1 as M — oo.

By (2.20), in order to prove Theorem 1.1 we need to show that each of the terms
An(k), By(k) and Cy(k) converges to zero in probability as M — oco. Our starting
point is the following fundamental result of Chebyshev.

Lemma 2.1 (Chebyshev’s Inequality). For any random variable Z and any e > 0,

P(|Z-E(Z)|>e) < (2.23)

Applying Chebyshev’s inequality to each element of the sequence 7, Zs, . .. of random
variables we obtain

< Var(ZM)

P (|2 — E(Zu)| > ) < = (2.24)

Hence, if Var(Zy) = o(1) as M — oo it follows by (2.21) that Zy, — £(Zuy) in
probability as M — oo, in which case Z,; is said to satisfy the weak law of large
numbers. The smaller the upper bound on Var(Z,,), the faster the rate at which Z,,
converges (in probability) to its expected value.

Thus, in order to prove Theorem 1.1 we need to
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(1) show that Ay (k), Buy(k) and Cy(k) each has expected value zero

(2) obtain the best possible asymptotic upper bounds on the variance of A, (k),
By (k) and C(k) as M — oo.

2.5 Representation of Ay, (k), By/(k) and Cy(k)

Let h: C x C — R be any bounded function in the sense that
]| = sup{[i(z,y)| : z,y € C} < o0 (2.25)

We define a set of random variables (hy(X),...,hy (X)) on the set of random point
samples CM by

hi(X) = h(Xi, Xnjig) XecM (2.26)

Similarly, let g : R x R — R be any function and define a set of random variables
(g1(R),...,gu(R)) on the set of random noise samples R by

9i(R) = g(Ri, Bnpix) ReRM (2.27)

where NJi, k| is the index of the kth nearest neighbour of X; in the associated point
sample X = (Xy,...X)). For suitable choices of the functions g and h, each of the
terms Ap(k), By (k) and Cy(k) is a random variable of the form Zy, = Zy (X, R)
defined by

o= 3 R (229)

over the product space C™ x RM.

2.6 The expected value of Ay (k), By(k) and Cy(k)

Lemma 2.2.
E(Zy) =E(gi(R)hi(X)) forall 1<i< M (2.29)

Proof. Consider the random variables h;(X) and h;(X). By hypothesis, the component
variables X;, X;, Xnpix and Xy(j are identically distributed over C' and since ¢ #
Nli, k] and j # NJ[j, k] it follows that h;(X) and h;(X) are identically distributed over
CM. Similarly it follows that g;(R) and g;(R) are identically distributed over R and
hence £(g;(R)h;(X)) is independent of the index ¢, as required. O
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The expected value Ay (k), By (k) and Cy (k) must be computed over every pair of
random samples (X, R) € CMxRM. Let P, denote the probability measure on C* such
that each component variable X; is identically distributed in C' with common density
¢. Similarly, let P, denote the probability measure on RM such that each component
variable R; is identically distributed in R with common density 1. Furthermore, let &,
denote an expectation taken with respect to P, over CM | let £, denote an expectation
taken with respect to Py over RM and let £ denote an expectation taken with respect
to the product measure P, ® Py over CM x RM.

Lemma 2.3.
E(Zn) = Ep(gi(R))Es(hi(X)) (2.30)

Proof. By hypothesis, the point sample X is independent of the noise sample R so by
Lemma 2.2 and the Law of total probability (see [Billingsley 1979]) we have that

where €, (g;(R) | X) is the conditional expected value of g;(R) over all noise samples
R € RM under the dependence structure A/(X) inherited from X € CM.

Clearly, since the component variables R; are identically distributed in R and since
i # Ni, k], the expected value of gl(R) = g(R;, Rypii) is independent of any particular
X € C’M Thus it follows that £ (gi(R) | X) = €4(g:(R)) and hence

E(Zu) = Ey(9i(R)) /XECM hi(X) dPy = Ey(g:i(R))Es(hi(X)) (2.32)

as required. 0
Lemma 2.4.

E(Am(k)) = E(Bu(k)) = E(Cu(k)) =0 (2.33)

Proof. (a) Taking g; = %(RNM,] R;)?> — Var(r) and h; = 1 in Lemma 2.3 we obtain
E(Au(k) — —&p (Rt — R)?) = Var(r) (23
=5 (glli(R?V[i,kz]) + Ey(R}) — 264 (Rypin Ri)) — Var(r)  (2.35)
Since ¢ # N[i, k], by hypothesis we have that R; and Ryy;x are independent so
Ey(Rntiwlti) = Ey (R )€y (Ri) = 0 (2.36)
and since Ey(RYy ) = Ey(RY) = Var(r) it follows that £(Aw(k)) = 0.

(b) Taking g, = RN[z‘,k] — Rz and hl = (XN[%H — Xl) . Vf(XZ) + Tf(XhXN[i,k}) n
Lemma 2.3 we obtain

E(Bu(k)) = (B = B)Es((Xouay = X) - VFXD) + Ty (X, Xgow) ) (237)
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Clearly,
‘&b <(XN[z',k] — Xi) - V(X)) + Ty(X,, XN[i,k})) (
= & (\ (X — Xi) - VF(X3) + Ty (X, XN[Z-,;@]){) (2.38)
< & <‘XN[H€] — Xi||VF(X)| + | T (X, Xnvping) \) (2.39)

By hypothesis, | X g — Xi| < 1, [VF(X5)] < b and [Hf(X;)] < by forall X;, X; € C
so by (2.5) we have that

|5¢<(XN[i,k] - XZ) . Vf(XZ) + Tf(Xi, XN[i,k]))‘ S 61b1 + C%bg < 00 (240)

Hence the second expectation in (2.37) is finite and since Ey(Rnpix) = Ey(R;) = 0, the
first expectation in (2.37) is identically zero and thus it follows that £(By(k)) = 0.

(c) Taking g; = 1 and h; =
Lemma 2.3 we obtain

((XN[i,k} - Xi) ’ Vf(Xi))2 - A(M> k’)’XN[i,k] - XiP in

1
2

E(Cu(k)) = %&ﬁ (Xnjiw — Xi) - VF(X)?) = AM E)Ey (| Xniw — Xil?)  (2.41)

so by definition of A(M, k) it follows that £(Cy(k)) = 0. O

2.7 The variance of Ay (k), By/(k) and Cy(k)

In order to apply Chebyshev’s inequality we need to establish the smallest possible
upper bounds on the variance of Ay (k), Ba(k) and Cys(k) in terms of the sample size
M. By Lemma 2.4, this is equivalent to finding upper bounds on their second moments

E(An(k)2), E(Bur(k)2) and E(Cay(k)2).
Lemma 2.5.
) = 113 - & (B COEula Ry (B X)) (2.42)

where Ey(g:(R)g;(R) ‘ X) is the conditional expected value of g;(R)g;(R) over all noise
samples R € RM™ subject to the dependence structure inherited from X € CM.

Proof. We write

M
1
=<1 O Ry (Rh(X)hy(X) (2.43)
ij=1
and take the expectation of Z2, over all pairs (X, R) € CM x RM so that

M

E(Z3) = 1 O 0By (R(X)hy (X)) (2.49)

ij=1
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Since X and R are distributed according to the probability measures P, and P, re-
spectively, by Fubini’s theorem we have that

el RpnConeo) = [ ([ amg@neoneoar) ap,
(2.45)

Furthermore, by hypothesis the point sample X is completely independent of the noise
sample R so

£l (R (R0 = [ nCon) ([ almgmar,) ar,
(2.46)

which we write as
R (R0 () = [ hOM S (R (R) | X)dR, (247
Hence
E(g:(R)g;(R)hi(X )y (X)) = E(hi(X )y (X)Ey(g:(R)g;(R) | X)) (2.48)

and the result follows by (2.44). O

Since each X € C™ imposes a particular dependence structure on the noise samples
R € RM, the conditional expectation £,(g;(R)g;(R)|X) is likely to depend on X
However, since we only need an upper bound on £(Z3;) (i.e. on the variance of the
terms A (k), Ba(k) and Cyr(k)) it will be sufficient to establish an upper bound on
the conditional expectation £ (g;(R)g;(R) | X)) which is independent of any particular
XecoM

2.8 Summary

We have shown how the term 7,,(k) can be decomposed into three rather different
sums of dependent random variables and seen how the problem of estimating their
probabilistic asymptotic behaviour as functions of the sample size M may be reduced
to obtaining upper bounds on their variance. We shall address the issues of obtaining
such upper bounds in Chapter 5 and Chapter 6.

In the next chapter we turn to the problem of computing the expected value of the
mean squared distance d,;(k) between kth nearest neighbours in a set of M points.
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craprer 3
Chapter

Moments of nearest neighbour distance
distributions

3.1 Introduction

The Gamma test is based on the mean squared distance (k) between kth nearest
neighbours in a set of M points selected at random from the set C' C R™ according
to some sampling distribution function ®. In Chapter 6 we show that the sample
mean (k) converges in probability to its expected value as the number of points M
increases without bound. The aim of the present chapter is to compute this expected
value under the weakest possible restrictions on the sampling distribution ® and the
associated set C'. Our method of dealing with boundary effects will subsequently be
used in Chapter 4 to prove a result on first nearest neighbour graphs.

Let X = (X1,...,Xy) be a random sample of independent and identically distributed
random variables where each X; takes a value wuniformly at random from the unit
hypercube in R™. Let dpr = dari(X) denote the distance between X; and its kth
nearest neighbourXyy; ;) in the random sample X. In [Percus and Martin 1998] it is
shown that under periodic boundary conditions', the expected value of djx over all
such random samples X € CM satisfies the asymptotic expression

imP(E+1/m) 1 1
_ 1/m
E(dmr) =V, r) anm O <7M1H/m> as M — oo (3.1)

where I" is the Euler gamma function and V/, is the Lebesgue measure of the unit ball
in R™,

In this chapter we prove a similar result for the ath moment £(dg; ;) of the kth nearest
neighbour distance distribution, with the following important generalisations:

e The sample points X; may be selected from any compact convex body C' in R™,
relaxing the restriction regarding periodic boundary conditions.

1Sets having ‘periodic boundary conditions’ are sets that have no boundary at all, e.g. the surface
of a torus or sphere.
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e The sample points X; may be selected according to any sampling distribution
whose density is smooth and strictly positive over C, relaxing the uniformity
assumption.

The first of these is achieved using a novel method of dealing with boundary effects,
suggested by Professor W. M. Schmidt of the Department of Mathematics, Colorado
University, USA (private communication to A. J. Jones).

Under these conditions, Theorem 3.2 states that for all p > 0,

o c 1

where ¢ = ¢(m, a, k, ¢) is independent of M and given by

m

c:va/mw /C 3(x) ™ d (3.3)

A related result appears as Theorem 8.3 of [Yukich 1998], which gives an asymptotic
expression (in terms of the number of points) for the length of the k-nearest neighbours
graph? of a set of points selected from the unit cube [0,1]™ (m > 2) according to a
well behaved sampling distribution. A scaling argument is then employed to extend the
result to arbitrary compact subsets of R™. This will be discussed further in section 6.8.

For the proof of the Gamma test given in Chapter 7 the result specifically needed from
this chapter is the expected asymptotic behaviour of the second moment (o = 2) in
Theorem 3.2. However, the Gamma test appears to work very well for a far larger
class of sampling distributions than those whose densities are smooth and strictly
positive over C'. In particular it has been applied to chaotic dynamical systems where
the sampling is an ergodic process over some set C' which, far from being a compact
convex body in R™, is an attractor of fractional dimension. In section 3.9 we examine
some of the issues involved in estimating the asymptotic size of the mean squared kth
nearest neighbour distance d,;(k) where the sampling is over a chaotic attractor. This
appears to raise very difficult questions and although Proposition 3.2 provides a weak
result in this direction, we have to be content with Conjecture 3.2.

Nevertheless, in section 3.10 we provide an experimental comparison between Theo-
rem 3.6 for a uniform sampling distribution and Conjecture 3.2 for case where the
points lie on the chaotic attractor in R? generated by the Hénon map. The case of the
Hénon map provides some modest support for Conjecture 3.2.

The following notation will be employed throughout this chapter.

e ;. denotes Lebesgue measure in R™.

2The k-nearest neighbours graph of a set of points is constructed by inserting an edge between
each point and its k nearest neighbours in the set
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e O0C denotes the boundary of the set C' C R™.
e B,(r) denotes the closed ball of radius r centred at x € R™.
e V,, denotes the (Lebesgue) volume of the unit ball By(1) in R™.

e For any C' C R™ and § > 0, the set of points of C' that are within a distance ¢ of
its boundary is called the boundary region of width §, and denoted by

C(o)={zeC: yle%fC |z —y| <0} (3.4)

3.2 The sampling distribution o.

If the sampling distribution function ® has a well defined density function ¢, the
associated probability measure on subsets A C R™ is given by

P(A):/Agb(x) dx (3.5)

which corresponds to the probability that a point is selected from the set A C R™.
Let C' denote the set of points z € R™ for which the sampling density ¢(x) is strictly
positive,

C={zeR":¢(x)>0} (3.6)

We restrict our attention to those sampling distributions & satisfying the following
conditions:

P.1 C is closed and bounded
P.2 ¢ is continuous on C.

P.3 ¢ has bounded partial derivatives at each point of C'.

Note that by (3.6), condition P.1 means that C' is equivalent to the support of ¢. In
the following lemma we show that conditions P.1 and P.2 ensure that ¢ is uniformly
bounded away from zero for all x € C'. Since C' is closed, this means that ¢ cannot
be continuously extended beyond C'. Thus conditions P.1 and P.2 eliminate sampling
distributions whose densities vanish at the boundary of C.

Lemma 3.1. If & satisfies conditions P.1 and P.2 then there exist constants ay,as
such that for all x € C,

0<a; <o(xr) <ag <o (3.7)

Proof. Since ¢ is continuous and C' is compact there exist x1, x5 € C such that z; =
inf{p(x) : € C} and xo = sup{¢p(x) : v € C}. Taking a; = ¢(x1) and ay = ¢(z2)
completes the proof. O
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3.2.1 The set C

To deal with boundary effects we need that C' satisfies the following geometric condi-
tions.
C.1 There exists some finite constant ¢; > 0 such that
max{|z —y|:z,y € C} =, (3.8)
so C' has diameter ¢;.
C.2 There exists some constant ¢ > 0 such that for all x € C' and 0 < r < ¢y,
p(Be(r)NC) > cor™ (3.9)

so for every r > 0, at least a uniformly constant proportion cy/V;, of the
ball B, (r) intersects C.

C.3 There exist constants c3 > 0 and A = A\(C') > 0 such that for all 0 < § < A,
H(CW©)) < exd (3.10)

so for sufficiently small § > 0, the measure of the boundary region C(¢) is
uniformly bounded by some constant multiple of its width 4.

Figure 3.1: Condition C.2 eliminates Figure 3.2: Condition C.3 bounds the
certain types of boundary points (top). measure of C'(J) in terms of its width.

3.2.2 A probability measure on neighbourhood balls

Let w,(r) denote the probability measure induced by the sampling distribution ® on
the neighbourhood balls B, (r) of C'. This is defined by

we(r) = /B . (1) dt (3.11)

and corresponds to the probability that a point selected from C' according to & is
contained in the ball B,(r). Since the sampling density ¢ is strictly positive on C' we
have that w,(r) is a monotonic increasing function of r. In the following lemma we
show that w,(r) satisfies a positive density condition on C'.
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Lemma 3.2. Subject to conditions P.1, P.2 and C.2, there exists some constant
cq > 0 such that

we(r) > eyr™ forall xe€C and 0<r<¢ (3.12)

Proof. Since ¢ satisfies P.1 and P.2, by Lemma 3.1 there exists some constant a; > 0
such that ¢(z) > a3 > 0 for all z € C. By (3.11) it thus follows that w,(r) >
a1 (B, (r) N C) and by condition C.2 we have that w,(r) > ajcor™ where ¢o > 0 is
constant. The result follows on taking ¢4 = ajce > 0. O

3.2.3 Compact convex bodies in R"

We now show that the conditions C.1,C.2 and C.3 are satisfied by compact convex
bodies in R™.

Proposition 3.1. Conditions C.1, C.2 and C.3 are satisfied by compact convex bod-
tes i R™ having non-empty interior.

Proof. Let C be a compact convex body in R™. Condition C.1 follows easily by
compactness.

To prove condition C.2 we first note that a convex body has non—empty interior by
definition, so there exist points a,b € C' and some r,,r, > 0 such that the balls B,(r,)
and By(rp) are disjoint and completely contained in C.

Figure 3.3: The cone C, is completely contained in C.

First suppose that © € C'\ B,(r,) and consider the cone C, having vertex x and base
equal to the intersection of B,(r,) with the hyperplane through a perpendicular to the
line joining = and a (see Figure 3.3). By convexity, C, is completely contained in C
and furthermore, since = ¢ B,(r,) and r, > 0 it follows that C, is of positive measure
for each x € C'\ By(r,).

Let c,(r) > 0 denote the proportion of the ball B,(r) occupied by the cone C,, given
by

() = w(Cyp N B(r))
’ 11(Bq (7))

(3.13)
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As 7 increases from 0 to ¢, the proportion ¢,(r) remains constant while r < |z — af
and then decreases monotonically for » > |z —a|. Let ¢, = ¢,(¢1) denote the minimum
value of ¢, (r). Since p(Cy) > 0 and pu(B,(c¢1)) < oo it follows that ¢, > 0 and also that
(B (r)NC) > cpou(By(r)) >0 for all 0 < r < ¢;.

Define ¢, to be the minimum value of ¢, over all points z € C'\ B,(r,). This corresponds
to those points x that lie on the boundary of the ball B,(r,), for which the cones C,
are of minimum volume. Since B,(r,) is of positive radius we have that ¢, > 0 and
hence (B, (r) N C) > cou(Bx(r)) >0 for all 0 <r < ¢y and z € C'\ B,(r4).

Now suppose that x € B,(r,) and define C, and ¢, as above but this time relative to
the ball By(r). Define ¢, to be the minimum value of ¢, over each x € B,(r,). Since
B, (r,) and By(rp) are disjoint and since By(74) is of positive radius we have that ¢, > 0.
Hence pu(B.(r)NC) > cpu(Bg(r)) > 0 for all 0 < r < ¢; and x € B,(r,). Thus, letting
¢ =min{c,, ¢y} > 0 it follows that for all 0 < r < ¢; and for every x € C,

1(Bo(r) N C) = cp(Bo(r)) = V™ > 0 (3.14)
and hence condition C.2 is satisfied with ¢y = ¢V}, > 0.

Finally we show that C' satisfies condition C.3. Since C' is a convex body then by
definition it has non—empty interior. Suppose without loss of generality that the origin
0 € int C. Let By(\) denote the ball of maximal radius A > 0 centred at the origin and
contained in C. We claim that for every 0 < § < A the sets C'(0) and (1 —d/\)C are
disjoint.

Let 0 < 6 < A and suppose that € C'(0). Let y be a boundary point of C' such that
the distance from z to y is strictly less than §. Such a point exists by definition of

C(6).

Consider the vector z defined by z = y + z. Then |z| < § and we write —z = (0/))a
for some a € R™. From here we see that a = (A/d)(—z) and hence |a] = (A/d)|z].
Furthermore, |z| < ¢ implies that |a| < A and hence a € int By(\). Since By(\) C C,
this means that a € int C' and hence —z € int (§/\)C as illustrated in Figure 3.4.

Y

Figure 3.4: The vector —z = y — x is contained in (§/\)C.

Now suppose that € (1 — §/A\)C. Then y = x — z can be expressed as y = (1 —
d/A)b+ (0/AN)a for some b € C and a € int C. Since 0 < 0 < A we have 0 < /X < 1
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and 0 < 1 —d/A < 1 and since C' is convex and a € int C' this implies that y € int C,
contradicting the fact that y is a boundary point of C.

C(d)

Figure 3.5: The sets C(0) and (1 — §/A)C are disjoint.

Hence x ¢ (1 — 6/M\)C so the sets C'(0) and (1 — §/\)C are disjoint. C(9) is therefore
contained in C'\ (1 —§/\)C so

1 (C(6)) < p(C) = (1 - 5/N)C) (3.15)
Writing u((1 — §/A)C) = (1 —6/A)"u(C) it follows that
W(C(8)) < p(C) (1 — (1= §/3)™) (3.16)

which we write as

m—1
L_mo m? ) (3.17)

MO0 < 0uC) (5 = g oot (0"

By compactness we know that p(C) < oo. Hence, for all 0 < § < A\ we see that
u(C(0)) < 30 for some constant c3 > 0, as required. O

3.3 An integral representation of the moments

Let C' C R™ satisfy conditions C.1,C.2 and C.3 and let X = (Xy,... X)) be a
random sample of independent and identically distributed random variables X;, each
taking values in C' according to the probability distribution ®. Let X ;) denote the
kth nearest neighbour of X; in X € CM and consider the function dyr; : CM — [0, ¢4]
defined by

dai(X) = | Xnjin — Xil (3.18)

so that dys;(X) is the distance between X; and its kth nearest neighbour in X € CM.
We think of d i, = dari(X) as random variable on the sample space CM and its ath
moment is given by

S = [ diu(x)ap (319)
XecM
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where P is the probability measure on O™ for which each X is identically distributed
in C' with distribution ®. Note that since the component variables X; are independent,
this expectation is independent of the index 1.

For each z € C let
CMz)={XeCM: X, =1} (3.20)

be the set of samples X € CM for which the component variable X; takes the fixed
value z € C and define the random variable dy;(z) on CM(z) by

dyr(z): CM(z) — [0,¢4]

3.21
X = [ X — X (3:21)
By Fubini’s theorem
e = | Eiale)ota) da 322
xe
where
5(d(i4k($)) = 5<d5\¥4,k(X) }Xz‘ =) (3.23)

is the conditional expected value of | Xy i — X;|* given that X; is fixed at w.

3.3.1 A radial density function

Let q.(r) = q.(r, M, k) be the distribution function of dys(z) over CM(z), defined by
q:(r) = P(dyi(z) <7) (3.24)

This corresponds to the probability that the distance dpsi(x) from X; = z to its kth
nearest neighbour in the random sample X € CM(z) is at most equal to r. The
conditional expected value of df;, given that X € CM(z) is then given by

E(d () = / " dg () (3.25)

where the integral is the Stieltjes integral of r® with respect to ¢,(r) as r ranges over
[0, c1]. Following [Percus and Martin 1996], we obtain the following expression for the
corresponding density function dg,(r).

Lemma 3.3. For fized x € C the probability density function of the random variable
dy () is given by

M—-1

dq,(r) = k( i )wx(r)k_l(l — W (P M duw, (1) (3.26)
where w,(r) is the probability measure of the ball B,(r) centred at x having radius r.
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Proof. Let € > 0 and consider the probability that the kth nearest neighbour of X; = x
lies in the spherical shell of radius r» and width € > 0 centred at x. By (3.24) this is
given by

Ge(r+€) = qu(r) = P(r <dup(z) <7 +e) (3.27)

Since the sampling density ¢ is assumed to be continuous on C, for e sufficiently small
we may suppose that the kth nearest neighbour of z is the only point lying in this
region. As illustrated in Figure 3.6 we must therefore have

e k — 1 points in the ball B,(r), each selected with probability w,(r).

e Exactly one of the remaining M — k points in the shell B,(r+¢€)\ B,(r), selected
with probability w,(r + €) — w,(r).

e The remaining M — k — 1 points in the region C'\ B,(r + €), each selected with
probability 1 — w,(r + €)

Figure 3.6: Exactly one point falls in the shaded region B, (r + €) \ By(r).

Using elementary combinatorial arguments we obtain

M-1

G (r+€) —qu(r) = k( ) )ww(r)k_l(l — we(r + )M wu(r + €) —we(r)) (3.28)

and letting € — 0 we obtain (3.26) as required. O

By (3.22), (3.25) and Lemma 3.3 it follows that

E(dy ) = / E(d3y 1 (x))b() d (3.29)

where

M-1

eldiza(o) = k(") [ 0 s ) 30
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3.4 Asymptotic expansions

We aim to find an asymptotic expression for (3.29) in terms of the number of points
M as M — oo. We first prove some asymptotic expansions required for this purpose.

Lemma 3.4. For any fized ¢,d > 0,

(1—%)d:1+0(%) as M — oo (3.31)

Proof. Using the series expansion (1 + z)¢ = 1 + dz + O(2?) as z — 0 we get

c\4 c 1 1
(HM) :1_d<M>+O(W):HO(M) as M —oo  (3.32)
as required. O

Lemma 3.5. For any fixed ¢ > 0,

(1—%)M—ec (1+0(%)) as M — oo (3.33)

Proof. Taking z = ¢/M in the expansion log(1 — z) = —z + O(2?) as z — 0 we have

o (1= 17) " =tox (1 ) = (37 40 (5) ) = e+ 0 (57) B3

as M — oo, as required. O

Lemma 3.6 (The exponential convergence lemma). Letc¢ >0 and0 <o <1 be
constants. For every > 0

(1 - #)M ~0 (ﬁ) as M — oo (3.35)

Proof. Let B > 0 and define

c \M
y = (1 . W> (3.36)
so that
c
logy = Mlog (1) .
0g Yy og 7 (3.37)
Since log(1 — z) = —x + O(2?) as z — 0, we have
c 1
logy =M (_W +0 (M2”)>
(3.38)

= —cM'° (1+O (%)) as M — o
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and therefore

y = exp(—cM'7) (1 +0 (#)) as M — oo (3.39)

For all z > 0 the summands in the power series expansion e” = Y > x*/k! are all
positive. Hence e* > xk/k! for every integer k > 0 and thus e™ < k!/xk foreach z > 0
and k > 0. Since ¢ > 0 we can apply this to x = ¢cM '~ so that for each k¥ > 0

ve (o (L) e s a0

Since 1 — o > 0, given any (3 > 0 we can choose k sufficiently large to ensure that
k(1 — o) > (8 and hence

y=0 <ﬁ) as M — oo (3.41)

as required. O
Lemma 3.7. For any fixed o > 0,
(M) 1 1
= 1+0 | — M 3.42
(M +0) MU( - (M)) as Mo (3.42)

where T is the Fuler gamma function.

Proof. Stirling’s theorem [Artin 1964] states that for z > 0,

oratel/w
rl/2ez

I(z) = (3.43)

for some 0 < 6 < 12. Hence
r(M)  (MN\Y( e \MTT M4\ M
(M+o) \e M+o M ef2/(M+0)
—0 M+o M+o 1/2
— . (M M ¢ Mto (3.44)
’ e e M+ o M

M+o
e\ o o\ 1/2
() () 5
Mo\ 37 ( M+a) i,

where

Hyr, e = exp (91 T b ) (3.45)

By Lemma 3.5

o M+o 1
(1_M+a) =e (1+O(M+a)) as M — oo (3.46)

Data Derived Estimates of Noise for Smooth Models Dafydd Evans




3.5 Boundary effects 57

By Lemma 3.4

o \1/2 1
<1_M> :1+O(M) as M — oo (3.47)

Expanding H),, via the power series of e* we get

% —ex 91—|—92_ 010
Mo =P\t o T MM + o)
01 + 0, tho 1
=1 — O ——— 3.48
+M+a M(M+0)+ <(M+0)2> (348)
1
=1 M —
+O(M+a> as 00

Thus

) (o () (o)) = e o

and since

for all & > 0 we conclude that

F(l;\;]\j—)a) - ]\;a (1 +0 (i» as M — oo (3.51)

as required. O

3.5 Boundary effects

The boundary of a set C' C R™ is defined to be the set of points x € R™ with the
property that for every r > 0, the ball B,(r) has non—empty intersection with both C
and R™\ C. If some property of a point € C'is influenced in some way by its proximity
to the boundary of C' then the property is said to be subject to boundary effects. Such
effects are certainly significant when considering the expected kth nearest neighbour
distance £(df; ,(z)). This is because the neighbourhood balls B,(r) of a point z located
near the boundary of C' may intersect the boundary of C', in which case the probability
measure of B,(r) (and therefore the probability that at least k points are selected
from it) is likely to be smaller than that of a similar ball which does not intersect the
boundary. The kth nearest neighbour distance for a point near the boundary of C' is
therefore likely to be greater than that for a point located away from the boundary of

C.
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The problem posed by boundary effects in determining the conditional expectation
E(d; ,(w)) derives from the fact it is defined as an integral with respect to the proba-
bility measure w, (r) of the neighbourhood balls B, (r) for 0 < r < ¢;. If B,(r) intersects
the boundary of C' then it will not be possible to specify its probability measure w,(r)
without having exact information regarding the boundary of C' in the neighbourhood
of x. Thus we are not able to evaluate the integral explicitly.

This is not critical however, as we are only seeking a first order approximation for this
integral in terms of the number of points M. We show that boundary effects do not
influence this first order approximation, and occur as only a second order phenomenon.

3.5.1 Large balls are insignificant

Let § > 0 be fixed and let x € C. We make the observation that any ball B,(r)
having radius r > § asymptotically contributes nothing to a polynomial expansion of
the expectation €(d§(z)) in terms of the number of points M. To see this, suppose
that the kth nearest neighbour of x is at least a distance 6 > 0 away from it. Then
the ball B,(d) must always contain at most k£ — 1 points (distinct from x) and since
the probability measure of B,() is strictly positive for § > 0 (condition C.2), this
becomes increasingly unlikely as the total number of points increases without bound.

The following lemma makes this precise by showing that when evaluating (3.30), the
error incurred by ignoring balls of radius » > ¢ for any fixed 6 > 0 is exponentially
small in the limit as M — oo.

Lemma 3.8. Let 0 < < ¢y be fixed. Then for every 5 > 0,

1) = k:(Mk_ 1) /6 () (1 — w(r) M d(r) = O (ﬁ) as M —

(3.52)

Proof. Since w(r) is an increasing function of » we have that 1 —w(r) < 1 — w(J) for
all § <r <¢. Clearly, r < ¢; and |w(r)| <1 so

1(6) < k<M1:> ST — w(0))M A (3.53)
Furthermore, (1 —w(8))~*~1 is constant and (" ') = O((M —1)¥) as M — oo. Hence
I1(6) < O((M = 1)")(1 — w(d))™ (3.54)

Let y = (1—w(8))M so that logy = M log(1 —w(d)). Then since w(d) > 0 is fixed there
exists some constant ¢ > 0 such that log(1 — w(d)) < —c. Hence logy < —cM from
which it follows that (1 — w(8§))™ < e™M for ¢ > 0. From the power series expansion
of e” for x > 0 we see that e=* < n!/z™ for each n > 0. Given any § > 0 we may
therefore choose some n > (3 + k such that (1 — w(6))™ = O(1/MP**), and the result
follows by (3.54). O

Thus, without loss of generality we may choose to evaluate the integral in (3.30) either
over the range [0, ¢1] as stated, or alternatively over the range [0, 0] for any fixed 6 > 0.
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3.5.2 The interior region and the boundary region

Let 6 > 0 be fixed and let B C C' denote the boundary region of width ¢ defined in
(3.4), so that B is the set of points in C' that are within distance § of its boundary.
Let A = C'\ B denote the corresponding interior region.

By definition, for each z € A and r < ¢ the neighbourhood ball B,(r) is completely
contained in C' and is not therefore subject to boundary effects as described above.
Furthermore, Lemma 3.8 shows that when evaluating (3.30), we may restrict our at-
tention to those balls of radius r < §. Thus we need only consider boundary effects for
the points « € B and we decompose (3.29) as

E(dy ) = / E(dy ()b (x) i+ / E(d3y 1 (2)) () de (3.55)

so that all boundary effects are confined to the second integral in (3.55). As we shall see,
since boundary effects are negligible for z € A we are able to find an exact asymptotic
expression for the first integral in terms of the number of points M. Our task is
therefore to construct the boundary region B in such a way that the second integral
in (3.55) is of smaller order than the first in the limit as M — oo.

If 6 > 0 is small and the boundary of C is smooth it may be reasonable to suppose
that the proportion of points that are within distance ¢ of the boundary will be small
relative to the total number M. For example, suppose we select M points according
to a uniform distribution from the unit square C' = [0,1]*. Since points are selected
uniformly and since [0,1]? is of unit area, the probability that a point falls in some
subset A C (' is equal to its area. For the unit square, the boundary region B of
width ¢ is contained in the union of four rectangles, each having width 6 and height
1, one of which is located adjacent to each edge of the square. Since the total area of
these rectangles is 49, the probability that a point is selected from B is at most equal
to 46 and the number of points that are subject to boundary effects can therefore be
controlled by choosing ¢ sufficiently small.

This illustrates the motivation behind condition C.3 which requires the measure of the
boundary region C'(d) to be bounded above by some constant multiple of its width .

3.5.3 Asymptotic shrinking of the boundary region

The problem with keeping 6 > 0 fixed is that the proportion of points falling in the
boundary region B (and therefore subject to boundary effects) will remain constant as
the number of points M increases. In order to ensure that the second integral in (3.55)
is of smaller order than the first integral (relative to the number of points M), we in
fact need that the proportion of points in B decreases as M — oo.

In other words we require that the probability measure of the boundary region B ap-
proaches zero as M — oo and by condition C.3, it is sufficient that 6 — 0 as M — oo
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to ensure this. However, by defining 0 in terms of M both the interior region A and
the boundary region B now become dependent on M. In particular, A approaches C
as M — oo and consequently we cannot assert that every point of A is located at least
at a fized positive distance away from the boundary of C' for all M.

In order that we may continue to ignore boundary effects in the first integral of (3.55)
we therefore need a stronger result than that of Lemma 3.8. Specifically, we must define
some § — 0 as M — oo such that every ball B,(r) of radius r > ¢ is asymptotically
negligible regarding any polynomial expansion of (3.30) in terms of M. It turns out
that for any 0 < € < 1/m, taking 6 = 1/M¢ is sufficient to achieve this.

Lemma 3.9. If0 <e < 1/m and

0= (3.56)

then for every 3 > 0,
I1(0) = k:(Mk_l) /;1 ro‘wz(r)k_l(l — wm(r))M_k_l dw,(r) =0 (ﬁ) as M — oo
(3.57)

Proof. Since w,(r) is an increasing function of r it follows that 1 — w,(r) <1 — w,(J)
for all 6 < r < ¢;. Furthermore, by Lemma 3.2 we have that w,(d) > ¢46™ for some
constant ¢4 > 0. Hence 1 — w(r) < 1 —¢46™ for all 6 < r < ¢; and since r < ¢; and
lw(r)| <1 we have that

1(6) < 5k (Mk 1) (1 — cqo™)M—F1 (3.58)
Clearly, (Mk_l) = O((M — 1)*) as M — oo and since 0™ = o(1) it follows that (1 —
c,0™)F1 = O(1) as M — oo. Substituting for ¢ in (3.58) we thus obtain
M
< )y (1 & ,
1(5) < O((M — 1) )(1 Mme) as M — oo (3.59)

Hence, since 0 < me < 1 it follows by Lemma 3.4 that (1 — ¢;/M™)M converges to
zero exponentially fast as M — oo and the result follows. O

3.5.4 An integral over neighbourhood balls

Recall from (3.30) that

M—1

eliza(o) = k() [t 0 s ) B0

In order to obtain the leading term in an asymptotic expansion for £(dg; ) relative to
the number of points M we will certainly have to evaluate the integral in (3.60), albeit
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only for those points z € C'\ C'(9) and for r in the range [0, ] (i.e. for those balls B,(r)
that are completely contained in C').

To this end we change the variable of integration in (3.60) by defining w = w,(r). Since
the probability measure of a ball of zero radius is zero we have that w = 0 when r = 0,
and since the probability measure of a ball containing the whole of C' is equal to one,
it follows that w = 1 when r = ¢;.

Let h, denote the inverse function of w, so that h,(w) is the radius of the ball centred
at x having probability measure w. Then r = h,(w) and provided h,(w) exists over
the range 0 < w < 1, (3.60) becomes

el = k(1) [ hetert - (3.61)

Clearly, w,(r) is an increasing function of r but in order to ensure that h,(w) is well
defined we need that w,(r) is strictly increasing for all 0 < r < ¢;. In general however,
w,(r) is not likely to be strictly increasing over the whole range 0 < r < ¢y, since the
ball B,(r) may contain the whole of C' before its radius r reaches ¢y, the diameter of
C — if B,(ro) contains the whole of C' then w,(r) =1 for all 7o < r < ¢.

It emerges that we need only evaluate the integral in (3.60) explicitly for those points
in the interior region A. By definition, if x € A then the balls B,(r) are completely
contained in C' for all 0 < r < 4. Thus, since ¢ > 0 over C' it follows that w,(r) is
indeed strictly increasing for 0 < r < ¢ and x € A and hence h,(w) is well defined for
0 <w < w,(9).

For completeness we now show that the error incurred by neglecting balls of probability
measure w > w,(d) (corresponding to balls of radius r > §) when evaluating the
integral in (3.61) becomes exponentially small as M — oo. Note that if § > 0 then by
Lemma 3.2 we have that w,(d) > 0 for every z € C.

Lemma 3.10. If0 < e < 1/m and § = 1/M°€ then for every 3 > 0,

1(5) = k(Mk 1) /w i@) ha (W)Wt (1 — w)M—F1 4w = O <%) as M — oo
(3.62)

where hy,(w) is the radius of the ball centred at x having probability measure w

Proof. Clearly, 1 —w < 1 — w,(0) for all w,(0) < w < 1. Furthermore, by Lemma
3.2 we know that 1 — w,(9) < ¢40™ for some constant ¢4, > 0. Since |h,(w)| < ¢; and
|w| <1 it thus follows that

1(5) < c?k;(Mkf 1) (1 — cyom)M-F-1 (3.63)
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It is easy to see that (Mgl) = O((M —1)*) as M — oo and since 6™ = o(1) it follows
that (1 — c;6™)™% 1 = O(1) as M — oo. Substituting for ¢ in (3.63) we get

Cq

Mme

M
1(8) < O((M — 1)%) (1 - ) as M — oo (3.64)
Hence, since 0 < me < 1 it follows by Lemma 3.4 that (1 — c¢,/M™)M converges to
zero exponentially fast as M — oo and the result follows. O

If we choose to evaluate &(df; ,(z)) using (3.61) we may therefore restrict our attention
to those balls B, (r) having probability measure in the range [0, w,(d)], where 6 = 1/M*¢
for any 0 < e < 1/m.

3.6 Asymptotic moments for a uniform sampling
distribution

We shall now focus on deriving an asymptotic expression for £(d§; ) in the case where
the sample points are selected uniformly from some closed set C' C R™ satisfying
conditions C.1 to C.3. It is a simple matter to show that the uniform distribution
satisfies conditions P.1 to P.3 over any such set C. For convenience, we impose the
condition that p(C') = 1 so that probability measure over C' coincides with Lebesgue
measure over C'.

Theorem 3.1. Let C' C R™ be a closed set satisfying conditions C.1 to C.3 and
suppose that p(C) = 1. Let X = (X1,...,Xn) be a random sample of independent
and identically distributed random variables where each X; takes values uniformly at

random from C. Let dyry, denote the distance between X; and its kth nearest neighbour
in X. Then for all p >0,

N c(m,a, k, @) 1
g(dM,k) == W + O (W) as M — oo (365)
where
—wmL(E+a/m)
ky=v om0 .
clm, 0, k) = V" (3.66)
s a constant not depending on M .
Proof. Since p(C) =1 and ¢ is uniform, (3.29) becomes
&) = | e ds (367

where

elaue) = k(1) [ ot 1 -0t (3:68)
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and h,(w) is the radius of the ball centred at x having probability measure w. By
uniformity it also follows that the probability measure of the ball B,(r) is equal to the
Lebesgue measure of its intersection with C, i.e.

we(r) = uw(B(r)NC) (3.69)

Let 0 < € < 1/m and define § = 1/M¢. Let B denote the boundary region of width §
as defined in (3.4), let A = C'\ B be its complement and write (3.67) as

E(dy ) = / E(d () da + / E(d () de (3.70)

We treat the cases z € A and x € B separately.
Case (1): z € A.

If x € A then x is at least a distance § from the boundary of C' so B,(r) is completely
contained in C for all 0 < r <. Hence by (3.69) and since p(C) = 1 we obtain

we(r) =Vy,r™ forall 0<r<é (3.71)

where V,, is the volume of the unit ball in R™. Inverting this, the radius h,(w) of the
ball centred at x having probability measure w satisfies

ho(w) =V Ymt/m (3.72)

provided the ball is completely contained in C. By Lemma 3.9 and (3.68) we know
that for any 3 > 0,

i) = (") [nrema-wr o () 6

as M — oo. Since x € A, the balls over which the integral in (3.73) is defined are all
contained in C' so

4
et = virn(M) [t —apot o () e

as M — oo. Changing the variable of integration and using Lemma 3.10 it thus follows
that

—a/m M-1 1
E(dy ) = V™! k( i )fMyk e (W) as Moo (375)
where
1
Ig = / whte/m=1(1 — )M=k=1 gy, (3.76)
0
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We recognise the integral I), ;. as the Beta function B(a, b) with parameters a = k+a/m

and b = M — k, defined by

[(a)l'(b)

plebr= /olta_l(l R vrrny (3.77)
Hence
g = 2 F(%@Z%f Y (3.78)
and writing
k<M/~; 1> B F(MFEA/];[))F(;{;) (3.79)

in (3.75) we obtain

N am Pl (kE+a/m) (M) 1
E(dSy (x) =V, N0 F(M+a/m)+o<—) as M — oo (3.80)

M8

Applying Lemma 3.4 to (3.80) then leads to

E(dyy () = Vn;a/ml“(klj—(ka)/m) Mi/m (1 +0 (%)) as M — oo (3.81)

As a consequence of uniformity we see that this is independent of x. Furthermore,
since p(C) = 1 the probability measure of A is equal to its Lebesgue measure p(A).
The first integral of (3.70) is thus given by

| E @) do = w540 (35

Since C' = AU B is a disjoint union and p(C) = 1 we have pu(A) = 1 — pu(B) and by
condition C.3 we know that u(B) = O(J) and hence p(A) =1 — O(0) as M — oc.
Furthermore, since § = 1/M¢ for 0 < e < 1/m it follows that 1/M = o(d) as M — oo
for all m > 1. Thus the O(1/M) term in (3.81) is subsumed by the O(J) term in this
expression for p(A) so

k+a/m) 1 o( 5

I(
o _ y—a/m )
/AE(de(x)) de =V~ NG am T Ma/m) as M — oo (3.83)

and hence

c(m, a, k) ( ) )
EdS(x))de = ——= 40 as M — o0 3.84
| e@iuonar = TS w0 (5o (3.8)
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where

T(k + a/m)

_ —a/m
c(m,a, k) =V )

(3.85)

Case (2): =z € B.

In this case, for any 0 < r < ¢; the ball B,(r) is not necessarily contained in C' so we
cannot specify an exact expression for its probability measure w,(r) = u(B,(r) N C).
However, by condition C.2 we know that there exists some constant ¢ > 0 such that

we(r) = w(By(r) N C) > cor™ forall 0<r<¢ (3.86)

Inverting this we see that the radius h,(w) of the ball centred at x of probability
measure w satisfies

hw,) < ¢y /mwl/m (3.87)

regardless of whether or not the ball is completely contained in C'. Substituting this
into (3.68) we obtain

o —a/m,, [ M-1 1
elatuto) < (0 w0 (55) s Moo G

where Iy, is defined in (3.76). Proceeding as in Case (1) we get

—a/mL(k+a/m) (M)

dy < .
so by Lemma 3.4 it follows that
o 1
E(dy (7)) =0 o as M — oo (3.90)
Hence, the second integral of (3.70) satisfies
1
E(dy ,(x)) de = u(B)O as M — oo (3.91)
B ) Ma/m
and since u(B) = O(d) as M — oo (condition C.3) we conclude that
J
E(dy p(x))de =0 as M — oo (3.92)
B ) Ma/m
Combining Case (1) and Case (2) via (3.70), (3.84) and (3.92) we obtain
N c(m, o, k) J
5( M,k) = W + O (W) as M — oo (393)
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and substituting for 6 = 1/M¢ it follows that for any 0 < e < 1/m,

k 1
E(dSy,) = % +0 (W) as M — oo (3.94)

Finally, taking e = 1/m — p in (3.94) we conclude that for all p > 0,

o c(m,a, k) 1
g( M,k) == W + O (m) as M — oo (395)

as required. O

Remark: Equation (3.80) states that for each x € A,

E(d8y 4 (a)) = v om LT ofm) (M) +o( L ) (3.96)

(k) T(M+a/m) M?

as M — oo. This expression for £(dfy,(r)) is eract to any polynomial order in M
and displays a remarkable separation of the k—dependence and the M—dependence. We
also note an intriguing symmetry between the near neighbour index k and the total
number of points M.

3.7 Asymptotic moments for a non—uniform sam-
pling distribution

We now extend Theorem 3.1 to the more general case where M points are selected
from C' according to any sampling distribution ® satisfying P.1 to P.3. Intuitively
speaking, we should not expect the asymptotic behaviour of near neighbour distances
determined by such sampling distributions to be significantly different to that observed
in the uniform case. This is because, subject to conditions P.1 to P.3, the sampling
density at any point in a small neighbourhood of a point = will be approximately
equal to the density at z. Hence the sampling density is approximately uniform in
small neighbourhoods and as we have seen, it is precisely these small neighbourhoods
that determine the asymptotic behaviour of the expected near neighbour distances as
M — oo.

In order to deal with more general sampling distributions, we must make the further
condition that the set C' C R™ is convexr. Compact convex bodies in R™ have been
shown to satisfy conditions C.1 to C.3 in Proposition 3.1.

Theorem 3.2. Let C' be a compact convex body in R™. Let X = (Xy,...,Xn) be a
random sample of independent and identically distributed random variables where each
X; takes values in C' according to a probability distribution ® satisfying conditions P.1,
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P.2 and P.3. Let dyy denote the distance between X; and its kth nearest neighbour
in the random sample X. Then for all p > 0,

o c(m,a, k, ¢ 1
5( M,k) — ( e )_ + 0 (W) as M — oo (397)
where
—oc/mr<k + a/m) 1—a/m
C(m> a, k7 Qb) = Vm Ty Cb(ﬂl?) dz (398)
I'(k) c

15 a constant not depending on M.

Proof. We need to find an asymptotic expression for the integral

E(dy,) = / E(d3y 1 (x))b() de (3.99)

as the number of points M increases where

elaue) = k(") [ oyt am s o)

and h,(w) is the radius of the ball centred at x having probability measure w. Recall
that

() = /B L (3.101)

In order to evaluate (3.100) we obtain an expression for h,(w) by exploiting the con-
vexity of C'. That C'is convex implies that it is connected, and since ¢ is continuous on
C' (condition P.2) we can therefore apply the first mean value theorem of the integral
calculus to ¢ . This asserts the existence of a point & € B,(r) N C such that

wa(r) = ¢(&) (B (r) N C) (3.102)

Furthermore, since ¢ is differentiable at every point of C' (condition P.3) we can also
apply the first mean value theorem of the differential calculus to ¢. Hence there exists
a point & on the line segment joining = and &; such that

¢(61) = d(x) + (x — &1)P' (&2) (3.103)

and since C' is convex we have that & € C'. Furthermore, since all partial derivatives
of ¢ are assumed bounded on C' we have

¢(&) = ¢(x) + O(|z — &) (3.104)

Let 0 < € < 1/m and define § = 1/M°. Since & € B,(r) N C we may assume that
|z — &| < r and hence

6(&) = dlz) + O(5) as M — oo (3.105)
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for all 0 < r < §. Substituting in (3.102) we see that for all z € C
we(r) = (¢(x) + OO)(Be(r)NC) as M — oo (3.106)
provided 0 < r < 4.

Let B denote the boundary region of width d, let A = C'\ B be the corresponding
interior region and write (3.99) as

amw=£a&#wamm+éamgma@m (3.107)

Case (1): z € A.

If x € A then x is at least a distance § from the boundary of C' so B,(r) is completely
contained in C' for all 0 < r < 4. In this case we have that u(B,(r)NC) = u(B,(r)) =
Viur™ where V,, is the volume of the unit ball in R™ and hence by (3.106) we obtain

we(r) = (¢(x) + O6))Vr™ as M — o0 (3.108)

Rearranging this we get

m_ wa(r) % -
=t (0 5a) 10

Since the sampling distribution ® satisfies conditions P.1 to P.3, by Lemma 3.1 there
exist constants a; and ap such that 0 < a; < ¢(z) < ay < oo for all z € C. The
existence of a; ensures that (3.109) is well defined for all z € A, and the existence of
both a; and ay implies that

0(6) - = as — O
(1 + gb(x)) =14 0(3) M (3.110)

Furthermore, since m > 1 is fixed it follows that (1 + O(8))Y/™ = 14+ O(68) as M — oo
SO

() N & M o
r_(W@WJ (14 0(5)) M (3.111)

Hence the inverse function r = h,(w) is given by

fmw—(wﬂ@ymu+m@)% M — oo (3.112)
and since a > 1 is fixed it follows that (1 + O(5))* =14 O(6) as M — oo so
" a/m
hy(w)® = <Vm<b(x)> (1+0(05) as M — (3.113)
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provided B,(r) is completely contained in C'. By Lemma 3.9 and (3.100) we have that
for any 3 > 0,

E(dS(x)) = k:(Mk_l) /06 he (W)W (1 — w)M 1 g 1+ O (%) (3.114)

as M — oo. Hence, since © € A the balls over which the integral in (3.114) is defined
are all contained in C' so

M-1 J
Eldia(o)) = (Vo) /()14 00) [ ke —aprhta

1 (3.115)
+ @) (W) as M — oo
Changing the variable of integration and using Lemma 3.10 we thus obtain
[ —a/m M-1 1
g(dM,k(x)) = (Vm¢<x)) k k (1 + 0(5))IM,k + O W (3.116)
as M — oo where
1
Iy = / Whte/m=1(1 — @ )M=k=1 4y, (3.117)
0

As in Theorem 3.1 we recognize Iy as the Beta function B(a,b) = I'(a)I'(b)/T'(a + b)
with parameters a = k 4+ o/m and b = M — k. Hence

T'(k + o/m)T(M — k)

I = TOM + ofm) (3.118)
and writing
M-1\ (M)
k( k > - T(M — k)L(k) (3:.119)
we get
E(dy 1 (2) = Vol ormEET/m) TAD 4 oy (3.100)

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

as M — oo. Once again we note the separation and symmetry of the k—dependence
and the M—dependence in this expression. By Lemma 3.4,

F(MFSLAQ/m) = Mi/m <1+0 (%)) as M — oo (3.121)

and since 1/M = 0(0) as M — oo the O(1/M) term is subsumed by the O(J) term

and we have

F'k+a/m) 1
T(k)  Me/m

E(ds () = (Vingp(z)) /™ (1+0() as M —oo (3.122)
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Thus the first integral in (3.107) is equal to

/Ag(dﬁ/[,k(a:))qﬁ(x) dz = %(1 +O®5) as M — oo (3.123)
where
¢(m,a k) = vyormEEE afm) / o(z)' =™ da (3.124)
GROTE T |

To complete Case (1), we show that the error incurred by replacing the integral in
(3.124) with the equivalent integral over C' is at most of order O(§) as M — oc.
First note that since 0 < a; < ¢(x) < as < oo for each x € C, it follows that

|p(2)1=%/™| < a3 < 0o where a3 = max{1/ai ™, as"*™}. Furthermore, by condition

C.3 there exists some constant cg such that p(B) < c36. Hence
/ o(x) 7™ dr < aszesd = O(8) as M — oo (3.125)
B
and since C' = AU B is a disjoint union we have

/ P(x) =™ da = / ()™ dx + O(5) as M — oo (3.126)
A c

Thus, by (3.123) and (3.124) we conclude that for every x € A,

/ E(dy i (7))p(x) dor = W +0 (Mi/m> as M — oo (3.127)
A

where
c(m, o, k,¢) = VJ“MW/Cﬂx)l_“/m dx (3.128)
Case (2): =z € B.

In this case, for any 0 < r < ¢ the ball B,(r) is not necessarily contained in C' and we
cannot specify an exact expression for its probability measure w,(r) = u(B,(r) N C).
However, by Lemma 3.2 there exists some constant ¢, > 0 such that for all z € C' and
0 < r < ¢; we have that

we(r) > cqr™ (3.129)

Inverting this, we obtain an upper bound for h,(w), defined to be the radius of the
sphere centred at x of probability measure w, given by

ho(w) < cp MWt (3.130)
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and substituting this into (3.100) we obtain
E(dyp(x)) < C:l/mk (Mk1> Inr i (3.131)
where Iy, is as defined in (3.117). Proceeding as in Case (1) we get
Eldiyle) < R 313
and by Lemma 3.4,
E(d3y (1)) = O (Mi/m> as M — oo (3.133)
Hence, the second integral of (3.107) satisfies
/Bg(dmk(x))gb(x) de =0 <Mi/m) /]3¢(m) de as M — oo (3.134)

For each x € B, by Lemma 3.1 there exists some constant as such that |¢p(x)| < as < 00
so the integral of ¢(z) over B is therefore bounded above by asu(B). Furthermore, by

condition C.3 there exists some constant ¢z such that u(B) < ¢36 so

/ng(x)dx:O((S) as M — oo

and hence

J
/Bé'(d%’k(a:))dx:O(Ma/m) as M — oo

Combining Case (1) and Case (2) via (3.107), (3.127) and (3.136) we obtain

k )
S(d%’k) = 7C(mj\’ﬁy’/m’ ¢) +0 (Ma/m) as M — oo

and substituting for § = 1/M¢ it follows that for any 0 < e < 1/m,

C(m’ a? k’ ¢)
ko) o

E(B31,) = v ) Moo

Finally, taking e = 1/m — p in (3.138) we conclude that for all p > 0,

o c(m,a, k, o) 1
E( M,k)=W+O(W) as M — o0

where

c(m, o = —afm L+ a/m) )™
(m..k.0) = Ve [ @y

as required.
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3.8 Nearest neighbour distances for fractal sets

We now turn our attention to the distribution of kth nearest neighbour distances in a
set of points that are confined to some fractal subset C' C R™, defined to be a set having
non—integral dimension d < m. This is motivated by the study of chaotic dynamical
systems, whose trajectories in state space X C R™ are often confined to some fractal
set (the attractor of the system).

In (3.30) the expected distance from an arbitrary point = to its kth nearest neigh-
bour in a set of M points is defined in terms of the probability measure w,(r) of the
neighbourhood balls B,(r) centred at x and having radius r. When C' is of integral
dimension, the probability measure w,(r) can be defined in terms of Lebesgue measure.
However, if C' is of non-integral dimension in R™, the Lebesgue measure of C' is zero
and in order to exploit (3.30) we must define a more subtle notion of its measure.

First we describe the Hausdorff measure on a fractal set C. This is defined purely in
terms of the geometric properties of C' and as a result it may be rather simplistic in the
case where (' is the attractor of a dynamical system as it does not take into account
how frequently a typical trajectory of the system visits various parts of its attractor.
In this sense the Hausdorff measure corresponds to uniform density over C. Following
this we define a more natural measure on the attractor of a dynamical system which
does take relative densities across the attractor into account.

3.8.1 Hausdorff measure

For any 0 > 0, a 0—cover of C'is defined to be a countable collection of sets { E;}7°, each
having diameter |E;| < § such that C' is contained their union. The d—approzimating
s—dimensional Hausdorff measure of C' is defined to be

H(C) = inf {Z Ei|*: C c UX, B B < 5} (3.141)

i=1

where the infimum is taken over all —covers of C'. Since the class of permissible covers
decreases as § decreases it follows that H increases as 6 — 0. The s-dimensional
Hausdorff measure of C' is then defined by

H*(C) = lim H3(C) (3.142)

6—0

Since H{(C') is a monotonic decreasing function of s, it can be shown that there exists
a unique transition point d, called the Hausdorff dimension of C, such that

s | oo for s<d
H(C’)—{ 0 for s> d (3.143)

The d-dimensional Hausdorff measure of C' will be called the Hausdorff measure of
C. In general, 0 < H%(C) < co. However, in order to employ the Hausdorff measure
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as a probability measure on €', we must restrict our attention to those sets C' having
0 < HYC) < oo. Such sets are known as d-sets, see [Falconer 1990] and we assume
without loss of generality that H¢(C') = 1 for such sets.

Having defined the Hausdorff dimension C, the Hausdorff measure of any subset A C C'
is then defined by

H'(A) = lim inf {Z B+ AC URE;, |Ei| < 5} (3.144)
=1

where the infimum is taken over all —covers of A.

3.8.2 An integral representation of the moments

Let x € C' and define the probability measure of its neighbourhood balls B,(r) C R™
by

wo(r) = HYB,(r)Nn C) (3.145)

so that w,(r) is the Hausdorff measure of that part of C' contained in B,(r). Recall
from (3.61) that

i) = k(") [ e -t e @

where h,(w) is the radius of the ball centred at = having probability measure w.

The inverse function h,(w)

To obtain the leading term in an asymptotic expansion for (3.146) as M — oo we
need to find a first order expression for h,(w) in terms of w. For some ¢ > 0, using
arguments similar to those employed in the proof of Lemma 3.9 we can show that
neighbourhood balls of radius r > 1/M¢ are insignificant in determining the leading
term in an asymptotic expansion for (3.146) as M — oo. Hence the following condition
is sufficient to ensure the existence of a first order expression for h,(w) in terms of w.

C.4 There exist constants ¢,d > 0 such that
wo(r) =cr® +o(r?) as r—0 (3.147)

where ¢ = ¢(x) and d = d(z) may depend on z.

If C.4 holds then a first order expression for h,(w) is given by

he(w) = (w/c)/41 +0(1)) as 7—0 (3.148)
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Self-similarity

Taking logarithms of both sides of (3.147) we see that

d = lim <M> (3.149)

=0\ log(r)

By analogy with (3.143) and other definitions of fractal dimension (see [Falconer 1990]),
the exponent d of (3.147) can be interpreted as the (local) fractal dimension of C' in
the neighbourhood of . Most elementary definitions of fractal dimension measure the
‘average’ dimension over the whole set. However many fractal sets (especially those
that arise as attractors of chaotic systems) are not uniformly dense.

The variation in density over a fractal set is captured by its generalised dimension,
defined as follows. We divide the imbedding space into N(r) cells of size r, and let
p; be the probability that a point of the set lies in the ith cell. For each ¢ # 1 the
generalised (box-counting) dimension D, is defined by

1\ log SN0 pe
qzlim< ) 08 21 P (3.150)

D
qg—1 log r

A set is then said to be self-similar if D, = D, for all ¢. If C is self-similar then we
might expect that the exponent d of (3.147) is independent of any particular z € C.

3.8.3 A conjectured first order approximation

Let 1 be a measure concentrated on a set C. If p is a probability measure we say that
a sequence of points {x;} is distributed in C according to p if for every p-measurable

subset A C C,
1 M
o7 > Ia(w) = p(A) as M — oo (3.151)
i=1

where [4 denotes the indicator function for the set A.

We propose the following conjecture.

Conjecture 3.1. Let C C R™, let d be its Hausdorff dimension, let H® denote the d—
dimensional Hausdorff measure on C and suppose that HY(C) = 1. Let {xy,..., x5}
be a sequence of points distributed in C according to H® and let k > 1 be a fized integer.
Then if x € C satisfies condition C.4,

E(dyy () ~ ﬁ as M — o (3.152)

where ¢ = c(a, k,d) is a constant not depending on M.

Remark: If this conjecture holds, it may provide a useful method of estimating the
local dimension of C' at z.
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3.8.4 Orders of magnitude

While finding an ezact expression for the first order term in the asymptotic expansion
of (3.146) in terms of the number of points M, less ambitious would be to determine
its order of magnitude. To achieve this we require the following condition.

C.5 There exist constants ¢,d > 0 such that
we(r) >cer? forall 0<r<c¢ (3.153)

where ¢ = ¢(x) and d = d(z) may depend on z.

If C.5 holds for all z € C then w,(r) > &’ where ¢ = max{c(z) |z € C} and
d = min{d(z) |2 € C}, in which case

he(w) < (w/é)l/d forall zeC (3.154)

If C' is self-similar then we might expect that d = d(z) is independent of any particular
x € C and furthermore that d is (related to) the Hausdorff dimension of C. In view of
this we define the following (stronger) condition.

C.6 There exists a constant ¢ > 0 such that for all x € C
we(r) >cer? forall 0<r<c¢ (3.155)

where d is the Hausdorff dimension of C'.

Proposition 3.2. Let C C R™, let d be its Hausdorff dimension, let H® denote the
d—dimensional Hausdorff measure on C' and suppose that HY(C) = 1. Let {x1,..., x5}
be a sequence of points distributed in C' according to H® and let k > 1 be a fived integer.
Then if x € C satisfies condition C.6, the ath moment of the distance between x and
its kth nearest neighbour in the set {x1,...,xy} satisfies

E(d2 (1)) = O (ﬁ) as M — oo (3.156)

Proof. By condition C.6 there exists some ¢ > 0 such that w,(r) > erd for all 0 <
r < ¢;. Hence, the radius h,(w) of the ball centred at x having probability measure w
satisfies h,(w) < (w/c)¥/9. By (3.146) we thus have that

1
E(d3y () < ek (M]; 1) / whre/d=1(1 — )yM=k=1q,, (3.157)
w=0

This integral is the Beta function with parameters k + «/d and M — k so

. —aal(k+a/d)  T'(M)
Edini@) < & = = T a7l

(3.158)
and the result follows by Lemma 3.7. O
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We would like to show that condition C.6 holds for all x € C'. Failing this, we might
settle for showing that C.6 holds for H%almost all z € C, in the sense that for some
¢ > 0, the set

C'={z € Clwy(r) <er? forsome 0<r<c} (3.159)

is of H% measure zero. While we have been unable to prove this, we have obtained a
weaker result where the ‘for some’ condition is replaced by a ‘for all’ condition.

Lemma 3.11. For any d >0 and 0 < ¢ < 1, the set
C"={z € Clw,(r) <er® forall 0<r<d} (3.160)

is of H-measure zero.

Proof. Let {U;}3° be any d—cover of C”. Then
HY(C") = H{C"NC) < HY(UU; N C) < HY(U(U;NC)) <Y HYU;NC) (3.161)

For each U; intersecting C” choose some x; € C” N U; and define B; = B, (|U;]) to be
the ball centred at z; having radius |U;|. Since z; € U; we have U; C B; and hence
(U; N C) C (B;N C). Furthermore, since |U;] < § it follows that H4(B; N C) < ¢|U;|*
by definition of x; € C”, so

HY(C") <Y HYB;NC)<c) |Uif* (3.162)

=1

Since {U;} is any d—cover of C”, taking the infimum of the RHS over all such covers
we get

HYC") < cHY(C') < cHY(C") (3.163)

and since ¢ < 1, this can only hold if H4(C") = 0 as required. O

3.9 Near neighbour distances for chaotic attractors

In the study of chaotic dynamical systems we often encounter sets of points that are
confined to regions of R™ having non—integral dimension.

3.9.1 Dynamical systems

A (discrete-time) dynamical system is defined by some subspace X C R™, called the
state space of the system along with a function f : X — X. Given an initial state
xo € X, the time evolution of the system is then described by the iterative equation
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where z; represents the state of the system at time ¢. For various initial points zg we
are interested in the behaviour of the sequences {z;}5°, as i increases. Such sequences
are called trajectories or orbits of the dynamical system.

A subset A C X is said to be invariant if f(A) C A. Invariant sets have the property
that whenever xg € A, the subsequent trajectory of the system remains confined to A
for all € N. A (minimal) closed invariant set C' C X is said to be an attractor of the
dynamical system if there exists some open neighbourhood V' of C' such that

e For any zy € V, the distance from z; to C' converges to zero as i — 00.

e For some xy € V, the closure of {z;}5° contains C.
The set V' is called the basin of attraction of C' and for any initial point xy € V', once
transient effects have diminished the trajectory of the system settles near one of its
attractors. If an attractor C has a fractal structure or exhibits sensitive dependence
on initial conditions (where nearby points in C' diverge under iterates of f) then the
dynamics are said to be chaotic. Such attractors often have non-integral dimension

and are commonly associated with dissipative dynamical systems, where volumes in
state space are contracted by time evolution.

3.9.2 The Hénon Map

The Hénon map f: R? — R? ([Hénon 1976]) with parameters a,b € R is defined by
f(z,y) = (a+ by — 2°, 2) (3.165)
and the time evolution of the associated dynamical system can be represented by

2
Tiy1 = a+ by; — x;

Yi+1 = T4

(3.166)

where (x;,y;) is the state of the system at time i. For a = 1.4 and b = 0.3 the
dynamics of the Hénon map are known to be chaotic, and its attractor is a fractal
set. This will serve as a test case for our investigations into the behaviour of certain
statistics associated with the Gamma test.

3.9.3 Probability measures on attractors

Let {z1,...,xp} be a time series generated by a dynamical system f : X — X
where X C R™ and suppose for simplicity that f has a single attractor, denoted by
C. Then C provides a global picture of the long-term behaviour of the system and
loosely corresponds to the ‘sample space’ from which the points x; are selected. The
distribution of the points z; on C'is determined by the dynamical system itself, along
with the initial state zg.
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In order to estimate the expected value of the distance between nearest neighbours in
the set {x1,..., x5} we need to define a probability measure on C. As we have seen,
the Hausdorff measure on C' is defined in terms of its geometric properties and thus
corresponds to a uniform density over the set. In general however, a typical trajectory
of a chaotic dynamical system is likely to visit some regions of its attractor more
frequently than others, in which case the points of the time series will not be uniformly
distributed over the attractor. It therefore becomes necessary to specify a measure on
C which takes such variations into account.

Invariant measures

Firstly, any measure defined on C' must be invariant under time evolution, i.e. for every
subset A of C' we have that p (f~*(A)) = p(A) where f~1(A) = {x e R™| f(x) € A}. Tt
is possible to construct many invariant measures on C, not all of which are particularly
useful. For example, the measure concentrated on an unstable fixed point satisfies
w(f1(A)) = u(A), but tells us nothing about the general time evolution of the system.

To describe the distribution of iterates on an attractor C', we need an invariant prob-
ability measure which describes how frequently various parts of C are visited by a
‘typical’ trajectory. In view of this, the natural invariant measure on C|, called the
residence time measure (see [Falconer 1990, page 263]), is defined by the time average

1 ¢
u(A) = lim MZ]A(%) (3.167)

where xg is a ‘typical’ initial state and I 4 is the indicator function for the set A. Clearly,
p is invariant since z; = f*(zo) € A if and only if z;_y = f!(x9) € f7'(A). Thus
1(A) represents the proportion of iterates which fall in A and p is concentrated on the
set of points to which the trajectory f*(zq) comes arbitrarily close infinitely often (so u
is supported by the attractor of f). As it stands however, the definition of x in (3.167)
depends on the initial state xg.

Remark: The “ergodic average” (3.167) need not converge for arbitrary measurable
sets A — we usually need that the boundary of A has measure zero.

The ergodic theorem

An invariant probability measure p may be decomposable into several different com-
ponents, each of which are again invariant. If not then p is said to be ergodic. The
following theorem (see [Falconer 1990, page 191]) asserts the existence of an ergodic
measure on the attractor of any dynamical system.

Theorem 3.3. If the compact set C' is invariant under the dynamical system f™ then
there exists an invariant ergodic measure p with support contained in C
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The fundamental property of ergodic measures is that a time average is equal to a
space average weighted by the ergodic measure.

Theorem 3.4 (The Ergodic Theorem). If u is ergodic then for any continuous
function g,

i, 3y 2ot = [ o) dnto) (3.168)

for almost all initial states xo with respect to .

In particular, taking g = I4 we have that for y—almost all initial states x,
]VIIILIIOOM Z]A ;) = / nes) (3.169)

As with (3.167), to ensure that (3.169) converges we usually need that the boundary
of A has measure zero. Further details regarding ergodic theory can be found in the
original paper of [Birkhoff 1927] and also [Ott 1993).

3.9.4 Near neighbour distances on chaotic attractors

Theorems 3.3 and 3.4 ensure the existence of invariant measures defined by time aver-
ages for p—almost all initial conditions zy where p is defined in (3.167). In view of this
we may define the probability measure of the ball B,(r) in R™ by

wa (1) :A}EHOOMZIBI (i) (3.170)

By the Poincaré Recurrence Theorem [Falconer 1990], if « is a point on the attractor
then the trajectory fi(zo) comes arbitrarily close to x infinitely often. This suggests
that perhaps w,(r) > 0 for small r > 0, provided w, is defined carefully.

We propose the following analogue of Conjecture 3.1.

Conjecture 3.2. Let k > 1 be a fized integer and let {z1,...,xp} be a time series
representing a trajectory of a dynamical system f having attractor C' C R™. Then if
x € C satisfies condition C.4 with w,(r) as defined in (3.170),
o c
E(dyy () ~ e M — oo (3.171)

where ¢ = c(a, k,d, f) and d can be interpreted as the fractal dimension of C.

Remark: If this conjecture holds, it may provide a useful method of estimating the
fractal dimension of a chaotic attractor.
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Table 3.1: Scaling behaviour of dy;(k) as M increases.

(SM(]C) ~cMP
Uniform distribution Hénon Map
Experimental Theoretical Experimental

k c I5] c I6] c I}
1 10.32159 | 1.00087 || 0.318309 | 1.0 || 7.06533 | 1.59765
2 1 0.68335 | 1.00629 || 0.636619 | 1.0 || 24.6000 | 1.62701
3 1 1.03724 | 1.00711 || 0.954929 | 1.0 || 51.4725 | 1.64240
4 1 1.40184 | 1.00817 || 1.273239 | 1.0 || 85.8252 | 1.65035
5 | 177714 | 1.00935 || 1.591549 | 1.0 || 129.529 | 1.65781
6 | 2.14373 | 1.00970 || 1.909859 | 1.0 || 178.568 | 1.66184
7 | 2.52942 | 1.01069 | 2.228169 | 1.0 || 235.310 | 1.66521
8 291086 | 1.01125 || 2.546479 | 1.0 || 295.118 | 1.66679
9 |3.30097 | 1.01193 || 2.864788 | 1.0 || 351.112 | 1.66556
10 | 3.68841 | 1.01239 || 3.183098 | 1.0 || 416.175 | 1.66573

3.10 Experimental results

We examine the rate at which the mean squared kth nearest neighbour distance 6 (k)
converges to zero as the number of points M increases.

log(3,(k)) log(3,(k))

k=3
S12 e k=2
k=1

9.5 10 10.5 11 115 log™) 95 10 10.5 11 115 logM)

Figure 3.7: Graph of log(d/(k)) against Figure 3.8: Graph of log(d/(k)) against
log(M) for the uniform distribution. log(M) for the Hénon map.

For each k in the range 1 < k < 10 we compute the pairs (log(M),log(da(k))) as
M increases from 1000 to 100000 in steps of 1000. Figures 3.7 and 3.8 show plots of
log(dr(k)) against log(M) for the uniform distribution and the Hénon map (3.165)
with a = 1.4 and b = 0.3 respectively. Performing linear regression on these points we
obtain the results shown in Table 3.1.

The theoretical values for the uniform case are provided by Theorem 3.2 and while the
results are encouraging we should remark the errors in estimating the constant (which
must be exponentiated from the least squares fit) are very high.

Note that given Conjecture 3.2, the scaling exponent of approximately 1.6 for the
Hénon map in Table 3.1 would suggest a fractal dimension of approximately 1.25. This
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is close to the published estimates which tend to be around 1.26 [Falconer 1990, page
180].

3.11 Summary

We have estimated the asymptotic behaviour of the moments of the kth nearest neigh-
bour distance distribution under quite general hypotheses. Although a result of this
type for the first moment of the distribution under uniform sampling has previously
appeared, this result was subject to the assumption of periodic boundary conditions.
Using the novel technique of boundary shrinking suggested by W. M. Schmidt we have
removed the assumption of periodic boundary conditions and generalised the result to
all moments and arbitrary smooth positive sampling densities.

This raises the possibility of using an inversion technique to construct an asymptotic
form for the actual kth nearest neighbour distance distribution on M points. This
involves technically difficult issues which we shall not pursue here.

We conjecture that such asymptotic results may be true under even more general
conditions, where the sampling is driven by an ergodic process over a chaotic attractor
of zero Lebesgue measure and positive Hausdorff dimension in R™. The further pursuit
of these questions would raise some rather difficult issues and would somewhat divert
us from the immediate goal of proving the Gamma test. Still, the fact remains that
if such asymptotic results could be established they might be helpful in extending the
provable range of applicability of the Gamma test and may also provide a route to an
efficient O(M log M) algorithm for estimating Hausdorff dimension.
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| 4
Chapter

Near neighbour geometry

4.1 Introduction

The primary objective of this chapter is to establish certain geometric results that
assist us in dealing with the various sums of dependent random variables identified
in Chapter 2. In pursuing this goal we find ourselves studying the directed graphs
obtained by joining each point in a set of points {@1, ..., x5} C R™ to its kth nearest
neighbour in the set — we call these kth near neighbour graphs. For our purposes we
are mainly interested in random kth nearest neighbour graphs where the points are
chosen from R™ according to some sampling distribution . Whether random or not,
these graphs are of considerable interest in their own right.

The result from this chapter required for the proof of the Gamma test is Theorem 4.1
which gives an explicit bound for the number of points that can share a common kth
nearest neighbour. This result may also be of interest in coding theory.

Having spent some time in Chapter 3 developing techniques for dealing with boundary
effects when computing the expected distance between kth nearest neighbours in a
set of M points it seems appropriate to further illustrate the power of these methods
by addressing the rather different but related question of determining the expected
number of connected components in a random first nearest neighbour graph. This we
do in section 4.5 where we are able to establish a precise asymptotic formula for the
number of components in the case of a uniform sampling distribution. These results
are also confirmed experimentally.

4.2 Nearest neighbour graphs

The kth nearest neighbour graph associated with a set of points {x1,...,z)} C R™
is defined to be the directed graph G = G(V, E) where the vertex set V' is the set of
points itself and the edge set £ contains the directed edge (x;, x;) if and only if z; is
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the kth nearest neighbour of x;. Note that if z; is the kth nearest neighbour of x;, this

does not necessarily imply that z; is the kth nearest neighbour of z;.

In Figure 4.1 we plot the first nearest neighbour graph for a set of 500 points selected

uniformly at random from the unit square [0, 1]%.

17 . = ‘k‘ — T = —1
[ - — /7 N ; /‘47 : i\ < ]
0.5 ] ~y L > ,A’ 0 (N P <
, NS ! :
- \ }1” N z o /\T \\
0.6 \ Z, KH7N ! , e ot L -
i e — = L_\ —_—
:\ : -~ \i < /< -L.iﬁ-/' //7'X A\ \
TS /‘;l:—é e P TN TN
02/\ /*(’};’\ L ?\/{\\f N [""' N
L [\‘ o
= Po_dz—L/ 0. 4 o6 o8 1

Figure 4.1: The first nearest neighbour graph for 500 uniformly distributed points in [0, 1]2

(Courtesy of Dr A.P.M. Tsui)

Figure 4.2 shows a single connected ‘component’ of a first nearest neighbour graph,
where the word ‘component’ refers to the underlying undirected graph and A — B

means that ‘B is a nearest neighbour of A’.

— .\o/’

Figure 4.2: A connected component of a first nearest neighbour graph.

Using geometric methods we show that the maximum in-degree of any vertex in the
kth nearest neighbour graph (subsequently called simply the maximum degree of a
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vertex) is bounded above by some constant that is independent of the total number of
points M. This result will be used in subsequent chapters to control the dependence
between certain random variables associated with the Gamma test.

4.3 The maximum vertex in—degree

The following result [Bickel and Breiman 1983] shows that the maximum degree of any
vertex in a first nearest neighbour graph remains absolutely bounded as the number of
points increases to infinity.

Lemma 4.1. For any set of distinct points x1,...,xy in R™, any point x; can be the
nearest neighbour of at most some finite number N(m) other points, where N(m) is
independent of the number of points M.

Proof. Let S(z;) denote the surface of the unit sphere in R™ centred at x;. Since S(z;)
is compact there exist disjoint sets Sy,..., Sy with

N(m)
Sz = J S (4.1)
j=1
such that for every 1 < j < N(m),

la —b| <1 for all a,beS; (4.2)

From this partition we define a set of disjoint cones
C;={zi+Xala e S;,\>0} 1<j<N(m) (4.3)

having x; as their common peak.

X

Figure 4.3: If z; is the nearest point to z; in the cone Cj, then any other point 1‘; in Cj
must be closer to x; than it is to z;.

To prove the lemma we show that at most one point from each C; can have z; as its
nearest neighbour. Let z; be a closest point to z; in C; and let x; be another point in
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C;. We claim that x; is closer to x; than it is to x; and cannot therefore have z; as its
nearest neighbour. To this end let

rj—x; = Ma forsome a€S; and A >0

vy —x; = pb forsome beS; and pu>0 (44)

where 0 < A < p. Then |2} — ;| = |ub — Aa| which we write as
A A
x'-—x-zu'(l——)b——a—b‘ 4.5
|25 — 25 . M( ) (4.5)
from which it follows that

A A
x’»—mg,u((l——)b—i-—a—b) 4.6
|75 — . |b] M’ | (4.6)

Since a,b € S; it follows that |b| =1 and |a — b] < 1 so

A A
ol < ((1-2)+2) =u=lei - o) (47)

Hence x; is closer to x; than it is to x; and cannot therefore have x; as its nearest
neighbour. Thus there can be at most one point in each cone C; having x; as its
nearest neighbour, as required. [

While Lemma 4.1 is a step in the right direction, it does not specify how large the
maximum vertex degree N (m) is likely to be in any given dimension m. A quantification
of this maximum vertex degree may obtained using the notion of kissing numbers.

4.4 Nearest neighbours and the maximum kissing
number in R

A sphere packing in any m—dimensional space is a collection of disjoint open spheres of
unit radius, and the kissing number of any sphere S is the number of open unit spheres
in the packing that share a common tangent with S. In a lattice packing, each sphere
has the same kissing number. The maximum kissing number in R™, denoted by K (m),
is the largest kissing number that can be attained by any packing of m—dimensional
spheres. K (m) is known exactly in only a few dimensions: K(1) = 2, K(2) = 6,
K(3) =12, K(8) =240 and K (24) = 196560.

The following lemma gives upper and lower bounds for the maximum kissing number
in R™, found in [Kabatiansky and Levenshtein 1978] and [Wyner 1965] respectively.

Lemma 4.2. The mazimum kissing number K(m) in R™ satisfies

90.2075m(1+o(1) < K(m) < 90.401m(1+0(1)) (4.8)

Data Derived Estimates of Noise for Smooth Models Dafydd Evans



4.4 Nearest neighbours and the maximum kissing number in R™ 86

The following lemma [Zeger and Gersho 1994] shows that the degree of a vertex in any
first nearest neighbour graph in R™ is equal to at most the maximum kissing number
in R™.

Lemma 4.3 (Zeger and Gersho). The mazimum number of points in R™ that can
share a common nearest neighbour is equal to the maximum kissing number in R™.

Proof. Suppose we have a set of N > K(m) distinct points {z1,...,zy} having a
common nearest neighbour ¢. Let d; = |z; — ¢|, d = min{d; : 1 <i < N} and define

o (59 ()

so that each point y; lies on the sphere of radius d centred at ¢ (see Figure 4.4). We

..x4

\-.

Figure 4.4: The vectors x; — ¢ are scaled so that they all have the same length d.

claim that |y; —y;| > d for each i # j. Let i # j and suppose without loss of generality
that

o — el < Jo; — el < i — ] (4.10)
Using the identity
2xi—c) - (v;—c) = |z; —c]* +|x; — | — |z — 3] (4.11)
we get
2w —c) - (x;—c) < df < did; (4.12)
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where the second inequality follows by (4.10). By definition of y; and y;,

22
dyd,

20 =) (yy =) = —— (w7 =) - (x; = ¢) (4.13)

so by (4.12) we have that 2(y; — ¢) - (y; — ¢) < d*. Hence, using the identity

i = yil* =y — cl* + [y; — e’ = 2(yi — ) - (y; — ©) (4.14)
it follows that |y; — y;|* > d?, which proves the claim.

The set {y1,...,yn} is therefore a set of N > K(m) distinct points, all of which are
located at a distance d from ¢ and which are all at least a distance d apart. Thus
we can place a set of N non—overlapping spheres of radius d/2 centred at each y; and
each of these will be tangent to the sphere of radius d/2 centred at ¢, contradicting the
fact that the sphere of radius d/2 centred at ¢ can have at most K(m) such tangent
spheres. Hence N < K(m) as required. O

We now extend Lemma 4.3 to obtain an upper bound on the maximum number of
points in R™ that can share a common kth nearest neighbour and in this way we get
an upper bound on the maximum degree of a vertex in any kth nearest neighbour
graph in R™.

Theorem 4.1. The mazimum number of points F(m, k) in R™ that can share a com-
mon kth nearest neighbour satisfies

F(m,k) < kK(m) (4.15)
where K(m) is the mazimum kissing number in R™.

Proof. Suppose that F(m, k) > kK (m) and let S = {x1,...,2;} be aset of t > kK (m)
points in R™ having a common kth nearest neighbour c.

First we choose a; to be a point of S which is furthest away from c,
oy —c| > |z; —c| forall z;€8 (4.16)

and define S; C S to be the set of points in S that are strictly closer to o than c is to
aq, i.e.

Si={x; €S :|a; —z;| <|ag— |} (4.17)

Then S; contains at least one point (namely «; itself) and since c¢ is the kth nearest
neighbour of ay it follows by definition of kth nearest neighbours (Section 1.7) that S
contains at most k& points. Hence, the cardinality of S satisfies 1 < |S1] < k.

Next we eliminate the points of S; and choose ay € T} = S\ 57 among the remaining
points to be a furthest point away from ¢, as illustrated in Figure 4.5. We then define

Sy ={z; € S\T1: |ag — zj| < |ag — |} (4.18)
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B(c,

a, - C‘)

Figure 4.5: a5 is the furthest point away from ¢ that is not contained in the open ball
B(aq, loaq — ).

whose cardinality again satisfies 1 < |S3| < k. Since ap € T it follows that a; # o
and oy — ¢ < |ay — ap|. By construction we also have |y — ¢| < |a; — ¢| and hence

lag — | < |lag —¢| < |ag — ag| (4.19)

We continue this process, after n steps obtaining the sequence of disjoint sets Sy, ..., S,
and a corresponding set of distinct points {ay,...,a,}. If T, = S\ UL,S; is empty,
the process terminates. Otherwise we choose a1 € T}, to be a point which is furthest
away from ¢ and define

Sni1 =A{z; € S\ Ty, : |ans1 — 25| < o1 — [} (4.20)

so that 1 < |S,41] < k as above. Since a,, 41 € T, then a,,; is distinct from each point
in the set {ay,...,a,} and furthermore, |a; — ¢| < |a; — a1 for each 1 <i < n. By
construction we also have that |a, 11 — ¢| < |a; — ¢| for each 1 < i < n and hence

lapnir — ¢ < |apyr —ay] foreach 1<i<n (4.21)

The condition |S,| > 1 means that at least one point is eliminated at each stage
and hence the process must eventually terminate, say after N steps where N < t.
Furthermore, since |S,| < k for each n, at most k points are eliminated at each stage
so it also follows that N > t/k.

By hypothesis we have assumed that ¢ > kK (m) so it follows that N > K(m). Thus
we have a set of N > K(m) distinct points {a, ..., a,} which by construction, have
the property that |o; — ¢| < |a; — ;| for each 1 <i # 5 <n.

Hence the point ¢ is the first nearest neighbour of the N > K (m) points «;. This
contradicts Lemma 4.3 which asserts that at most K(m) distinct points have this
property and we conclude that F(m, k) < kK(m) as required. O

Theorem 4.1 is all we need in this regard for the proof of the Gamma test in Chapter 7.
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4.5 Expected number of components in a first near-
est neighbour graph

We derive an expression for the expected number of connected components® in the first
near neighbour graph of a set of points selected uniformly at random from a compact
convex body in R™. Our result is based on the observation, found in [Eppstein et al.
1997], that every component of a first nearest neighbour graph contains exactly one
pair of vertices that are nearest neighbours of each other. For completeness we include
a proof of this observation.

Lemma 4.4. Every connected component of a first nearest neighbour graph has exactly
one pair of vertices that are nearest neighbours of each other.

Proof. Let G be a (directed) first nearest neighbour graph having vertices X7, ..., Xy,.
Let H be a (simply) connected component of G. We show that H contains exactly one
cycle and that the length of this cycle is equal to 2.

Suppose that H has N vertices (N < M). By definition, each X; has exactly one nearest
neighbour so H contains exactly N arcs. Since H is (simply) connected, N —1 of these
arcs must be such that they form a spanning tree for the underlying (undirected) graph
of H. Thus follows that H contains exactly one directed cycle. The cycle is directed
because each vertex of H has exactly one arc directed away from it (i.e. towards its
unique nearest neighbour). Furthermore, since a vertex cannot be its own nearest
neighbour the length of the cycle must be greater than 1.

Suppose that the length of the cycle is equal to n > 3. Letting ¢ denote an appropriate
permutation of the index list 1,..., M we represent the cycle by

Xg(l) NNXU(Q) NN ... NNXU(n) NNXU(l) (4.22)

where the symbol ‘NN’ represents the ‘is the nearest neighbour of” relation (not that
this relation is not necessarily symmetric). If we define o(n + 1) = (1), this can be
summarised by saying that X, is the nearest neighbour of X(;41) for each 1 <4 < n.
Clearly,

[ Xo@) = Xo| < [Xo@) = Xom|  since  Xoa)NNXo
|XU(3) — XJ(2)| S |XU(3) — XU(4)| since XO—(Q) NNXU(g)
|XU(1) — Xg(n)| S |XU(1) — XU(2)| since Xg(n) NNXU(l)
and hence
1 Xo2) = Xo)] = [Xo@) = Xo@)| = - = [Xom) = Xom-1| = [Xoq) = Xom|  (4.23)

Thus each vertex X, ;) is equidistant from its nearest neighbour X,;_;) and the point
Xo(i+1) having X, ;) as its nearest neighbour, i.e.

|Xa(i) — Xg(i_l)’ = |Xa(z) — ch(i—&—l)’ for all 1 < 1 <n (424)

IThe components in question are those of the underlying undirected graph.
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Let o(j) = min{o(i) |1 < i < n} and consider the nearest neighbour X,(;_1) of X,;).
As we have seen, the distance between the nearest neighbour X, (;_s) of X,(;_1) is equal
to the distance between X,(;) and X,(j_1). However, by definition the index o(j) is
(strictly) less than the index o(j — 2), contradicting the fact that X,(;_o) is the nearest
neighbour of X,(;_;). Thus the cycle must be of length 2, as required O

Remark: That Lemma 4.4 does not hold for general kth nearest neighbour graphs
(i.e. k > 1) is illustrated in Figure 4.6, where each arrow points to the second nearest
neighbour of its starting point.

o
<«

Figure 4.6: A connected component in a second nearest neighbour graph

4.5.1 Preliminaries

Let X] = Xpyp,1) denote the (first) nearest neighbour of X; in the random sample
X = (Xy,...,Xy). By Lemma 4.4, we need to determine the conditional probability
that X; is the nearest neighbour of X!, given that X! is the nearest neighbour of X;.

Remark: For a set of points selected from R™ according to any well behaved sampling
distribution, an explicit expression for the probability that a point is the jth nearest
neighbour of its own kth nearest neighbour appears in [Henze 1987]. Related results for
point processes can be found in [Henze 1986], [Pickard 1982] and [Cox 1981]. The work
of [Henze 1987] is considerably more general than that presented below — we consider
only the case j = k = 1 for a uniform distribution. We do however give asymptotic
results with error terms as M — oo.

Let N = N(X) be the number of components in the first nearest neighbour graph
of the random sample X and let X; NN X/ represent the event that X; is the nearest
neighbour of X!. Then

E(N) = %M P (X X)) (4.25)

For every x € C' let
o(z) = P(X;nw X! | X; =) (4.26)

be the conditional probability that X, is the nearest neighbour of X/ given that X;
takes the value z, so that

P(X X)) = / o (2)6(x) da (4.27)

zeC
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For every x € C' and for all 0 < r < ¢; let
uy(r) =P(X;nw X | X =, | X — Xi| =) (4.28)
be the conditional probability that X; is the nearest neighbour of X given that X,
takes the value x and that the distance from X; to its nearest neighbour is equal to r.
As in (3.24) of Chapter 3 we define
(r) = P(|X] = X;| <r|X; =) (4.29)

to be the conditional distribution function of the first nearest neighbour distance of X;
given that X; takes the value z, so that

o(z) = /O " () dgu(r) (4.30)
By Lemma 3.3,

o) = (M — 1) / e (7)1 — ()M d(r) (4.31)

We seek to express u,(r) in terms of w,(r) so that the integral may be evaluated by
changing the variable of integration from r to w = w,(r).

4.5.2 Boundary effects

If X! takes a value near the boundary of C' then the probability that X; is the nearest
neighbour of Xj is likely to be greater than it would be if X; and X were both located
away from the boundary. Under certain circumstances it may be that this probability
is equal to one (i.e. that X; is certain to be the nearest neighbour of X!) so the only
thing we can say for sure regarding o(z) is that it satisfies |o(z)| < 1.

Let 0 < d < ¢; and let B C C denote the boundary region of width 24, defined to be
the set of points in C' that are within distance 20 of the boundary. Let A = C'\ B be
the corresponding interior region and write

P(XiNNX,L{):/ o(z)p(x) dx+/ o(z)p(x)dx (4.32)

z€EA r€EB

By Lemma 3.1 there exists some constant 0 < ay < oo such that |¢(x)| < aq for all
x € C. Furthermore, by condition C.3 there exists some constant 0 < c3 < oo such
that u(B) < ¢36. Since |o(z)| < 1 it thus follows that the second integral in (4.32) is
bounded above by asced and hence

P(X;nN X)) :/ o(z)p(x)dx +O(5) as M — oo (4.33)

z€EA

As in Lemma 3.9 we show that for every x € A and for suitable § — 0 as M — oo, the
error incurred by evaluating the integral in (4.30) over [0, §] rather than [0, ¢1] becomes
exponentially small as M — oc.
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Lemma 4.5. Let 0 <e < 1/m and § = 1/M¢°. Then for all x € C' and every > 0,

1

)
o) = (O =1) [ )1~ ar) 2 dntr) 40 (5] s Moo (430

Proof. Let

16) = (M~ 1) / " a (7)1 = ()M (1) (4.35)

Since w,(r) is monotonic increasing in r and w,(r) > ¢;7™ for all = € C it follows that
1 —we(r) <1—cg0™ forall o <r <e.

Since 0 < u,(r) <1 and § > 0 we therefore have that
I(0) < cy(M —1)(1 — ¢cg6™)M—2 (4.36)

and substituting for 6 we obtain

Cy \M-2
<=1 (1- =) (4.37)
Hence, since 0 < me < 1 we can apply Lemma 3.4 and the result follows. O
4.5.3 The probability wu,(r)
Let z,y € C and define
{(z,y) =P(X;nn X! | X, =2, X] =) (4.38)

Let X = (Xy,..., X)) be arandom sample in which X; takes the value z and X takes
the value y, and consider the ball B,(|x — y|) centred at = having y on its boundary.
Since X/ is the nearest neighbour of X; it follows that B, (|z—y|) is empty, i.e. B,(|x—y|)
contains no other point of the sample.

Now consider the ball By(]z — y|) centred at y and having z on its boundary. As
illustrated in Figure 4.7 the probability £(z,y) that X; is also the nearest neighbour of
X is equal to the conditional probability that B, (|x —y|) is empty given that the ball
By(|z —yl) is empty,

E(x,y) = P(By(|$ —y|) is empty | B.(|x —y|) is empty) (4.39)

Using the identity P(A| B) = P(AN B)/P(B) for conditional probabilities we obtain

P(B.(lz —y)) U By(|z — yl) is empty)
P(B:(|lz —yl) is empty)

§(z,y) = (4.40)
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Figure 4.7: If y is the nearest neighbour of z, then z is the nearest neighbour of y if and
only if the shaded region contains no other point of the sample.

The probability that B, (|z — y|) is empty is the probability that the remaining M — 2
points of the random sample X = (X7, ..., X)) fall outside B,(|x — y|).

Let C,(r) denote the boundary of the ball B,(r),
Co(r) ={y € C[|lz —y| =} (4.41)

By (4.28) and (4.38) we see that u,(r) is the expected value of &(x,y) over C.(r).
Writing this as

un(r) = E(&(x,y) |y € Cu(r)) (4.42)

we thus obtain

o(x)=(M—-1) /061 E(S(x,y) |y € C’x(r))(l — we (MM2 dw, (1) (4.43)

For every y € C,(r) the probability that B,(|x — y|) is empty is the probability that
B,(r) is empty. Hence the probability that X, takes a value outside B,(r) is equal to
1 —w,(r) so

P(B,(Jx —y|) is empty) = (1 — w,(r))"2 forall ye& Cyu(r) (4.44)

Let a(z,y) be the probability measure of B,(|z — y|) U B, (| — y|), given by

oz, y) = / o(1) dt (4.45)
Ba (|lz—y)UBy (lz—yl)

so that

P(B, (e —yl) U By(|lz — y]) is empty) = (1 — a(x, )"~ (4.46)
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By (4.39) and (4.44) we obtain

(- eyt
R N I

for all y e Cy(r) (4.47)

Since w,(r) is constant over C,(r), by (4.42) we have that

5((1 — afx,y))M2 } y € Cz(r))
(1 — wy(r))M—2

(4.48)

Uz (r) =

Hence by (4.43) it follows that

o) = (M — 1) /0 " () dwa(r) (4.49)
where
ve(r) = 8((1 — afx,y))M2 ‘ y € C:C(T)) (4.50)

and thus we seek to express v,(r) in terms of w, (7).

4.5.4 The Lebesgue measure of a circle pair

The circle pair associated with a pair of points z,y € R™ is defined to be the set
B, (| — y|) U By(|x — y|) — this is the union of the ball centred at x having y on its
boundary and the ball centred at y having x on its boundary.

Let

p(Ba(lz —yl) U By(|z — y]))
#(Ba(|z = yl))
denote the Lebesgue measure of the circle pair B, (|z — y|) U B, (| — y|) expressed as

a proportion of the Lebesgue measure of B, (|x — y|). Note that 1 < n < 2 provided
x # y. Simple geometric arguments lead to the following.

n=n(m) = (4.51)

Lemma 4.6. For every x,y € R™,
/3
(B (r) N By(r)) = 2Vm1rm/ sin™ 6 df (4.52)
0
where V,,_1 is the volume of the unit ball in R™1.

The value of n(m) is given by the following.

Lemma 4.7.

m /3
n=2 (1 - \/%1;%72 +/ 33 7 /0 sin™ 9d9> (4.53)
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Proof. Let x,y € R™ and define r = |x — y| so that

p(B:(r) U By(r))

0= (4.54)
p(Be(r))
Let V,,, be the volume of the unit ball in R™ and consider
p(Be(r) U By(r)) = p(Ba(r)) + u(By(r)) — p(Bu(r) N By(r)) (4.55)
Clearly, (B, (7)) = u(By(r)) = V;,r™ and by Lemma 4.6 we have that
/3
(B (r) N By(r)) = 2Vm_1rm/ sin™ 0 df (4.56)
0
Hence by (4.55) we obtain
V. . w/3
p(By(r) U By(r)) =2V,,r™ [ 1 — ‘n; / sin™ 0 do (4.57)
m Jo
and since p(Bg(r)) = V,,r™, the result follows by (4.54) and the formula V,, =
72T (1 +m/2). O

We omit the proof of the following elementary result which facilitates direct computa-
tion of 1 from Lemma 4.7.

Lemma 4.8. If
w/3
I, :/ sin™ 6 df (4.58)
0

then

e (1) e (9) (459

with I, = 1/2 and I, = 7/6 — \/3/8.

4.5.5 Theorem for uniform distributions

By Lemma 4.5 and (4.33) we can restrict our attention to the case where x € A and
0 <r < § in which case for every point y € C,(r) the region B,(r)UB,(r) is completely
contained in C'. If the points are selected from C' according to a uniform distribution
it thus follows that

a(w,y) = nw(r) = nVur™ (4.60)
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Theorem 4.2. Let X = (Xy,..., X)) be a random sample of independent and uni-
formly distributed random variables X; taking values in the set C C R™ where u(C) = 1
and C satisfies conditions C.1, C.2 and C.3 of Chapter 3. Let N be the number of
connected components in the first nearest neighbour graph of X. Then for every p > 0,

1 1 1
Proof. We need to show that
1
P(X;nWX]) =—-+0(5) as M — oo (4.62)
n

where § = 1/M/m=r.

Let A = C'\ C(20) be the set of points in C' whose distance from the boundary is at
least 26. By (4.33),

P(X;nN X)) :/ o(z)p(x)dx +O(5) as M — oo (4.63)

z€EA

where
o) = (M —1) /0 " () dwa(r) (4.64)
and

va(r) = E((1 — alz,y)" 2|y € Cu(r)) (4.65)

Let z € A. Then for every 0 < r < § the circle pair B,(r) U B,(r) is completely
contained in C' so by (4.60) it follows that

a(x,y) = nw,(r) for all y € C,(r) (4.66)
and since this is independent of any particular y € C,(r) we have that

ve(r) = (1 — e (r)M 2 forall 0 <r < § (4.67)

Substituting this into (4.30) we get

o) = (M —1) / (1= ()2 s () (4.68)

and changing the variable of integration from w,(r) to w we obtain

o(z) = (M — 1)/0 (1 —nw)M? dw (4.69)
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which we write as

o(x) = ——/0 (M —1)(1 — nw)M2(—n) dw (4.70)

Recognising the integrand as the derivative of (1—nw)™~! with respect to w we evaluate
the integral to obtain

o(a) = (1= (1= (471)

Since 1 < n < 2 it follows that |1 — 7| < 1 so the (1 —7n)™~! term converges to zero
exponentially fast as M — oo, i.e. for every > 0,

o(z) = % +0 (#) as M — o (4.72)

Since this is independent of = then by uniformity we have by (4.63) that

P(Xin X!) = %M(A)O(d) as M — o (4.73)

Finally, since A = C'\ B, u(C) = 1 and pu(B) = O(d) (condition C.3) we have that
pu(A) =1—0(6) and hence

P(X;nw X)) = ! +0(0) as M — oo (4.74)
n

as required. O

Using Lemma 4.7 and Lemma 4.8 we compute the first few values of  and !, shown
in the following table. These values have also been confirmed experimentally for each
1 < m < 10 by performing five experiments, each time generating M = 1000 points
uniformly at random in the unit hypercube in [0,1]™ and counting the number of
components in the associated first nearest neighbour graphs, then averaging over all
experiments. The results are shown in Table 4.1.

Table 4.1: Theoretical and experimental values of P(X;NNX]).

m 1 2 3 4 ) 6 7 8 9 10

n 1.5 | 1.609 | 1.688 | 1.747 | 1.793 | 1.830 | 1.859 | 1.883 | 1.902 | 1.918
n~t 1 0.667 | 0.623 | 0.593 | 0.572 | 0.558 | 0.547 | 0.538 | 0.531 | 0.526 | 0.521
Expt || 0.663 | 0.624 | 0.594 | 0.573 | 0.534 | 0.539 | 0.526 | 0.506 | 0.495 | 0.492
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4.5.6 Difficulties with the non—uniform case

In [Henze 1987] we find an analogue of Theorem 4.2 for point sets selected according
to non—uniform sampling distributions. However, the methods we have developed in
this section cannot be easily extended to encompass non—uniform distributions. Recall
that for the uniform case we have the exact expression

e (r) = (1 = (r)M 2 for all 0 < r < § (4.75)

For the non—uniform case, using the mean value theorems of the integral and differential
calculus it can be shown that

alz,y) =nw(r)(14+0(r)) as r—0 (4.76)

for every y € C,(r) and since this is independent of any particular y € C,(r) it follows
that

V(1) = (1 = nw.(r) + O(rN)M 2 as r—0 (4.77)

Furthermore, since we need only consider r in the range 0 < r < § = 1/M*€, in contrast
to (4.67) we now have

vy(r) = (1 —n(r) + 0 (]\}))M_Q as M — oo (4.78)

From here we see that the error associated with this approximate expression for v,(r)
in terms of w,(r) grows exponentially as the number of points M — oo. This error
will therefore dominate the leading term in any (polynomial) asymptotic expansion of
o(x), and consequently of P(X; NN X]), in terms of the number of points as M — co.

4.6 Summary

In this chapter we have developed an analysis of near neighbour graphs of which only
Theorem 4.1 is explicitly required for the proof of the Gamma test in Chapter 7. We
have also used the technique of ‘boundary shrinking’ developed in Chapter 3 to establish
an asymptotic formula for the expected number of components in a random first nearest
neighbour graph for which the points are sampled uniformly from a set C C R™
satisfying conditions C.1,C.2 and C.3. This result is also confirmed experimentally.

In the next two chapters we turn our attention to establishing the required asymptotic
upper bounds on the variance of terms Ay (k), By (k) and Cy(k) that arise from the
decomposition of 7y, (k) specified in Chapter 2.
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Craprer
Chapter

L—dependent random variables

5.1 Introduction

In this chapter we establish some quite elegant statistical results that allow us to obtain
the required upper bounds on the variance of terms Ay (k) and By (k).

By hypothesis, each component variable R; of the random noise sample R =
(Rq,...,Ry) is independent of every other R; and also of the random point sam-
ple X = (Xi,...,Xy). The terms (Ryp — Ri)? of the sum Ay (k) are therefore
statistically independent of one another unless they share a common subscript. By
Theorem 4.1 this means that any one term in the sum A,/(k) can be statistically
dependent on at most some fixed number of other terms that is independent of the
sample size M. Consequently, it is relatively straightforward to obtain the required
upper bound on the variance of Ay (k) and as we shall see in Chapter 7, similar notions
are sufficient to establish an adequate upper bound on the variance of By (k).

5.2 A weak law of large numbers for independent
random variables

The weak law of large numbers for independent random variables is a result of classical
probability theory. Let Y = (Y7,...,Y)y) be a random sample of independent and
identically distributed random variables Y;, each defined on the probability space C
and having common mean and variance p and o2 respectively.

The sample mean of the random sample Y € CM is defined by

| M
YM:M;Yi (5.1)
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and is itself a random variable on the sample space C M Since the component variables
Y; are identically distributed, the ezpected value of Yy, over all random samples Y € CM
is given by

EVur) = 37 > E0D) = 1 (5.2)

The following lemma gives the variance of Y.

Lemma 5.1. LetY = (Yi,...,Yy) be a random sample of independent and identically
distributed random variables having common mean and variance p and o respectively.
Then

_ 0-2

Var(Yy) = U (5.3)
Proof. Without loss of generality suppose that p = 0 so that Var(Yy) = £(Y2), and

write this as
Var(Yu) = 35 | 2 €0 + > E07Y)) (5.4)

Since the Y; are identically distributed, £(Y;?) = ¢ for all 1 < i < M. Furthermore,
since the Y; are independent with £(Y;) = 0 it follows that £(Y;Y;) = £(Y;)E(Y;) = 0
for all 1 <i# j < M. Hence Var(Yy;) = 0%/M as required. O

Using Chebyshev’s inequality (Lemma 2.1) we obtain the following result of classical
probability theory, known as the the weak law of large numbers for independent and
identically distributed random variables.

Corollary 5.1. Let Yq,...,Yy be a sample of independent and identically distributed
random variables having common mean and variance u and o? respectively. Then for
every € > 0,

2

P(|[Yy —ul >¢) <
(W= > 0) <

(5.5)

and if 0® < 0o, the sample mean Yy, converges in probability to its expected value ju as
M — oc.

Proof. Apply Chebyshev’s inequality to the random variable Yj; and apply the defini-
tion (2.21) of convergence in probability. O

The following result quantifies the rate at which the sample mean Yj; converges in
probability to its expected value p as M — oc.
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Corollary 5.2. For every k > 0,

— 1
with probability greater than 1 — O(1/M?**) as M — occ.
Proof. Taking € = 1/M'/?>=* in Corollary 5.1,

— 1 o?
P |Yy—pl> T < e (5.7)
and hence
_ 1 1
as required. O

5.3 A weak law of large numbers for L—dependent
random variables

We now generalise the results of Section 5.2 to a class of dependent random samples
where for every component variable Y;, there exist some fixed number of other compo-
nent variables Y; such that Y; is independent of any subset of Y7, ..., Yy not containing
one or more of these Y;. More precisely, let L > 1 be a fixed integer (independent of
M). A random sample Y = (Y7,...,Y),) of identically distributed random variables is
said to be L—dependent if for every 1 < ¢ < M, there exists a subset V; C {1,..., M}
of cardinality |V;| < L + 1 and which contains i, such that for every U C {1,..., M}
with V; N U = 0 we have that Y; is independent of {Y; : j € U}. Note that the case
L = 0 corresponds to a random sample of independent random variables.

Lemma 5.2. Let Y = (Y1,...,Yy) be a random sample of identically distributed L—
dependent random variables having common mean and variance ji and o respectively
and define

- L3y, (5.9)
M =1
Then
Var(Yy) < % (5.10)

Proof. Without loss of generality suppose that = 0 and consider

M

Var(¥in) = E(V) = 35 | SE0) + 3 £0v)) (5.11)
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By definition of L-dependence, for any particular Y; there are at most L other Y; (with
i # j) such that £(Y;Y;) # £(Y;)E(Y;). Hence there are at most ML pairs Y; and Y;
(i # 7) such that £(Y;Y;) — u? # 0 and thus we see that there are at most M L non-zero
terms in the second sum of (5.11). Moreover, since Y; and Y; are identically distributed
and since ab < 3(a* 4 b?) for any pair of real numbers a and b we have that

E(YY)) < S(E(YP) + E(Y})) = E(Y7) (5.12)

N| —

and hence
E(YIY;) — 2 < E(VR) — i = o (5.13)

Thus the second sum in (5.11) is bounded above by M Lo?, and since the first sum in
(5.11) is equal to Mo? it follows that

(L+1)0?
M

as required. O

Var(Yy) < (5.14)

Using Chebyshev’s inequality we obtain the following corollary of Lemma 5.2. This
constitutes a weak law of large numbers for L—dependent random variables.

Corollary 5.3. LetY = (Yi,...,Yy) be a random sample of identically distributed L—
dependent random variables having common mean and variance p and o? respectively.
Then for every e > 0,
_ (L+1)0?
P(|[Yyy —p| >¢) < ——— 5.15

(¥ =l > ) < (515)
and if 0® < 0o, the sample mean Yy converges in probability to its expected value ju as
M — oo.

5.4 Statistical dependence in the noise sample R

In Chapter 2, corresponding to any function g : R?> — R and any random point sample
X € CM we defined a set of random variables (g;(R),...,gm(R)) on the space of
random noise samples RM by

9i(R) = g(Rs, Rnjix) 1<i<M, ReRM (5.16)

where NJi, k] is the index of the kth nearest neighbour of X; in X. The indexing
structure A/ (X) inherited by a noise sample R from the associated point sample X
thus imposes a dependence structure on the random variables (g1(R),...,gm(R)), in
the sense that the value taken by a particular g;(R) = g(R;, Rnjix) may depend on
the value taken by some other g;(R) = g(R;, Ry[jx) Where ¢ # j. Since each R; is
independent and identically distributed, this can happen only if one of the following
occurs.
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e j = NJ[i,k]: X; is the kth nearest neighbour of X;

— by definition, this occurs for exactly one index j.
e NJ[j, k| =i: X, is the kth nearest neighbour of X

— by Theorem 4.1 this can occur for at most kK (m) indices j.
e N[j,k] = NJi, k]: X; and X, have a common kth nearest neighbour

— by Theorem 4.1 this can occur for at most kK (m) indices j.

By Theorem 4.1, for any dependence structure imposed on the set (g1(R), ..., gu(R))
by a point sample X the value taken by any particular g;(R) can therefore depend
on the value taken by at most 2kK(m) + 1 of the other g;(R), where K(m) is the
maximum kissing number in R™.

Thus we have shown that (¢g1(R), ..., gum(R)) is a set of L-dependent random variables
with L = 2kK(m) 4+ 1 and applying Lemma 5.2 to (¢1(R), ..., gu(R)) we obtain the
following.

Theorem 5.1. Let X = (X1,...,Xy) € CM be a random sample of independent and
identically distributed random variables, let g : R? — R be any function and define a
set of identically distributed random variables g; : R™ — R by

9i(R) = g(Ri, Ryjin) (5.17)

where Ni, k] is the index of the kth nearest neighbour of X; in X. Let Gy = Gp(X, R)
denote their sample mean,

Gy = % ;%(R) (5.18)
Then
Var(Gay) < 2(kK(m) + 1) Var(g:(R)) (5.19)

M

where K(m) is the mazimum kissing number in R™, and this bound is independent of
any particular X € CM.

Proof. By the definition of conditional variance (see [Feller 1971]) it is easily shown
that

Var(Gy) = Var(E(G )y | X)) + E(Var(G | X)) (5.20)

Since the R; are identically distributed, the expected value of GG, is independent of
any particular X € CM and hence the first term of (5.20) is zero. Furthermore, for any
X € CM the random sample (g1(R), ..., gu(R)) is a sequence of L-dependent random
variables with L = 2kK(m) + 1. Hence by Lemma 5.2 the second term of (5.20) is
bounded by (L + 1)o?/M where o? = Var(g;(R)), and the result follows. O

For the proof of the Gamma test, Theorem 5.1 is all we need regarding L—dependent
random variables. We now digress to prove a Central Limit Theorem for this class of

dependent random variables.
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5.5 A Central Limit Theorem for L—dependent ran-
dom variables

A sequence of distribution functions F); is said to converge to some distribution func-
tion F as M — oo if Fy(x) — F(z) as M — oo at each point of continuity of F.

Let Yy and Y be random variables having distribution functions F; and F respectively.
Then Fp; — F as M — oo if

PYy<z)—PY <z) as M — (5.21)

for every = such that P(Y = x) = 0, in which case we say that Y),; converges in
distribution to Y as M — oo.

Let X1, X5, ... be a sequence of random variables and consider the partial sums Sy, =
Zij\il X;. Letting £(Syr) = pupr and Var(Sy) = o3, we define the normalised partial
sums Sh, = (Sy — par)/on so that £(S3,) = 0 and Var(S};,) = 1. The sequence
X1, Xo,... is said to satisfy the Central Limit Theorem if the distribution of their
normalised partial sums S}, converges to the standard normal distribution ®(x) as
M — oo, i.e. for all x € R,

P (M < x) —®(z) as M — 0 (5.22)
OM

where
1 [,
b(z) = —— e V2 qt 5.23
(@) = o= / . (5.23)

5.5.1 A result of Baldi and Rinott

The following appears in [Baldi and Rinott 1989] (we change their terminology and
notation).

Theorem 5.2. Let Xy, Xs, ... be a sequence of identically distributed random variables
with | X;| < B such that X = (X4, ..., Xy) is a random sample of L—dependent random
variable for each M. Let Syy = S22 X; and define py = E(Sur) and 03, = Var(Say).

Then
_ 3/2771/2
‘P (SM ma x) e < 32(14+V6)(L +1)B32M

(5.24)

In [Baldi and Rinott 1989] the proof of Theorem 5.2 proceeds from a rather cumbersome
inequality of [Stein 1986, and the role played by L-dependence is somewhat obscure.
In Theorem 5.5 we present a more general result than that of Theorem 5.2 — instead of
requiring that the X; are uniformly bounded, we need only that their absolute moments
are uniformly bounded. Our proof, in which the role played by L—dependence is clearly
illustrated, is based on an argument of [Noether 1970] and uses techniques that are very
close to those found in [Petrovskaya and Leontovich 1982].
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5.5.2 The method of moments

The next two results are well known theorems of classical probability theory. Their
proofs may be found in [Kendall and Stuart 1963] or [Billingsley 1979].

Theorem 5.3. Let X be a random variable with E(X") < oo for allr =1,2,... and
suppose that

E(XT
Z (7’!)

r=1

" <oo  for some x>0 (5.25)

(i.e. the power series has a positive radius of convergence). Then X is the only random
variable with moments £(X), E(X?),. . ..

The distribution function of any random variable satisfying the conclusion of Lemma 5.3
is said to be uniquely determined by its moments.

Theorem 5.4 (The method of moments). Let X, be a sequence of random vari-
ables and suppose that each Xp; has moments of all orders. Let X be a random
variable whose distribution is uniquely determined by its moments and suppose that
E(XYy) — EXT) as M — oo for all v = 1,2,.... Then the distribution of Xy con-
verges to the distribution of X as M — oo.

5.5.3 The standard normal distribution

The standard normal distribution is defined by

d(z) = J% / gy (5.26)

Lemma 5.3. The moments of the standard normal distribution ®(x) are given by

0 for r odd

fr = { (r—1)(r—3)...3 for r even (5.27)

Proof. By definition,

n, :/ a'e " dy = —/ xT_I% (6_362/2) dx (5.28)

o0

Integrating by parts,

n, = (r— 1)/ "2 de = (r — Doy (5.29)
and since n; = 0 and ny = 1, the result follows by induction on 7. O
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Lemma 5.4. The standard normal distribution ®(z) is uniquely determined by its
moments.
Proof. By Lemma 5.3, |n,.| < r!so

o0

Z %xr < i z" (5.30)
: r=1

r=1

which is bounded for all 0 < = < 1. Hence by Theorem 5.3, ® () is uniquely determined
by its moments. O

Thus, in order to show that the distribution of some sequence S); converges to the
standard normal distribution ®(z) as n — oo, by Lemma 5.4 and Theorem 5.4 it is
sufficient to show that the rth moment of Sy, converges to the rth moment of ®(z) as
M — oo for each r =1,2,.. ..

5.5.4 A Central Limit Theorem for triangular arrays of L—
dependent random variables

We extend Theorem 5.2 to encompass triangular arrays of random variables having
finite moments of all orders.

Theorem 5.5. For each M € N let (Xpr1,...,Xmum) be a random sample of iden-
tically distributed L—dependent random variables and suppose that there exist finite
constants cy,ca, ... such that for every Xuri, E(|Xumil") < ¢ for all v € N. Let
Sur ="M Xori and define pyy = E(Sar) and 03, = Var(Sy). Then

P (M < ac) —®(x) as M — (5.31)

OM

provided there exists some € > 0 and some constant C' > 0 such that

o3, > C M3+ (5.32)

Remark: Note that condition (5.32) can be expressed as MY/20,*% = 0(1) as M — c.
This is precisely the condition required to ensure that the right hand side of (5.24)
converges to zero as M — 00

Proof. For each r € N let

m, = & <(SMU;M“M)> (5.33)

By Lemma 5.4 and Theorem 5.4 it is sufficient to prove that m, — n, as M — oo
for each r € N. Let Y; = Xy — pas so that E£(Y;) = 0 (for brevity, we suppress the

Data Derived Estimates of Noise for Smooth Models Dafydd Evans



5.5 A Central Limit Theorem for L—dependent random variables 107

dependence of Y; on M). By hypothesis there exist finite constants ¢y, o, . .. such that
for every X, £(|Xmi|") < ¢ for all r € N. Hence for every Y; it follows that

eV <= 3or () Jet <o (534)
h=0

for all 7 € N. Let Ty = Sy — piar = 3oy Vi so that E(Tyy) = 0 and £(T%) = 03, and
define u, = E(T7,). We need to show that

Wr/ohy —mn. as M — oo (5.35)

for each r € N. Since p; = 0 and pp = 03, by (5.27) we see that (5.35) is satisfied for
r=1andr=2.

Since Xz, ... Xam are L-dependent, the Y7, ..., Yy, are also L-dependent. For each
1<i< MletV; C{1,..., M} denote the subset (whose cardinality satisfies V;| < L+1
and which contains i) such that for every U C {1,...,M} with V,NU = 0, Y; is
independent of {Y; : j € U}. We consider the cases where 7 is odd and r is even
separately and to illustrate the method we look at the cases r = 3 and r = 4 in detail.

Special case 1: r = 3.

Consider

ps = E(Ty,) = Zg(KYij) (5.36)

ik
If Y, is independent of {Y;,Y;} then E(Y;Y;Y)) = £(Y;Y;)E(Yk), and since E(Yy) = 0
and E(V;Y;) < E(|VY;]) < E(Y?) < ¢, < oo it follows that E(YV;Y;Y:) = 0 whenever Y}
is independent of both {Y;,Y;}. For brevity of notation let Y; = Y; indicate that Y; is
dependent on Y;. By symmetry on the indices we see that £(Y;Y;Y}) is non-zero only
if one of the following holds.

(1) Y=Y, and V; =Y

(2) Y.,=Y, and YV; =Y

3) Y=Y, and V; =Y,
Since Y3, ..., Yy are L-dependent it follows that at most M (L+1)? of the terms Y;Y;Y}
satisfy (1). This is because for each fixed i we need that

e jeV, — thereareat most L+ 1suchj

e keV, — thereareat most L+ 1suchk
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Thus it follows that there can be at most 3M (L+1)? non-zero terms in (5.36). Since the
Y, are identically distributed it follows by the AM-GM inequality that £(|Y;Y;Y)|) <
E(]Yi|?) and hence |E(Y;Y;Y:)| < ¢4 < co. Thus we see that

ps < 3M(L+1)dy < 00 (5.37)
and by condition (5.32) it follows that

ps  3(L+1)ch
ESWHO as M — oo (5.38)

as required.
Special case 2: r =4
Consider

pa=E(Thy) = Y EVYYiY) (5.39)

ikl

where the sum is taken over all 1 <4, j, k, I < M. If Y is independent of {Y;, Y}, Y} } then
EYY;YY)) = E(Y;Y;Y)E(Y)), and since £(Y]) = 0 and E(Y;Y;Y%) < E(Y?) < ¢y <
it follows that £(Y;Y;Y;Y;) = 0 whenever Y is independent of {Y;, Y}, Y; }. By symmetry
on the indices, if £(Y;Y;Y,Y]) # 0 then one of the following must hold.

(2) Yi=Y,Y,=Y

B) Y,=Y.,Y,=Y
We show that the terms Y;Y;Y,Y; for which £(Y;Y;Y,Y]) # 0 are principally provided
by those that can be decomposed into two independent pairs of the form Y;Y; and
V.Y, Let {Y;,Y;} # {Y% Y} indicate that {Y;,Y;} is independent of {Y},Y;}. Any
term Y;Y;Y, Y] for which (1) holds must satisfy one of the following.
I Ye=Y, Y =Y

)
)
(c) Y=Y,
d) Y=Y, V,=Y,Y;=Y
) Y=Y Y, =Y,Y, =Y

Among the M* terms Y;Y;Y;Y), at most M?(L + 1)? of them can satisfy (a) because
for each i we require that
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e jeV — there are at most L + 1 such j
o ke{l,...,M}\(V;uV)) — there are at most M such k
o [cVi\(V;UV)) — there are at most L + 1 such [

On the other hand, at most M (L 4 1)* of the Y;Y;Y;Y] satisfy (b) because for each i
we require that

e 7€V, — thereareat most L+ 1suchj
o LkeV, — thereareatmost L+ 1suchk
e [V, — thereareatmost L+ 1suchl

Thus at most 4M (L + 1)? of the terms Y;Y;Y,Y] satisfying (1) do not arise as a result
of two independent pairs of the form (Y;,Y;) and (Y%, Y;). These terms can therefore be

ignored when looking at the large M behaviour of (5.39), and since the above argument
also applies to the pairs {(Y;, Yx), (Y;, Y1)} and {(V;,Y)), (Y, Y%)} it follows that

pa~ 3> E(YIY)Y EYY) as M — oo (5.40)
i,j k,l

Thus, since o3, = >, . E(Y;Y;) we see that py — 30y, and hence pafor, — 3 as
M — oo, as required.

General case 1: r odd.

For r odd, the sum

pe= Y EY;...Y;) (5.41)

is dominated by (r — 3)/2 dependent pairs Y;Y; and one dependent triple Y;Y;Y}. This
is because the number of such arrangements is asymptotically of greater order (in terms
of the number of points M) than the total number of other arrangements for which the
summand is non—zero (e.g. those having (r — 5)/2 dependent pairs and one dependent
quintuple). If C' < oo is the number of ways of choosing (r — 3)/2 distinct pairs and
one triple from a set of r elements where r is odd then

(r—3)/2
piy ~ C (Z 5(1@3@)) Y EWYYi) as M — oo (5.42)

ihj 7:7j7k

and since o, = >, E(Y;Y)) and pg = 37, . E(Y;Y;Y,) we see that

injik
tr ~ ColPus as M — oo (5.43)

Thus pu,/o%; ~ Cus/o3, as M — oo, and we have previously seen that uz/o3, — 0 as
M — oo. Hence pu,/ch; — n, as M — oo for r odd, as required.
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General case 2: r even.

For r even, the sum

i1y

is dominated by those arrangements consisting of r/2 dependent pairs Y;Y;. Again,
this is because the number of such arrangements is asymptotically of greater order (in
terms of the number of points M) than the total number of other arrangements for
which the summand is non—zero (e.g. those involving /2 — 2 dependent pairs and one
dependent quadruple). If 7 is even then there are (r — 1)(r — 3)...3 ways of selecting
r/2 distinct pairs from r elements and we have that

r/2
pr ~ (r—1)(r—3)...3 (ZS(YQ%)) as M — oo (5.45)

Thus, since o3, = 3, ; E(YiY;) we obtain
pr ~ (r—1)(r—3)...30y, as M — o0 (5.46)

an hence p,. /ol ~ (r —1)(r —3)...3 as M — oo for r even, as required. O

5.6 Summary

In this chapter we have established the theory of sums of what we have called L-
dependent random variables. While similar results have appeared scattered in the
literature, we have presented a reasonably coherent theory for this class of random
variables, of which only Theorem 5.1 is required for the proof of the Gamma test
presented in Chapter 7. We hope that our simple proof of the Central Limit Theorem
for L-dependent random variables serves to clarify the overall situation.

In the next chapter we address the more difficult issue of establishing an upper bound
on the variance of term C;(k), which cannot be handled by the notion of L-dependence.
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craprer O
Chapter

Bounded functions of a point and its kth nearest
neighbour

6.1 Introduction

As we shall see in Chapter 7, the notion of L—dependence is sufficient to establish the
required upper bounds on the variance of terms Ay (k) and By (k). Recall that

Car(h) = 37 3 ha(X) (6.1)
where
hi(X) = %((XN[i,kz] — Xi) - V(X:))? = AM, k)| X s — Xif? (6.2)

To obtain an upper bound on the variance of Cy(k) we are not able to apply the
results of Chapter 5 because (h1(X),...,hyp (X)) is not a set of L-dependent random
variables. To see this, suppose that M points are selected at random from the unit
square [0, 1] C R?, suppose that the point X; is located near the upper right corner
of [0, 1]* and suppose that the distance from X; to its first nearest neighbour X Nia) 18
close to v/2. Then all points other than X; must be located in the lower left corner
of [0,1]%. Thus |Xyp;1 — Xj| is dependent on |Xyp;1 — X;| for each j # ¢ and since
statistical dependence is symmetric, it is clear that any one nearest neighbour distance
may be statistically dependent on all the others.

6.2 The point sample X

We need an upper bound on the variance of

1
Hy = 7 Z hi(X) (6.3)
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Define hj(X) = hi(X) — E(h;y(X)) and for brevity of notation write h; = h;(X) and
hi = h;(X). By definition

Var(H,,) = MQZ £ (h?) +—Zs (hh) (6.4)
]

and since the h} are identically distributed over C™ it follows that
1
Var(Har) < 2ZIE(T)] + |E(hTD3)] (6.5)
Lemma 6.1.
[E(R*)] < 4|IR|IE(|hal) (6.6)
where ||h]| = sup{[h(z,y)| : z,y € C}.
Proof. Clearly,
[E(hi%)] < E(IR3[IRT]) (6.7)
and since hj = hy — E(hy) it follows that
1] < [ha| + E(lha]) < 2[[A]] (6.8)
Hence |E(R3%)] < 2||h||E(|R}]) and since E(|hY]|) < 2E(|hy|) we obtain

[€(hi*)] < 4lIR[IE(al) (6.9)
as required. O
By Lemma 6.1 and (6.5),
Alln]] .
Var(Hu) < = &) +[E(hihy)] (6.10)

In section 6.4 we obtain an asymptotic upper bound on |E(h}h})| of order O(1/M) as
M — oo. Our approach is based on methods developed in [Bickel and Breiman 1983] for
any bounded function of a point X; and its first nearest neighbour distance | X yp; 1 —X;]|.
We extend their treatment to encompass any bounded function h(X;, Xy k) of a point
X; and its kth nearest neighbour X ;.

6.3 The kth nearest neighbour ball

Let ¢(z) denote the common density function of the X; over C' and denote the proba-
bility measure of any subset A C C' by
_ / 6(z) da (6.11)
A
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For any random point sample X = (X3,..., X)) in CM | let d; be the distance from X
to its kth nearest neighbour Xy in X. We define the kth nearest neighbour ball of
X to be the ball B; = B(X,d;) centred at X; and having the kth nearest neighbour
X,k of Xy on its boundary.

For every random sample X there is a corresponding kth nearest neighbour ball By =
By(|lz — y|) where X; takes the value # € C and Xyp ) takes the value y € C. The
probability measure p(B1) of the kth nearest neighbour ball of X is therefore a random
variable over the sample space CM and we seek to determine its distribution function
and compute its moments.

Suppose X; is fixed at some value x € C' and consider the set of samples
{(XeC”: X, =w,d <7} (6.12)

for which the distance from X; = x to its kth nearest neighbour Xy 4 is at most
equal to some r > 0. For any such sample X the ball B,(r) must contain at least k
points distinct from x so the conditional probability that d; < r given that X; = z is
equal to

P(dlgT‘X1:I>

= P(B (7") contains at least k points distinct from z)

= 1- Z P ) contains exactly j points distinct from x)

For any X; with j # 1, the probability that X, takes a value in the ball B,(r) is equal
to the probability measure p(B,(r)). Similarly, the probability that X, takes a value
in the complement of B,(r) is equal to 1 — pu(B,(r)). Noting that there are precisely
(qu) different ways of selecting a set of j points from the remaining M — 1 points
Xs, ..., X we obtain

k—1

Pl < Xi=o) = 1= 3 (M )ulB ) 0 u(BD T 613)

=0

Clearly, if d; < r then B,(d;) C B,(r) and hence pu(B.(d1)) < u(B.(r)). Conversely,
if (B, (dy)) < u(B,(r)) then since the balls B,(d;) and B,(r) are concentric it follows

that B,(dy) € B,(r) and hence that d; < r. Thus

il M-—1 . .
P( (B (d1 ‘Xl = x =1- Z ( ) 7«))](1 _ H(Ba:<7‘)))M_‘7_1

(6.14)
Letting z = u(B,(r)) this becomes

Pl (a) < | % =0 =1- 3 (") -0 o
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and since this holds for all x € C' we obtain

P(u(By) <z)=1- % (M,‘1> H(1 = )M (6.16)

=0 N J

Thus the distribution function of the probability measure p(B;) of the kth nearest
neighbour ball B; over the sample space C* is given by

E=LoN .
Fiz)=P(u(B;) <z)=1- ( j )zj(l — )Mt (6.17)

Hh

Although we shall need only the first two moments of u(By), it is convenient to compute
an expression for its general moment £(u(Bq)*).

Lemma 6.2. For every integer a > 1,

(k+a—-1)...k
(M+a—-1)...M

E(u(Br)*) = (6.18)

Proof. Since p is a probability measure we have that 0 < p(B;) < 1 so integrating by
parts we get

E(u(By)™) = /0 2F'(2)dz=1— a/o 2 'F(2)dz (6.19)

where F'(z) is the distribution function of u(B;). By (6.17),

k—1

u(B)®) = ; (Mj_l) /01 Atasl(] _ ) M=i-ly, (6.20)

The integral in (6.20) is the Beta function
1
B(a,b) = / 271 —2) N de = Tath) (6.21)
0

with parameters a = j + « and b = M — j. Hence

— (M1 L(j + Q)L (M —j)
az< ) SIS (6.22)

J=

(M,‘l) - DM) (6.23)

and writing

j L(M —j)T'(j +1)
we see that
. «— T(MI(j+a)  T(M)T(k+a) (6.24)
FOFM+a G+1) T(M+a)l(k) ‘
and the result follows. OJ

Data Derived Estimates of Noise for Smooth Models Dafydd Evans



6.4 An asymptotic upper bound on £(hjhj}) 115

6.4 An asymptotic upper bound on E£(hih})

We aim to show that |E(hih3)| < ¢/M where ¢ is a finite constant that is independent
of the number of points M.

Let P be the probability measure on the space of random point samples C™ having the
property that each component variable X; of the random sample X = (Xq,..., X)) is
independent and identically distributed in C' with probability density ¢. Let (a1,az) €
C x C be a pair of fixed points and define S(aj,as) C C to be the closed ball
B(aq,|as — a;|) centred at a; and having radius |as — a1] (so that as is on the boundary

of S(ay,as)).

Let ¢s and ¢\ s be the conditional densities of the X; on hypothesis that X; € S and
X; € C\ S respectively,

bs(z) = { ¢($)é“(5) i ﬁ;g (6.25)
o) = | ADHENS) H re0\s 026

where p(S) and p(C'\ S) are the probability measures of S and C'\ S respectively as
defined in (6.11). Let Qp1(- ‘ (a1, a2)) be the probability measure on the sample space
CM such that

o Xi,..., Xy g1 areiid. in C'\ S according to ¢ s

Xy p,..., X9 areiid. in S according to ¢g

e Xy 1=uayand Xy = as
Let Y = (Y1,...,Yy) be arandom sample where each Y; takes values in C'\ S according

to the conditional density ¢\ g and similarly let Z = (Z1,. .., Zy;) be a random sample
where each Z; takes values in S according to the conditional density ¢g

For each random sample X = (Xi,..., X)) in CM consider the associated sample
X =(Xy,...,Xn) given by

X, if X,eC\S and 1<i<M-—k—1

B Y, if X,eS and 1<i<M-k-1

X;=< Z for M—-—k<i<M-2 (6.27)
a for i=M-—-1
as for 1=M

When constructing the restricted sample X associated with any particular X € CM  if
any point X; among the first M —k —1 components variables of X falls inside S(a1, as),
it is replaced by the corresponding Y; which is guaranteed to be in the complement C\ S.
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Each of the next kK — 1 component variables are then replaced by the corresponding
points Z; (which are each guaranteed to be in S) and finally, the last two component
variables X,;_1 and X, are replaced by the fixed points a; and as respectively.

By construction, for every sample X defined in this way the ball S(aj,as) coincides
with the kth nearest neighbour ball of its component variable of Xj;_; (which is fixed
at ay).

Recall that h;(X) = h(X;, Xnp, k]) where XN[%] is the kth nearest neighbour of X; in
the random sample X = (Xq,..., X). Let X wpip denote the kth nearest neighbour
of X; in the associated sample X = (X1,..., Xy), and write hy(X) = M X, X n)-
Clearly, hi(X) # h;i(X) only if either X; # X; or X K 7 XNk

Let r = kK + 1 and let N be the number of ‘changed’ points among the first M — r so
that V + r points have changed in total. Letting I denote the indicator function we
write this as

M—r
N = Z]X;«AX (6.28)

This number N is precisely the number of points X; among the first M — k — 1 points
that fall in the set S and which are therefore replaced by the corresponding points Y;
in the complement of S. Its expected value is therefore given by E(N) = (M — r)u(S)
where p(S) = p(S(a, az)) is the probability measure of S as defined in (6.11).

Suppose that )?Z = X;. Then X Nk # X ik only if one of the following occurs,

e One of the first k& nearest neighbours of X; has been removed.

e One of the new points becomes one of the first k& nearest neighbours of X;

Let X; # )?j be one of the changed points. For each 1 < u < k, by Theorem 4.1 we
know that X, can be the uth nearest neighbour of at most ul(m) other points X;
in X = (Xy,...,Xy), where K(m) is the maximum kissing number in R™. Thus it
follows that X, could have been one of the kth nearest neighbours of at most 3(m, k)
of the other points X; where

k

Blm, k) = S uk (m) = %k(k 1)K (m) (6.29)

u=1

Slmﬂarly, the new point X can be the nearest nelghbour of at most ((m, k) other

points X, in the modified sample X = (Xl, X M) Thus each of the N + r changed
points can affect at most 26(m, k) = k(k + 1)K(m) of the kth nearest neighbour
relations so

M—r
> I = X, X # Xnjing) < k(k+ 1)K (m)(N +7) (6.30)
=1

where I denotes the indicator function. For the sceptical reader we rigourise this
argument in the following.
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Lemma 6.3.
M—r N _
N I(Xi = Xi, X # Xvjiw) < k(k+ D) E(m)(N +7) (6.31)

where K(m) is the maximum kissing number in R™.
Proof. Forany 1 <i < M —r,
I(X; = Xi, Xﬁ[i w7 Xniik)

<ZZ < i, u) —],N[i,u]:l,Xj#)zj oer%)?O

< Z Z I(N[i,u] = §)I(N[i,u] = DI(X; # X;)
+D > TNl u] = INTi,u] = DI(Xi # X))

Hence

<20 > Il u] = INGu] = DI, # X;) (6.32)

to

M _ k M M
A=Y "I(X; # X)) Y I(NJi,ul = 5) > I(N[i,u] =1) (6.33)
j=1 u=1 i=1 I=1

For fixed u and 1, )N( has precisely one uth nearest neighbour Xx Ni] D the modified

sample X so there exists exactly one index [ in the range 1 <1 < M Wlth Nli,u] = 1.
Hence

A:ZI(X]-#)@)ZZI [i,u] = j) (6.34)

u=1 i=1

Furthermore, for fixed j and w, by Theorem 4.1 it follows that X; can be the uth
nearest neighbour of at most u/ (m) points X;, i.e. there are at most v/ (m) indices 4
in the range 1 < < M such that N[i,u] = j. Hence

k

A<D (X # X)) uK(m) (6.35)

u=1
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so that

A< %k(k; +1)K(m) Y I(X; # X)) (6.36)

By definition of N we know that X; # )A(/j for exactly N + r indices j in the range
1<j57<Mso

A< %k(k: 1)K (m)(N +7) (6.37)

Applying an identical argument to the second sum in (6.32) it thus follows that

Z I(X; = X, )N(N[Lk] # Xnjip) < k(k+1)K(m)(N +7) (6.38)

=1

as required O

By construction, the samples {)? | X € CM} are distributed in CM according to the
probability measure Qp41(+) = Qp+1( - ’ (a1,az)). Let &g, ,, denote an expectation taken
with respect to the probability measure Qgy1(+). The following lemma quantifies the
difference between the expected value &g, ., (h1) taken with respect to Qr41 and the
expected value E(h) taken with respect to the (unrestricted) probability measure P.
As we might expect, this difference depends both on k& and on the set S = S(ay, as).

Lemma 6.4. For any fived 1 <k < M —1,

Eou., () — )] < Gl (S +65)) (6.39)

where Qpi1(+) = Qri1( -] (a1,a2)), S = S(ai,as) is the ball centred at ay of radius
lag — a1| and

Co=4(1+k(k+ 1)K (m)) (6.40)
15 a constant depending only on m and k.

Proof. Let r = k+ 1. Since the left hand side of (6.39) is bounded above by 2||A||, the
bound holds trivially for > M /2 since Cy > 4. Suppose therefore that r < M/2.

For each 1 <i < M —r we have that &g, (hi(X)) = E(hi(X)) so

€, (hi(X)) = E(hi(X))]

||
&
=
s
|
tn
&
=
s

(6.41)

Furthermore, since each X; is identically distributed it follows that &(hi(X)) =
E(hiy(X)) and E(hy(X)) = E(hi(X)) for each 1 <i < M — r. Hence
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€o, (M (X)) = E((X))] = ) 1E(h:(X)) — E(hi(X))]

IN

Now, h;(X) = h(X;, Xnpix) and hz()?) = h()?“jzﬁ[i,k]) can be different only if one of
the following occurs,

o X, # X; (X, has changed).

° )}Z = X, and XN[M] # Xnjig (the kth nearest neighbour of X; has changed).

and in each case, this difference cannot be greater than 2||h||. Hence, by (6.42) it
follows that

€q. (7l (X)) = E(M(X))|

2hl| . ("= [, = v v
< ]\/[H | (Z (I(Xi £ X;) +1(X; = XZ-,XN[M] # XN[i,k]))) (6.43)

i=1
where I denotes the indicator function. Let N be the number of changed points among
the first M — r points, i.e.

M—r
N=> IX #X) (6.44)
=1
By Lemma 6.3,
M—r N N
> I(Xi = Xi, Xy # Xnting) < k(k+ 1)K (m)(N +r) (6.45)
=1
so by (6.43) we obtain
2[|h]

[€q, (i (X)) = E(h(X))] E((L+k(k+ 1)K (m))(N +71))

<
2RI+ E(E + 1)K (m))
- o (EN)+7)  (6.46)

Writing E(N) = (M —r)u(S) where p(.S) is the probability measure of the ball centred
at a; having radius |as — a;1| we obtain

o, (X)) — E((X)] < 21+ K0k + D )
Finally, since r < M /2 we have that r/(M —r) < 2r/M so
0. () — £(h)| < AN+ G+ DE) (L +u(s))  (648)

and the result follows on taking Cy = 4(1 + k(k + 1)K (m)). O

r

M —

-t M(S)) (6.47)
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Using Lemma 6.4 we can now compute an upper bound on the expected value of hih}
as follows.

Lemma 6.5 (The critical lemma).

rin)| <l (€m0 + Emn(z) ) (6.49)

where By = B1(X) is the kth nearest neighbour ball of X; and
Cr=Bk+2)Co =43k +2)(1 + k(k+ 1)K (m)) (6.50)
1s a constant depending only on m and k.

Proof. Consider

E(RThS) = / hihidP (6.51)
CM

Writing h = hy — E(hs) this becomes
eminy) = [ hih - E(ha)) ap
cM

- /h’{hg dP—E(hg)/hT ip (6.52)

For every pair (a1, ay) € C? define the subset Clay, as] of CM by
C[(ll,GQ] = {X S OM . X1 = al,XN[lvk] = (IQ} (653)

so that Clay, as] contains all those samples X € C™ where X takes the value a; and
the kth nearest neighbour of X takes the value ay. This induces a partition of CM
given by

CM = U C[Cll, CLQ] (654)

(al,a2)602

By Fubini’s theorem we may evaluate the first integral on the right hand side of (6.52)
by first integrating over each subset C[ay, as] separately, then integrating over all pairs
(a1,as) € C?. Thus we have that

/ hhe dP = / ( / h;hgdpl) P (6.55)
cM (al,az)GCQ C[al,ag]

where P, = Pj(ay,a3) and P are the projections of the probability measure P onto
the subspaces Clas, az] and C? respectively.

By construction, for each X € Clay, as] both X and its kth nearest neighbour X N[1,K]
are fixed at a; and ay respectively so by definition, k] = hi(X) = h* (X1, Xnpe) is
equal to h*(ay, aq) for all X € Clay, as]. By (6.55) we thus have that

/ hihg dP = / h*(al, @2) (/ h2 dPl) dPQ (656)
cM ((11,(12)602 C[a1,a2}
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Since P is the projection of P onto Cfay, as], the inner integral in (6.56) corresponds
to the conditional expectation of hy = hy(X) on hypothesis that X; is fixed at a; and
and that its kth nearest neighbour Xy 4 is fixed at ay. Hence

/ h,’{hg dP = / h*(Cll, az)S(hQ(X) | Xl = aq, XN[l,k] = ag) dPg (657)
cM (a1,a2)€C?
Furthermore, since

/ P, =1 (6.58)
Cla,a2]

and since h*(ay, az)€(hs ‘ X1 = a1, Xnpk = a2) depends only on a; and as it follows
that

/ hihy dP
oM
= / h*<a1,a2)g(h2<X) ‘Xl :abXN[l,k] :CLQ)/ dPl dP2
(a1,a2)€C? Cla1,a2]

= / / h*(al,ag)g(h2<X) ‘Xl :&1,XN[17]€] :CLQ) dpl dPQ
(a1,a2)€C? J Clay,a2]
= / Wi (X)E(hy | X1, Xnpp) dP
oM
Substituting this into (6.52) we obtain
E(hihg) = / RO (EB(X) | X1, Xau) — E(h)) dP (6.59)
oy
and hence
Ehim)l < [ hi]IEGa(X) | X Xopg) ~ Elha)| 4P (6.60)
c

The point samples X € CM that are subject to the restrictions X; = a; and X N[Lk] = G2
(i.e. those contained in C[ay, as]) are distributed according to the probability measure

Qri1(+] (a1, a9))t, ie.
E(ha(X) | X1, Xnpigy) = Equa (ho) (6.61)

so by (6.60) it follows that

Gt < [ 10 (ha) = Elh)] aP (6.62)
By Lemma 6.4 we have that
k+1
Eoues (1)~ E(h)| < ol (57 + () ) (6.63)

!Note that Q41 precisely corresponds to the projected measure P;.
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where By is the kth nearest neighbour ball of X, so by (6.62) we obtain

eminy)| < ol (- [ milaP+ [ pleByaP) (66
M Jom cM
Now, since |hf| < |hy| + E(|h1]) it follows that
[ milap < [l + (i) P = 2€ () (0.65
oM oM
and using the fact that 0 < p(B;y) < 1, this also implies that
[ itz ap < [imusolar +em) [ ueoir (6.66)
1.e.
[ iln(B0) P < Eap(BoD) + e (el ) (6.67)

Furthermore, taking @ = 1 in Lemma 6.2 we know that &(u(B1)) = k/M so (6.67)
becomes

[ bl P < €t ) + ) (6.65)

Finally, substituting (6.65) and (6.68) into (6.64) we obtain

rin)l < Gl (el + hun(s ) (6.69)

Hence
in)| < G+ 2Culbl (370D + EQnuB0d) (670
and the result follows on taking C; = (3k + 2)Cb. O

6.5 An asymptotic upper bound on Var(H )

Lemma 6.6. For all M > 4,

E(hRS)| < E(|ha ) (6.71)

Cal[R]]
M

where

Cy = (k+2)C1 = 4(k +2)(3k + 2)(1 + k(k + 1)K (m)) (6.72)
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Proof. By the Cauchy—Schwarz inequality,
E(|hpu(Br)]) < E(| ) 2E(u(Br)?) (6.73)
Taking o = 2 in Lemma 6.2 we get
k(k+1) k+1)\°
E(u(B)?) = < 6.74
) =725 = () (6.74)
so by (6.73) it follows that
k+1
(lmu(By) < S ey (6.75)
Furthermore, Var(|hi|) = E(|h|?) — £(|h1])? > 0 implies that E(|h1|) < E(|h1]*)"? so

by Lemma 6.5,

iml < il (gpeanD + (s )

1 k+1
il (gpemP + e ny )

Ci(k + 2)[[A]]
- M
and the result follows on taking Cy = (k + 2)C}.

IN

E(|h[*)'/

Thus we obtain the main result of the present chapter as follows.

Theorem 6.1.

Cs||hl|
M

Var(H,y) < E(|h|*)1?

where
Cy=4+Cy =414+ (k+2)3k +2)(1 + k(k + 1)K (m)))
Proof. Recall from (6.5) that
Var(Hy) < 2 |E(2)] +E(hRS)
By Lemma 6.1,
[E(R)] < 4l[BllE(hal) < 4lIR[IE(a]*)"?
and by Lemma 6.6,

E(h1hs)] < E(|h[*)?

Col[R]]
M

Hence

(C2 + 4)||A]|
M

and the result follows on taking C5 =4 + Cj.

Var(Hy) < E(|h|?)V?
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6.6 A law of large numbers for §,,(k)

Using Chebyshev’s inequality we obtain the following corollary of Theorem 6.1.
Corollary 6.1. For every e > 0

Cs|h||

3H 2\1/2
T E(|hHY (6.83)

P(|Hy — E(Hy)| > €) <

If [|h]|] < oo then by Corollary 6.1 we see that the sample mean H),, converges in
probability to its expected value as M — oo. Thus we have shown that bounded
functions of a point and its kth nearest neighbour satisfy a weak law of large numbers.
In particular, §,/(k) is the sample mean of the random variables h;(X) = | X i — Xi|?
so by Corollary 6.1 it follows that J;; satisfies the weak law of large numbers, i.e.

Snr(k)
E(| XN — Xil?)

—1 in probability as M — oo (6.84)

To quantify the rate of the probabilistic convergence in Corollary 6.1 let x > 0 and
define

E([haH)M"
= e (6.85)
By Corollary 6.1 we get
E(mP) Y _ Csllhl
P <|HM — E(Hy)| > ]\‘411/“ < M‘%’ (6.86)
and since C5 and ||h|| are bounded independently of M it follows that
(1R [2)1/4

with probability greater than 1 — O(1/M?%) as M — oco. Since &(|hy[|?)"/* < ||h||*/?
this implies that

Hyr = E(Hy) + O (ﬁ) (6.88)

with probability greater than 1 — O(1/M?%) as M — oo.

However, if the function A is such that the expected value of |h;| = |h(X;, Xnin)|
converges to zero as M — oo, then (6.87) incorporates this to give a faster probabilistic
rate of convergence of the sample mean H), to its expected value E(H)ys) as M — oo.
In particular, if the random sample X = (Xi,..., X)) satisfies the conditions of
Theorem 3.2 then

1
n (k) = E(| X — Xil?) + O (W) (6.89)

with probability greater than 1 — O(1/M?%) as M — oo.
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6.7 An asymptotic lower bound for the Travelling
Salesman Problem

The kth nearest neighbour graph of a point set X, ..., X}, is defined to be the graph
obtained by including an edge between each point X; and its kth nearest neighbour
Xniik- Taking a = 1 in Theorem 3.2 provides an interesting asymptotic expression for
the expected length Ly (N}) of the kth nearest neighbour graph of M points selected
from C' C R™ according to some sampling distribution function whose density ¢ is
smooth and strictly positive over C.

Corollary 6.2. Subject to the conditions of Theorem 3.2 we have

E(Lar(Nk))

NUm c(m, k, @) (6.90)

in probability as M — oo, where

e(m, k. 6) :vml/mw /C b () da (6.91)

1 a constant not depending on M .

By Corollary 6.1 it follows that Ly (Ny)/E(La(Ng)) — 1 in probability as M — oo
and hence
L (Ne)

M1-1/m - C(m7 k, (b) <692)

in probability as M — co. For a uniform distribution with m = 2 and k£ = 1 this gives

LuN) g 5 (6.93)

VM
in probability as M — oo. This provides an interesting asymptotic lower bound for
the minimal tour length of the random geometric Travelling Salesman Problem (TSP)
on the unit square. If ¢ is uniform then [Beardwood et al. 1959] prove that the optimal
tour length L/ (7) of a set of independently distributed points in [0, 1]™ satisfies

Ly(T)

for some constant 3 > 0, where the convergence is with probability one. For m = 2 the
early estimate by [Stein 1977] of 3 = 0.765, derived empirically for relatively small TSP
problems, was found to be too large (see [Valenzuela and Jones 1997]), and [Johnson
et al. 1996] estimate 3 = 0.7124.

Since Ly (7) > Ly (N) then (6.93) shows that § > 0.5. While this is not particularly
good as an estimate for the minimal tour length of the TSP on the unit square, it is
interesting to observe that the method of proof is quite different from that presented in
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[Beardwood et al. 1959]. Furthermore, it indicates that the optimal tour in a random
geometric TSP is likely to contain a high proportion of edges that are not first nearest
neighbour links.

Experimental evidence for the random geometric TSP suggests that a near—optimal
tour can be constructed with with edges chosen from the associated kth nearest neigh-
bour graphs for 1 < k£ < 20. These results raise interesting questions regarding the
distribution of the maximum value of such £, and may suggest new heuristics for the
random geometric TSP which use only sets of kM edges (1 < k < 20), rather than the
complete set of M? edges.

6.8 The asymptotic length of the k-nearest neigh-
bours graph

In [Yukich 1998] the k-nearest neighbours graph of a point set X7, ..., X is defined
to be the graph obtained by including an edge between each point X; and its first
k nearest neighbours Xyp; 1), ..., Xnpx. Theorem 8.3 of [Yukich 1998] states that if
Xq,..., X are independent and identically distributed random variables with values
in [0, 1]™ for m > 2, and if N(k; X1,..., X)) is the length of the k-nearest neighbours
graph of Xy,..., X)y, then

lim N(k; Xy,..., Xp)/M™ DM = c(m, k) / p(x)m=/m g (6.95)

where c(k,m) is a constant not depending on M the convergence is complete(see [Yu-
kich 1998]). The method of proof used in [Yukich 1998] is based on techniques first
used in [Beardwood et al. 1959] and later extended by [Steele 1981]. We now show that
(6.95) can also be obtained using the methods developed in this thesis.

By definition,

j=1 i=1

M
1
” > 1 Xwpig — Xil = E(|Xnpiy) — Xil) + 0

i=1

(6.97)

E( X pig) — Xal))M*
M1/2—x

Taking &« = 1 and a = 2 in Theorem 3.2, for every p > 0 we have that

d(m,j)
EXxin - X = G 40 () w Moo (699)
1
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where

" L'(j)

By (6.97) it thus follows that for all x > 0,

I'(7+1
¢ (m, j) = v-umEU+1/m) /[O 1] ()™ dy (6.100)

M .
1 d(m,j) 1
i—1
and multiplying both sides of (6.101) by M/™ we obtain

M
1 . 1
N (m—1)/m Z [ Xnjig) — Xil = (m, j) + O (m) as M — oo (6.102)

i=1
Hence by (6.96) and (6.100) we obtain

N(k Xy Xan) M = clm,k) [ (o)™ da

[0,1]™

1 (6.103)
+ O (W) as M — X
where

k
c(m, k) =V, "T(j + 1/m)/T(j) (6.104)

j=1

For all m > 2 we have therefore shown that
Jim N(k; X, X)) /MM — e(m k) / o(x)m=D/m dy (6.105)

e [0,1]m

where the convergence is in probability. Although convergence in probability is weaker
than the complete convergence of Theorem 8.3 of [Yukich 1998], our result has the
advantage of providing an explicit value for the constant ¢(m, k). Furthermore, our
result provides the asymptotic order of magnitude of the error term and hence the rate
at which N(k; X1,..., Xa)/M™=Y/™ converges as M — oo.

6.9 Summary

In this chapter we have extended the ideas of [Bickel and Breiman 1983] to deal with
sums involving bounded functions h;(X) = h(Xnix, X;) of a point and its kth nearest
neighbour. In Theorem 6.1 we have established an upper bound on the variance of
such sums — this will be required for the proof of the Gamma test in Chapter 7. We
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have then used this result to show that the mean squared distance d,;(k) between kth
nearest neighbours in a set of M points satisfies the (weak) law of large numbers as
M — oo.

With considerable further effort it may be possible to develop a Central Limit theorem
for sums of such functions, again following the ideas of [Bickel and Breiman 1983].
Furthermore, one could no doubt develop a similar theory for sums of bounded functions
of the form hl(X) = h(XN[i7k]7 XN[i,k—1]7 . >Xz)

All the required tools for a proof of the Gamma test have now been assembled, and in
the next chapter we shall put these results together.
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Chapter

Proof of the Gamma test

7.1 Introduction
We now proceed to the proofs of Theorems 1.1, 1.2 and 1.3. Recall (2.20) which states
that

To prove Theorem 1.1 we must show that

1
in probability as M — oo.

In Lemma 2.4 we have shown that the expected value of each of the terms A/ (k),
By (k) and Cy(k) is zero. To make use of Chebyshev’s inequality we now apply
Theorem 5.1 and Theorem 6.1 to obtain (probabilistic) upper bounds on A (k), By (k)
and C)/(k) in terms of the number of points M.

7.2 Upper bounds on variance

Lemma 7.1 (The noise term). The variance of term Ay (k) satisfies

- (kK (m) + 1)(E(rt) + Var(r)?)
- M

Var(Ay (k)) (7.3)

where K(m) is the mazimum kissing number in R™.
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Proof. Define the random variables
1
9i(R) = §(RN[i,k] — R;)* — Var(r) (7.4)

on the space of random noise samples RM so that

Aulh) = 37 D" 0B (7.5)

By Theorem 4.1, (g1(R),...,gm(R)) is a random sample of identically distributed L—
dependent random variables with L = 2kK(m) + 1. By Theorem 5.1 it thus follows
that

2(EK(m) + 1) Var(g;)

Var(Ay(k)) < i

(7.6)

By hypothesis, R; and Ry are independent and identically distributed having ex-
pected value zero so

E((Bnpigg — Ri)?) = E(Riyigg) — 28 (Bnpn)E(Ri) + E(RY) = 26(R) = 2 Vax(r) (7.7)
and hence &(g;) = 0. Thus it follows that Var(g;) = £(g?) which we write as

Var(g;) = € (i(RN[i’k] — R)* — (RNfik — R;)* Var(r) + Var(r)Z)
= 8 (i(RN[Lk] - Rz)4) - Var(r)2 (78)

1

By hypothesis, £(R;) = 0, £(R}) < co and R; and Ryy; ) are independent so

g(R?V[i,k]Ri) = E(R?\[[i,k})g(Ri) =

0
7.9
E(RNumR?) = ERNpw)E(R?) = 0 (7.9)

Furthermore, since R; and Ry are independent and identically distributed we have
that

E(RY k) = E(RXy ) E(RY) = Var(r)? (7.10)
Thus, since E(Ryy; ) = E(R]) = E(r') we obtain

Var(g:) = %(5(#) + Var(r)?) < oo (7.11)

and by (7.6) it follows that

(kK (m) + 1)(E(r*) + Var(r)?)
M

as required. O

Var(Ay (k) < (7.12)
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Lemma 7.2 (The mixed term). The variance of term By (k) satisfies

4(kK (m) + 1) Var(r)c2(by + c1by)?

Var(By(k)) < i (7.13)
where K(m) is the maximum kissing number in R™.
Proof. Define the random variables
9:(R) = Rnpx — R (7.14)
hi(X) = (XN[i,k] - X;)- Vf(XZ) + Tf(XZ', XN[i,k:}) (7.15)

on RM and CM respectively so that

=l |

i (7.16)

By Lemma 2.4 we have that (B (k)) = 0 so Var(By(k)) = £(By(k)?). Taking the
expectation of Bys(k)? over all pairs (X, R) € CM x RM we obtain

E(Bu( M2 Z E(h )9:(R)g;(R)) (7.17)

i,7=1

By hypothesis both h;(X) and h;(X) are completely independent of R, while g;(R)
and g;(R) may depend on X. Thus we write

E(Bu(k M2 Z Eq(h (X)&s(g:(R)g;(R)| X)) (7.18)

3,7=1

By Theorem 4.1 and the discussion contained in Chapter 2, for any X € C™ the
random variables ¢1(R),...,gu(R) are L-dependent with L = 2(kK(m) + 1) where
K (m) is the maximum kissing number in R”. Hence, for any fixed 7 it follows that
Eu(9i(R)g;(R)|X) # 0 for at most L indices j. Furthermore, since |ab| < 1(a®+ b?) for
any pair of real numbers a and b and since g;(R) and g;(R) are identically distributed
we have that

[€5(9:(R)g;(R)| X)| < Eu(19:i(R)g; (R)||X) < Ey(gf(R) | X) =2 Var(r) < oo (7.19)
and since |h;(X)| < e1by + ¢2by < 0o for each X € CM it thus follows that

4(kK(m) + 1)c2(by + c1b2)* Var(r)
M

E(Bu(k)?) < (7.20)

as required. O
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Lemma 7.3 (The distance term). The variance of term Cy (k) satisfies

41+ (k+2)(3k +2)(1 + k(k + 1)K (m)))cibi

Var(Cy(k)) < i (7.21)
where K(m) is the maximum kissing number in R™.
Proof. Define the random variable
1
hi(X) = 5 (Xniar = X0) -V F(X0))? = AM, B)|[ X — X, (7.22)
on the space of random point samples C™ where
2
A B Es (((XN[i,k] - X;) - Vf<X’L>) > (7.23)
o 285 (I XN — Xil?) '
so that
| M
Cu(k) = 5 z_; hi(X) (7.24)
Since

(X — Xa) - VX)) < [ Xnpp — XiPIVFX)P < [ Xnpp — X207 (7.25)
it follows by (7.23) that 0 < A(M, k) < 17 so

1 1
—cibt + écfbf = forall X eOM (7.26)

(X)) < 5

Hence
||h]] = sup{|h:(X)| : X € CM} < b} < o0 (7.27)
and we can thus apply Theorem 6.1 to Cps(k) so that

A1+ (k +2)(3k +2)(1 + k(k + 1)K (m)))c2b?

Var(Cy (k) < 7

(E(PP)? (7.28)

where K (m) is the maximum kissing number in R™. Finally, since |h(|*> < clb} it
follows that £(|h1]?) < c¢lb? and hence (£(|h1]?))Y? < ¢2b? so we conclude that

41+ (k+2)(3k +2)(1 + k(k + 1)K (m)))cibi
M

Var(Cy(k)) < (7.29)

as required. O
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7.3 Probabilistic upper bounds on A,,(k), By (k) and
Cu(k)

Since the expected value of Ay (k), By(k) and Cy(k) is zero then by Lemma 7.1,
Lemma 7.2, Lemma 7.3 and Chebyshev’s inequality we obtain the following.

Corollary 7.1. For every e > 0,

P([Au(F)[ >€) <

P([Bu(k)[ > €) <

P(|Cu(k)| >¢€) <
where

M = (KK(m)+ 1)(E(r*) + Var(r)?)
Mg = 4(kK(m)+ 1) Var(r)c2(by + c1by)?
Ao = 41+ (k+2)(3k +2)(1 + k(k + 1)K (m)))cib;

are finite constants not depending on M.

7.4 Proof of Theorem 1.1

The following result enables us to assemble the results of Corollary 7.1 into a proof of
Theorem 1.1.

Lemma 7.4 (The transitive lemma). Let X and Y be two random variables and
suppose for every €y, es > 0 there exist ny,my > 0 such that

P(X|>e)<m and P(Y|>e)<mn (7.30)
where n1,me — 0 as €;,ea — 0. Then
P(|X + Y| > €1+ 62) <M+ (731)

Proof. Denote the events |X| > € and |Y| > e by A and B respectively so that
P(A) < m and P(B) < 2. Note that we do not assume the events A and B to be
independent. Let C'(A) and C(B) denote the complement of A and B respectively and
consider the mutually exclusive and exhaustive set of events ANB, C(A)NB, ANC(B)
and C'(A) N C(B) illustrated in Figure 7.1.

First of all,

P(ANB)+P(C(A)NB)+PANC(B))+P(CANC(B)) =1 (7.32)

Data Derived Estimates of Noise for Smooth Models Dafydd Evans



7.4 Proof of Theorem 1.1 134

C4)| A
C(4)n B ANB B
C(B)
C(4)n C(B) ANC(B)

Figure 7.1: If C(A) and C(B) are highly probable then so is C(A) N C(B), even if these

events are not independent.

and by hypothesis we have that

P(ANB)+P(ANC(B)) = P(A)<mn (7.33)
P(ANB)+P(C(A)NB) = P(B) <n (7.34)
Thus
P(C(A)NC(B))=1-P(ANC(B)) —P(C(A)NnB)—-P(ANB)
=1-P(A) —P(B)+P(ANB) (7.35)
>1—=m—n

By the triangle inequality, the event C'(A) N C(B) implies the event D defined by
|IX £Y]| < € + €. From (7.35) it thus follows that P(D) > 1 — 7, — 19 and hence
P(C(D)) < +mna, Le.

P(|X + Y| > €+ 62) <nm+n (736)
as required. O

Lemma 7.5. For any e > 0,
A

Me?

P(|Aus (k) + Bar(k) + Car (k)] > ) < (7.37)

where
A= 9()\,4 + A + )\c) (7.38)
1S a finite constant not depending on M.

Proof. Replacing € by €/3 in Corollary 7.1 and applying Lemma 7.4 to the pair A/ (k)
and By (k), we obtain

Mo e
(€/3)  M(e/3)

P (|Ax(k) + Bu(k) > S +3) < —

S (7.39)
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which is equivalent to

P (|AM(k) + Bu(h)| > 5 s

A further application of Lemma 7.4 to the pair Ay (k) + Ba(k) and Cyy(k) then leads
to

9(Aa+ A+ A¢)

P(|Ay (k) + By (k) + Cp(k)| > €) < e (7.41)
as required. O
By Lemma 7.5 we obtain the following
Corollary 7.2. For any e > 0,
A
P (| (k) = (Var(r) + A(M, k)oar (k) + o(6r (k)| > €) < e (7.42)

as M — oo where X\ is a finite constant not depending on M.

Proof. By (2.20),
(k) — (Var(r) + A(M, k)or (k) + o(6a(k))) = An (k) + Bu(k) + Crr(k)  (7.43)
and the result follows by Lemma 7.5 0

Proof of Theorem 1.1

Proof. Let k > 0 and apply Corollary 7.2 with

1
Then
1 A
P <|7M(k) — (Var(r) + A(M, k)dr (k) + 0(5M(k‘)))| > M1/2n) < e (7.45)
and hence
1 A

P ("YM(]C) — (Var(r) + A(M, k)on (k) + 0(5M(k)))‘ < W) >1- i (7.46)

Thus, for every k > 0
1

with probability greater than 1 — O(1/M?r) as M — oo, as required. O
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7.5 Proof of Theorem 1.2

Before addressing the proof of Algorithm 1 we first consider whether or not the gradi-
ents A(M, k) are independent of the near neighbour index k. If not, then at first sight
the linear regression technique employed by Algorithm 1 is not justified.

However, subject to a fairly weak condition on the asymptotic behaviour of nearest
neighbour distances we show that any k—dependence regarding the A(M, k) can be
tolerated by proving that the intercept I' computed by the Gamma test is approzimately
equal to Var(r) with an error that converges to zero as M — oo.

We aim to prove Theorem 1.2 which states that, subject to the condition that for some
fixed p > 1 there exists a positive constant ¢ < 1 with

(1) < edp(p) forall M >1 (7.48)

then the number I' returned by Algorithm 1 converges in probability to Var(r) as
M — oc.

In order to justify the linear regression technique employed by Algorithm 1, some
spread of the points d,/(1),...,0x(p) is clearly required. Condition (7.48) is a weak
requirement in this direction — it ensures that 0, (p) — 0ar(1) > (1/¢ — 1)da(1) where
(1/¢ —1) > 0. In particular, if there exists some p > 1 such that the mean squared
distance to the pth nearest neighbour is at least twice the mean squared distance to
the first nearest neighbour, then (7.48) is satisfied with ¢ = 1/2. In fact, it is difficult
to imagine a set of points that are distributed in such a way that some p having this
property does not exist.

Note that if (7.48) fails, we can still use Theorem 1.1 to estimate Var(r) by performing
the crude Gamma test algorithm on (d/(1),vas(1)) for increasing M.

In order to prove Theorem 1.2 we need the following lemma.

Lemma 7.6. For 1 <k <pletY, = v+ ap Xy + Ap where 0 < X; < ... < X, are
such that X; < X, and let Y = d 4 c¢X be the least squares regression line for the
points (X, Yx). Then

X
’d - U‘ S p(p - 1)(AmaxXp + Amax) (ﬁ) (749)
p

where Apax = max |ay| and Apax = max |Ag| for 1 <k <p.

Proof. The values ¢ and d are defined to be those that minimise the function

F(c,d) = i ((d + cXg) — (v + ap Xp + Ag))° (7.50)
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Setting the partial derivatives of F'(c, d) to zero leads to
P
k=1
» (7.51)
k=1
from which we obtain
P P p
k=1 k=1 k=1
v v v (7.52)
k=1 k=1 k=1
Let S=>7%_, Xyand T =3 7_, X7 so that
P
T +dS =08+ (@ Xy + Ag) Xy
k=1
» (7.53)
eS + dp = vp + Z(aka + Ay)
k=1
Solving for d we obtain
P P
k=1 k=1
and hence
p p
(d—v)(S* = pT) =8 (a;X; + A)X; =T (a;X;+ A)) (7.55)
j=1 j=1
Substituting for S and T,
(d—v)> Xi(Xi— X;) =) Xi(Xi = X;)(a; X; + A;) (7.56)
i,j 2%
and since
DOXiXi—X5) =) XX — X))+ ) Xi(Xi — X))
ij i<j i>j
=) XX = X))+ ) X(X; - X))
= ~ (7.57)
= (X7 -2X,X; + X7)
i<j
=) (Xi—X;)
i<j
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it follows that

XX — X)) (@, + A,
10— 2 é e z(Xj>2 = (7.58)

The denominator is the sum of positive terms and is therefore at least as large as its
largest term (X, — X;)?. By hypothesis, this term is strictly positive so the denominator
is bounded below by (X, — X;)? > 0. Using the triangle inequality on the numerator
we replace each term X;(X; — X;) by the maximum X, (X, — X;) of such terms, and
each |a; X; +A;| by (AmaxXp + Amax). Since there are at most p(p — 1) non-zero terms
in the numerator, the result follows on cancelling a factor of X, — Xj. O

Proof of Theorem 1.2
Proof. By Theorem 1.1 we have that

1
yu (k) = Var(r) + A(M, k)dn (k) + o(6nm (k) + O <W) (7.59)
with probability greater than 1 — O(1/M?*) as M — oo. Furthermore, by condition
(7.48) it follows that d,/(1) < dpr(p). Hence the conditions of Lemma 7.6 are satisfied by
the pairs (X, i) = (0ar(k), yar (k) with a, = A(M, k), Ag = (6 (k))+O(1/M/?7r),
v = Var(r) and d =T so

I Var(r)] < plp = D Adr(p) + 8) (5510 (7.60)

where A = max;(A(M,k)) and A = o(6x(p)) + O(1/M?7*).
By condition (7.48), dp(p) — dar(1) > (1 — ¢)dpr(p) for some constant ¢ > 0 so

om(p)
om(p) — (1)

Furthermore, since |A(M, k)| < 3b3 < oo for every 1 < k < p we also have Ady (p) =
O(um(p)) as M — o0 so

=0(1) as M — (7.61)

T — Var(r)| = O(8a(p)) + O(1/M*77) (7.62)
with probability greater than 1 — O(1/M?~) as M — oo. Thus we conclude that
I' — Var(r) in probability as M — oo (7.63)

as required. O
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7.6 Proof of Theorem 1.3

We obtain a proof of Theorem 1.3 by showing that condition (7.48) holds for sampling
distributions which satisfy the conditions of Theorem 3.2.

Proof. Taking o = 2 in Theorem 3.2, the expected value of d,,(k) is given by

E(0n(k)) = % (7.64)
to first order in M, where
c(m, k, ¢) = vnf/mw /C o(x) "M da (7.65)

Hence for all m > 0 we have that
Su(l)  T(1+2/m)(p)
O (p) I'(p+2/m)
and the result follows by Theorem 1.2. O

<1l as M — o0 (7.66)

7.7 The gradient A(M, k) of the asymptotic linearity
relation

The approximate asymptotic linearity relation between vy, (k) and 6y (k) is expressed
in Theorem 1.1 as

v (k) ~ Var(r) + A(M, k)op (k) as M — oo (7.67)
where the convergence is in probability and A(M, k) is defined by

& (X = X)) - VF(X)°)

A(M. k) =
(.F) 2 (Ko — X

< 00 (7.68)

Let 6; denote the angle between the vectors V f(X;) and Xy, — X; so that

(X — Xo) - VX)) = [ X — XV (X)) cos? 6, (7.69)
By (7.68) we see that A(M, k) depends on the expectation &, (|V f(X;)|* cos® ;) and
also on the degree of dependence between | Xy, — X;| and [V f(X;)|? cos? 6;.

Since the vector X yj; ) — X; depends only on the sampling distribution it is reasonable
to suppose that its direction and magnitude are independent of the function f, in which
case

A(M, k) = %@,(\v FOX0)2 cos? 6:) (7.70)
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Whether or not this is true depends on the directional properties of the sampling
density ¢ about the points of C. If ¢ results in an isotropic distribution of density
in local neighbourhoods of the points of C' then the near neighbour distances and the
near neighbour directions are independent and (7.70) holds.

Consider the case where C' is of positive measure in R™ and the sampling density
¢ is smooth and strictly positive on C. As the number of points M becomes large
the neighbourhoods about each interior point shrink and the local density becomes
essentially constant and hence isotropic. Provided the boundary of C' forms a set
of measure zero then no problems arise. In this case the distribution of the 6; is
independent of k so given M sufficiently large, (7.70) is independent of k for all bounded
k. In the case where C' is a chaotic attractor of zero measure in R™ then again, if the
local density is isotropic at all sufficiently small scales of measurement there are no
problems. However, this cannot be assumed for an arbitrary chaotic attractor.

In addition to (7.70), suppose further that |V f(X;)|? is independent of cos®#; so that

A(M, k) = %az,(yv FXD[2)E,(cos? 6,) (7.71)

If m = 1 then 6; takes only the values 0 and 7 and hence Ey(cos?6;) = 1. If m > 2
then one might assume that the 6; are uniformly distributed over [—m, 7|, in which case
Es(cos® 0;) = 1/2. Asymptotically we then have

ALK — (VI i m=1 .
U e (v i m o |

Under these circumstances the slope of the regression line computed by the Gamma
test provides an estimate of the mean squared gradient of the unknown function f
(relative to the sampling distribution) and may thus be considered as a crude indicator
of the complexity of the surface defined by f.

7.8 Experimental results

7.8.1 The pth nearest neighbour condition

We examine whether condition (7.48) is likely to hold. To establish the validity of
Algorithm 1 we need to show that the ratio d5/(1)/dp(p) is strictly less than 1 for all
sufficiently large M.

Taking p = 10 we compute the ratios dp/(1)/dp(p) as M increases from 1000 to 100000
for a uniform distribution and from 1000 to 200000 for the Hénon map (3.165) with
a = 1.4 and b = 0.3, both in steps of 1000. Figures 7.2 and 7.3 show the plots of
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20000 60000 100000 50000 100000 150000 200000

Figure 7.2: Ratio of dy;(1)/0p(p) as M Figure 7.3: Ratio of dy;(1)/0p(p) as M
increases for the uniform case (p = 10). increases for the Hénon Map (p = 10).

On (1) /00 (p) against M for the uniform distribution and the Hénon map respectively.
The graphs suggest that the ratio d,;(1)/das(p) remains bounded away from 1 in both
cases.

If the sampling distribution ® satisfies the conditions of Theorem 3.2, then taking
a = 2 in Theorem 3.2 and applying Corollary 6.1 we see that for all m > 1,

ou(1) LA +2/m)I(p)
om(p) ['(p+2/m)

with probability approaching one as M — oo. This ensures that (7.48) holds with
probability approaching one as M — oo, and a further application of Lemma 7.4 in
the proof of Theorem 1.2 then ensures that the conclusion of Theorem 1.2 holds under
these conditions.

<1 (7.73)

Taking m = 2 and p = 10 in (7.73) we see that d,/(1)/dp(p) in the uniform case should
be asymptotically equal to 0.1 as M — oo, shown as a dashed line in Figure 7.2.
It is interesting to note that although we have not been able to prove a version of
Theorem 3.2 for sets of non—integral dimension, taking m = 1.26 for the Hénon map
(which is approximately equal to the fractal dimension of its attractor) the theoretical
value of 05/(1)/0a(p) for p = 10 as determined by (7.73) is equal to 0.035. This is close
the experimental values shown in Figure 7.3.

7.8.2 Directional distributions

We now investigate whether we can replace the general definition of A(M, k) given
in (1.46) by the simpler definitions (7.70) or (7.72). If the direction of the nearest
neighbour vectors are uniformly distributed then we may conclude that (7.72) holds.

For a set of M = 100000 points, first for a uniform distribution and secondly for the
Hénon map (3.165) with @ = 1.4 and b = 0.3, we compute the angle w; (—7 < w; < 7)
between the kth nearest neighbour vector xypx — ®; and the horizontal axis, then
plot a histogram of the angle probabilities using 100 bins. The histograms for k£ = 1
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Figure 7.4: Angle histogram for the uni- Figure 7.5: Angle histogram for the
form distribution. Hénon Map.

are shown in Figures 7.4 and 7.5 respectively. For & = 2 to 10 the histograms were
virtually identical.

In the uniform case we see that the direction of the nearest neighbour vectors are
approximately uniformly distributed in the range [—7, 7] and hence the (local) density
is isotropic.

Figure 7.5 illustrates that the distribution of near neighbour directions on the Hénon
map is anisotropic. There are two strongly preferred directions at w ~ —7.2° and
w =~ 172.8° respectively, each with probabilities of approximately 0.058. There are also
two subsidiary preferred directions at w ~ —176.4° and w =~ 3.6° respectively, each
with probabilities of approximately 0.028. If this experiment is repeated with data
localised to a small region of the attractor, the histogram can be markedly different
although remaining anisotropic. Thus although anisotropy appears to be ubiquitous
over the Hénon attractor, its precise nature is not scale invariant.

7.8.3 The gradients A(M, k)

We define the function f : R? — R to be f(z,y) = 2? + y? so that Vf = (2z,2y),
and generate values of A(M, k) according to (1.46), substituting empirical means for
expectations.

AM,k)
0.7
———— k=10
0.69
0.68”-‘\ k=4
0. 670V PN k=3
0.66 k=2
0.65
k=1

!
0.64}

20000 40000 60000 80000 100000 M 20000 40000 60000 80000 100000 M

Figure 7.6: Graph of A(M,k) as M in- Figure 7.7: Graph of A(M,k) as M in-
creases for the uniform distribution. creases for the Hénon Map.
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For k in the range 1 < k < 10 we compute A(M, k) as M increases from 2000 to 100000
in steps of 2000. Figures 7.6 and 7.7 show plots of A(M, k) against M for the uniform
distribution and the Hénon map with a = 1.4 and b = 0.3 respectively.

In the uniform case the gradients A(M, k) appear to be independent of k& and converge
to a stable value of approximately 0.67 as M increases. Note that

| [ ivtearisdy - (1.74)

so in this case the asymptotic value of the A(M, k) is approximately equal to the
expected value 1E€,(|V f|?) over the input space [0, 1]?, which agrees with (7.72).

In the case of the Hénon map we see that the gradients A(M, k) do indeed depend on
k. We remark that each one appears to converge to a stable value as M increases.

7.9 Summary

The main goal of this work has now been accomplished. We have assembled the results
developed in Chapters 3, 4, 5 and 6 to generate a proof of the Gamma test. As it
stands this proof covers the case of a smooth positive sampling density over a compact
convex body in R™, which should be adequate for many practical applications. We
should note that the decomposition strategy of the proof means that we are unable to
take account of cancellation of errors which may occur between the various sums. Thus
the error terms in (7.62) represent a ‘worst case’ analysis that is often pessimistic in
practical applications, for which the convergence may be much faster (see [Tsui 1999)).

It seems remarkable that such a simple and useful algorithm should require so much
mathematical machinery in order to provide a formal justification but given the com-
plexities one is forced to confront, it also seems unlikely that a very much simpler
analysis can be established. On the contrary, one might regard this work as an initial
foray into what promises to be a rich and complex set of questions as one seeks to fur-
ther generalise the formal justification to cover the applications to chaotic dynamical
systems. However, such work must be left for the future.

Fortunately there are now many interesting results which we can readily derive from
the techniques so far developed. In the next chapter we shall apply these ideas to prove
a potentially useful generalisation of the Gamma test first described in [Durrant 2001].
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craprer O
Chapter

The Extended Gamma test

8.1 Introduction

The Gamma test is a technique for estimating the second moment &€(r?) of the noise
distribution ¥. We now show that under the hypothesis of a symmetric noise distribu-
tion (i.e. where all odd moments are zero), similar ideas may be applied to estimate the
higher order moments of the noise distribution. In some circumstances these estimates
may be used to reconstruct the noise distribution itself.

The most computationally expensive aspect of the Gamma test algorithm is to compute
the nearest neighbour lists of the input points, which can be achieved in a time of order
O(M log M). As we shall see, the statistics used to estimate the higher order moments
of the noise distribution are also defined relative to the nearest neighbour lists so
computing these higher order estimates involves very little extra computational cost.

Let m; = &(r’) denote the jth moment of the noise distribution and suppose that
my = 0 so that my = Var(r). Our aim is to estimate m; for j =2,3,....

Let h > 2 be an even integer and define

1

6= (50w~ 0 81

which we write as

(?) MM (8.2)
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Since m; = 0 the first few values of GG, are given by

Gy =1

G2 = Mo

G4 = Mmy+ 3771%

G6 = Mg+ 15m4m2 - 10m§ (83)
Gs = mg+ 28mgmeg — 56msms + 35m32

Gw mio + 45m8m2 — 120m7m3 + 210m6m4 — 126m§
G12 = Mo+ 66m10m2 — 22077197713 + 495m8m4 — 792?7177715 + 924?77%

Using techniques analogous to those employed by the Gamma test we seek to estimate
G for h = 2,4,... and then use (8.3) to compute the corresponding estimates of m;
for j=2,3,....

We immediately see that there are more unknown variables m; in (8.3) than there are
equations. However, if we make the assumption that the noise distribution is symmetric
then m; = 0 for all j odd in which case (8.3) becomes

Go =1

G2 = Mo

G4 = Mmy+ 3777,%

G6 = Mg+ 15m4m2 (84)
Gg = mg-+ 28m6m2 + 35m?1

Gl() = Mo+ 45m8m2 + 210m6m4

G12 = mio + 66m10m2 + 495m8m4 + 924m%

If we can estimate G, for h = 2,4,... then using (8.4) we can successively compute
estimates for the moments m; of symmetric noise distributions.

We call equations (8.3) and (8.4) the constraining equations. These equations were
first developed and experimentally tested in [Durrant 2001]. In this chapter we use the
techniques developed in the preceding chapters to provide a formal justification for the
application of the Extended Gamma test and the constraining equations to symmetric
noise reconstruction.

8.2 Statement of the theorem

The following theorem is a generalisation of Theorem 1.1 and shows that we can use
linear regression to estimate G, for h = 2,4, .. ..

Theorem 8.1. Let the conditions of Theorem 1.1 be satisfied and suppose further that
the noise distribution W is symmetric so that mj; = 0 for j odd. Let h > 2 be an even
integer and suppose that m; < oo for all j < 2h. Define

M
1
Mk, h) = bYW E YN[ — yi|" (8.5)
=1
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and

1 M
= M Z |$N[z’7k] — ZEi’Q (86)
i=1

Then for every k > 0,

with probability greater than 1 — O(1/M*~) as M — oo where

h(h —1)& (((XN[i,k] - X;) - Vf(Xz‘))2>

A(M,k,h) = 8.8
( ) 2851 X npip — Xil?) (88)
which satisfies
1
0<A(M,k, h) < 5h(h —1)b} < 0 (8.9)
where by is the upper bound on V f over C.
8.3 Decomposition of the problem
As in Chapter 2 we write
M
ou(k) = Z | X ik — (8.10)
=1
1M
Yu(k,h) = BYi > Vvpw — )" (8.11)

i=1

where X and Y are random samples on the probability spaces CM and CM x RM
respectively and consider

1
~(Ynpip — V)" =

2( '

((Rnia — Ri) + (F(Xnpa) — F(X0))) (8.12)

l\:JIn—l

Writing A; = f(Xnpix) — f(X;) and expanding the right hand side of (8.12) we obtain
1(Y S ALE li: h (Ryjig — RN (8.13)
9 N[i k] i 9 k Ni k] i i .

J=0

Following Chapter 2 we apply the second mean value theorem to f so that
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where
Ty (Xi, Xnjing) = (Xnpw — Xo) "HIE) (X — Xi) (8.15)

for some point Z; on the line segment joining Xyy; 5 and X;. As before we note that
the value of H f(Z;) is uniquely determined by the points Xy 5 and X;, even though
the intermediate point =; may not be.

We write
N 1
=0

and substitute this into (8.13). Since |V f(X;)| < by and |H f(Z;)| < by we see that
with the exception of the cases where (h, j) = (0,0),(1,0), (1,1) and (2,0) all terms in
the resulting expression are of order O(| Xy i — Xi|*) as M — oo.

Summing both sides of the resulting expression over 1 < ¢ < M then dividing by M,
we thus arrive at an expression for v,,(k) given by

var(k, h) = Apg(k, h) + By (k, h) + Car(k, h) + o(6p(k)) as M — oo (8.17)

where

~ 1 &1 A

Ap(k,h) = MZ§ (Rupig — Ri) (8.18)
=1

1 <A1 het

Buy(k,h) = Mzih(RN[i,k]—Ri) A (8.19)
=1

~ 1 &1 h—1 2

Culk,h) = 7 > 1 =1) (Rniiw — Ri) (X — Xi) - V(X5))™ (8:20)

-
I
—

Next we define

M
1 1
Ay (k,h) = 17 Z (5 (Rnjiw — Ri)h — Gh) (8.21)
=1
1 L /1 h 2
-1
Cu(k,h) = i Z(Zh(h — 1) (Rnpiw — Ri)" " (Xwvjiw — Xi) - V(X5))
i=1
— G2 A(M, k, )| X njig — Xi]Q) (8.22)
where

hlh = DE (X — X)) - V(X))")

A(M =
(M k. ) 26 (Ko — X

(8.23)
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so that Ay (k,h) = Ap(k,h) + Gy and Car(k) = Car(k) + Gr_o A(M, k, h)pr (k). Sub-
stituting these into (8.17) we obtain
’)/M(k’, h) = Gh + Gh_QA(M, k?, h)éM(k?) + O<5M(k’))

and we think of Ay/(k, h), By(k,h) and Cy(k, h) as random variables on the product
space CM x RM,

(8.24)

8.4 Expected value of Ay (k,h), By(k,h) and Cy(k, h)

Provided &(r7) < oo for all 0 < j < h then by construction the expected value of both
Ap(k, h) and Cys(k, h) is zero.

Consider

EBul ) = 723" 3héu (R — 1)) 0 (A (.25)

Since Ry k) and R; are independent for i # N[i, k] the first expectation in (8.25) can
be written as

E((Rnjiy — R)"1) = i (h B 1) E(Rypa) (R (8.26)

=0 N/

We need this expected value to be identically zero and the only way to ensure this is
to require that the distribution W of the noise variables R; is symmetric, so that all of
its odd moments are zero.

If the odd moments of R; are all zero then since h even it follows that h —j — 1 is odd
whenever j is even. Hence for each 0 < 7 < h—1 it follows that at least one of £ (Rgv[i k])
and (R 77") is equal to zero and provided E(Rfv[i’k]) <ooforal 0 <j<h-—1we
thus have that E((Ryp — Ri)"1) =0.

By hypothesis, [(Xnjix — Xi) - V(Xi)| < eibr and |Tp(X;, Xnpu)| < cibe for any

random sample X € CM so the second expectation in (8.25) is uniformly bounded and
it follows that (B (k, h)) = 0 provided ¥ is symmetric.

8.5 Upper bounds on variance

Lemma 8.1. The variance of term Ap(k, h) satisfies

kK (m) +1)(Gan — 4G})
M

where K(m) is the mazimum kissing number in R™.

Var(Ay (k, h)) < £ (8.27)
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Proof. Define the random variables
1
gz(R) = 5<RN[Z7k] — Rz)h — Gh (828)
on the space of random noise samples R so that
| M
An(k, h) =+ ;gim) (8.29)

By Theorem 4.1, for any indexing structure imposed by some X € C™ we have that
(g1,--.,9n) is a random sample of identically distributed L—-dependent random vari-

ables with L = 2kK(m) 4 1. By Theorem 5.1 it thus follows that

2(kEK(m) + 1) Var(g;)
M

Var(Ay(k,h)) <

By definition of G, we have that £(g;) = 0 so Var(g;) = £(g?). Hence

1
=& (Z(RN[i’k] — Ri)% — Gh(Rnjig — Ri)h + Gi)

1
£ (ZG% - Gi)

(kK (m) 4 1)(Ga — 4G})
M

so by (8.30) we obtain

Var(Ap(k, h)) <

as required.

Lemma 8.2. The variance of term By(k,h) satisfies

(k‘K(m) + 1)h20%(b1 + Clbz)zGthg

Var(By(k,h)) < i

where K(m) is the mazimum kissing number in R™.
Proof. Define the random variables
1
gi(R) = §h(RN[i,k] — )"
hi(X) = (Xnpw — Xi) - VF(XG) + T (X, Xnjin)
on RM and CM respectively so that

1

By(k,h) = i Zgi(R)hi(X)

i=1
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Since £(By(k,h)) = 0 we have that Var(By(k,h)) = E(By(k,h)?) and computing
this over all pairs (X, R) € CM x RM we obtain

Var(By(k, b)) M2 Z E(h )gi(R)g;(R)) (8.37)

i,7=1

which we write as

Var(Bu(k, b)) = 75 Z Eo (ha(X)hi(X)Ey(9:(R)g;(R)| X)) (8.38)
Clearly,
Var(By (k. h)) < Z €5 (hi(X);(X)Ey(9:(R)g;(R) | X))
< Z&p i (X)] [h;(X)] € (g:(R)g; (R) | X)) (8.39)

By Theorem 4.1, for any X € CM the ¢i(R),...,gn(R) are identically distributed
L-dependent random variables with L = 2(kK(m) + 1) where K (m) is the maximum
kissing number in R™. Hence, for any fixed i it follows that &£, (g:(R) gj(R)}X ) # 0 for
at most L indices j. Furthermore, since |ab| < %(a2 + b?) for any pair of real numbers
a and b and since g;(R) and g¢;(R) are identically distributed, we have that

1€4(9:(R)g;(R)| X)| < Ey(lg:(R)g;(R)||X) < (g7 (R) | X) (8.40)

Thus, since
1
Eulg7 | X) =&y ( h?(Rupig — Ri)™ 2) = hGan—z < 0 (8.41)

and since |h;(X)| < ¢1by + ¢3by for all X € CM it follows by (8.39) that
(k;K(m) + 1)]120%(191 -+ Clbg)ngh_g

Var(By(k,h)) < i (8.42)
as required. O

Lemma 8.3 (The Cy(k,h) term). The variance of term Cy(k,h) satisfies

A
Var(Cys(k, h)) < MC (8.43)
where
1
Ao = 1h?(h —1)%cin] ((kK(m) +1)Gop_y

(8.44)

+4(1+ (k+2)(3k + 2)(1 + k(k + 1)K(m)))Gi2)
and K(m) is the mazimum kissing number in R™.
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Proof. Define the random variables

Si(X,R) — %h(h—n(RN[i,k]—Ri)H (Xnps — X)) - V(X)) (8.45)
T(X) = GuoAM,k h)|Xnpy — Xl (8.46)

on CM x RM and CM respectively where

h(h —1)&, (((XN[i,k} - Xi) - Vf(Xi)>2>

AM .k h) = A
so that
M
Crr(k,h) = 32 D (S = To) (8.48)
i=1

By definition of A(M,k,h) we have that £(Cy(k,h)) = 0. Thus Var(Cpy(k,h)) =
E(Cu(k,h)?) and we write

Var(Cy(k, b)) = =3 E((Si = T)(S; — T)))

-

S
Il
—_

S| =
ME

E£(S:8; + TT; — 2S,T))

-

<
Il
—

I
3=
IMS

(E(5:5)) + E(TTy) — 28(SiT)) (8.49)

-

<
Il
—

I
s
:ME

Since h is even and h > 2 it follows that S; > 0 and 7, > 0 for every X € CM
and R € RY. Furthermore, since |(Xnpx — Xi) - VA(X)[? < | Xnpig — Xi)[207 we
have that A(M, k,h) < %h(h — 1)b7 and since | Xpypix — Xi| < ¢ it follows that T; <
%h(h — 1)Gj_oc3b3.

Thus we obtain

0 < E(ST;) < %h(h —1)Gh_o3bIE(S)) (8.50)
and since
0<E(S) < %h(h _ e (%(RNM _ Ri)H) 22 (8.51)
then by definition of G;,_o we see that
0 < E(ST;) < ihQ(h —1)2G}_,clbi < 00 (8.52)
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Hence by (8.49) it follows that

Var(Car(k, 1)) < =75 i £(S:S;) + E(TT))) (8.53)
We define
I -
SM:M;&- and TM:M;E (8.54)
so that
Var(Cyr(k, h)) < Var(Sy) + Var(Ty) (8.55)

and consider each term separately. Regarding the first term on the right hand side of
(8.55) we define the random variables

9i(R) = %(RN[i,k]_Ri)hz (8.56)
M(X) = Sh(h—1)((Xnjes — X,) - VAP (8.57)

on RM and CM respectively so that
M
Y Zgi(R)hi<X) (8.58)
i=1

Although the expected value of Sy is not zero it is certainly true that Var(Sy,) < £(S2))
so we have that

Var(Su) < 753 D0 (@ (R)g; (B) (X (X)) (5.59)

where the expectation is taken over all X € C* and R € RM. By hypothesis both h;
and h; are completely independent of R while g; and g; may depend on X. Thus we
write

Var(Sy) = M2 Z Es (R X)h; (X)Ey(g:(R)g;(R) | X)) (8.60)

i,j=1

from which it follows easily that

Var(Sy) < QZ@ i (X)| [ (X)] 1€ (g: (R)g; (R) | X)) (8.61)

i,j=1

By Theorem 4.1, for any X € CM the g,(R),...,gu(R) are identically distributed
L—dependent random variables with L = 2(kK(m) + 1) where K (m) is the maximum
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kissing number in R™. Hence, for any fixed ¢ it follows that Ew(gi(R)gj(R)}X) # 0 for
at most L indices j. Furthermore, since |ab| < $(a? + b?) for any pair of real numbers
a and b and since g;(R) and g;(R) are identically distributed, we have that

[€0(9:(R)g;(R)|X)| < Eu(lgi(R)g;(R)||X) < Eu(gi(R) | X) (8.62)
Thus, since

1 1
Es(g(R) | X) =&, (Z(RN[Z»,H — Ri>2h—4) = 5Gona (8.63)

and since |h;| < $h(h — 1)cib? for every X € CM it follows by (8.61) that

i L(KK (m) + 1)h2(h — 1)2c4 b4 Gy
Var() < LEK) £ D0~ 1Pkt

(8.64)

Turning our attention to the second term on the right hand side of (8.55) we define
the random variable

hi(X) = G2 A(M, k, h)| X nji — Xi|? (8.65)
on CM so that
_ 1M
Tn =+ Z hi(X) (8.66)

Since 0 < A(M, k,h) < sh(h —1)b7 and | Xy — Xi| < ¢ it follows that

1
2
1
_ A _ M . )22
- ( : = -2 1¥1 :
||h|| = sup{|ni(X)| : X € C }<2Gh h(h —1)cib] < o0 (8.67)

Thus we may apply Theorem 6.1 to the sample mean T); of the h; so we have that

Var(Tyy) < 2014 (k4 2)(3k + 2)(1 + k(k + 1)K (m)))Gh_sh(h — 1)c2b?
M) = M

(E(Pa*)?
(8.68)

where K(m) is the maximum kissing number in R™.

Since E(|h1(X)|*)"/? < 1Gp_sh(h — 1)c3b? for every X € CM it thus follows that

(14 (k+2)(3k +2)(1 + k(k + 1)K(m)))G2_,h*(h — 1)2cibi

Var(Tyr) < i (8.69)

and finally, substituting (8.64) and (8.69) into (8.55) we obtain

A
Var(Cyy(k, h)) < MC (8.70)
where
1
)\C = Zh2(h — 1)2Cilbil ((kK(m) + 1)G2h_4
(8.71)
+4(1 + (k+2)(3k +2)(1 + k(k + 1)K(m)))Gi_2)

as required. O
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8.6 Probabilistic upper bounds on Ay (k, k), By(k, h)
and Cy(k, h)

Since the expected values of Ay (k, h), By(k, h) and Cys(k, h) are zero, by Lemma 8.1,
Lemma 8.2, Lemma 8.3 and Chebyshev’s inequality we obtain the following.

Corollary 8.1. For every e > 0,

P(|Ay(k, )| >€) <

P([Bu(k, h)| > €) <

P([Cu(k h)[>€) <

where

1
Aa = 5(1{:K(m) +1)(Gan — 4G7)
>\B = (kK(m) + 1)h2C%(b1 + Cle)QGQh_Q

e = %hQ(h — 1elbd (kK (m) + 1) G
FA(L+ (k4 2)(3k + 2)(L+ k(k + 1K (m)))G3_,)

are finite constants not depending on M.

8.7 Proof of Theorem 8.1

Applying Lemma 7.4 to the results of Corollary 8.1 we obtain the following.
Lemma 8.4. For any e > 0,

P(|Ay(k,h) + Bu(k,h) + Coyr(k,h)| > €) < = (8.72)
where
A=9Aa+ A5+ o) (8.73)
is a finite constant not depending on M.
Corollary 8.2. For any e > 0,
P(|'yM(k, h) — (Gn + Gr_2A(M, k, h)dr (k) + 0(5M(k:)))‘ >¢€) < (8.74)

Me?
as M — oo where X\ is a finite constant not depending on M.
Proof. By (8.24) we have that
Apn(kyh) + By(kyh) + Cur(ky h)
=k, h) — (Gn + GrooA(M, k, h)dr (k) + o(6n(k))) (8.75)
and the result follows by Lemma 8.4. O
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Proof of Theorem 8.1

Proof. Let k > 0 and apply Corollary 8.2 with
1

Then
1 A
P ( [yr(k, h) = (Gh + Gra ALk, D)o (K) + 00 ()| > 3575 | < 57
(8.77)
so that
1 A
P ( |yar(k, h) = (G + Gro A(M, k, h)on (k) + 0(8u(K))) | < i) T e
(8.78)
Hence, for every x > 0
1
() = Go -+ s Ak Mo 8) + 008 40 (g7 ) (879
with probability greater than 1 — O(1/M?*") as M — oo, as required. O

8.8 The extended algorithm for symmetric noise
distributions

The extended Gamma test algorithm for symmetric noise distributions is shown in
Algorithm 2.

8.9 Proof of the extended Gamma test algorithm

We use Theorem 8.1 to show that the numbers I'y, returned by Algorithm 2 converge
in probability to G}, as M — oo.

Theorem 8.2. Subject to the condition that for some fixed p > 1 there exists a positive
constant ¢ = ¢(m) < 1 such that

on(1) < cdp(p) (8.80)

for all sufficiently large M, the number Iy, returned by Algorithm 2 converges in prob-
ability to G, as M — oo.
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Procedure Extended Gamma Test (data)
{data is an array of points (z;,v;), (1 <i < M) where x € R™ and y € R}
for 1 =1to M do

for k=1topdo

compute N|i, k| where z N[i,k] 18 the k' nearest neighbour of z;.

end for
end for
{If multiple outputs do the remainder for each output}
for k=1topdo

compute dp(k) as in (1.40)
end for
for h=2to2q, h=h+2do

for k=1topdo

Compute vy (k, h) as in (8.5)

end for

Perform linear regression on {(dy(k), yvar(k, b)), 1 < k < p}

Record the intercept I'y,
end for
Compute successive estimates for mq,my, ..., my, according to equations (8.4), re-
placing G, by T';,.

Algorithm 2: The extended Gamma test algorithm.

Proof. By Theorem 8.1 we have that for every x > 0,

1
ym(k,h) = Gp+ G2 A(M, k, h)on (k) 4+ o(dp (k) + O (W) (8.81)
with probability greater than 1 — O(1/M?*) as M — oo. Furthermore, by condition
(8.80) it follows that d5/(1) < dpr(p). Hence the conditions of Lemma 7.6 are satisfied
by the pairs (X, Vi) = (dp(k), yar(k, b)) with ap = G2 A(M, k, h), Ay = o(0p(k)) +
O(1/M'Y?7%) v = G}, and d =T, s0

0= Gal <l = Db lp) + ) (520 (5.52)

where A = maxy(G,_oA(M, k,h)) and A = o(6x;(p)) +O(1/M*/?>*). Condition (8.80)
implies that dp/(p) — dar(1) > (1 — ¢)dpr(p) for some constant ¢ > 0 so
om(p)
drr(p) — dnr(1)

Furthermore, since G,_» < oo and 0 < A(M, k) < sh(h—1)bi < oo forevery 1 <k <p
we also have Ady(p) = O(0n(p)) as M — oo. Hence

=0(1) as M — 0 (8.83)

Th = Gal = O(u(p)) + O(1/M'27) (8.84)
with probability greater than 1 — O(1/M?F) as M — oo and we conclude that

[, — G, in probability as M — oo (8.85)
as required. O
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Theorem 8.3. Let C' be a compact convex body in R™ and let ¢ be a smooth positive
sampling density on C. Then the number Ty, returned by Algorithm 2 converges in
probability to G, as M — oc.

Proof. Using an identical argument to that used in the proof Theorem 1.3, since d,,(1)
and 0,/(p) satisfy (8.80) the result follows immediately by Theorem 8.2. O

8.10 Summary

In this chapter we have provided a formal justification for the method of symmetric
noise distribution reconstruction illustrated in [Durrant 2001]. The idea that a per-
fect model is one for which the output error distribution on unknown input data is
identical to the noise distribution was (to our knowledge) first proposed in [Durrant
2001]. If there were a way to reconstruct the noise distribution then knowledge of
this distribution could conceivably be used in model construction. Instead of training
the non-parametric model to achieve an error variance equal to the noise variance one
could aim to develop training methods such that some measure of the difference be-
tween the error distribution and the noise distribution was minimised. Hence the idea
of reconstructing the noise distribution may eventually lead to interesting practical
applications for non-parametric model construction.
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craprer D
Chapter

Conclusion

9.1 The significance of the Gamma test proof

The proof of the Gamma test established in this thesis covers the case of a smooth pos-
itive sampling density over a compact convex body in R, which is sufficient to include
many practical applications. From a purely theoretical standpoint the proof is of value
since it assures us that the basic methodology is sound. Moreover, the techniques and
theorems we have developed for the analysis of near neighbour relationships may well
find other interesting applications.

However, it must said that in particular applications of the Gamma test, where often
no theoretical analysis exists, the extent to which theoretical preconditions are satis-
fied may be unverifiable. In practice it is often the case that the easiest method of
determining the utility of the Gamma test is simply to try it!

Thus we should be aware that the degree to which models discovered by tools such as
the Gamma test are truly scientific depends on the context. In such situations we may
be motivated by purely pragmatic considerations:

“A model is ‘good’ just as long as it is predicting well. When it stops
predicting well, we just try to build another model.” [Jones et al. 2001]

9.2 Generalising the proof

We have remarked that the applicability of Gamma test seems much wider than the
class of situations considered here. In particular, it is often effective when applied to
chaotic dynamical systems based on smooth underlying relationships, and it is natural
to ask which aspects of the proof might possibly be generalised to cover these other
cases of interest.
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With regard to the work of Chapter 3, results such as Conjecture 3.2 seem to raise
several quite difficult issues related to Hausdorff measures. However, examination of the
proof structure shown in Figure 1.9 reveals that the critical application of Theorem 3.2
is to establish condition (7.48) - a fact that became apparent only some time after the
work of Chapter 3 had been completed. Nevertheless, generalisations of Theorem 3.2
based on Conjecture 3.2 may be one way to prove condition (7.48) for the ergodic
sampling of a chaotic attractor.

Condition (7.48) has every appearance of being a purely geometrical constraint and
might possibly be proved to hold for any bounded sequence of sampling points. A first
step in eliminating the arguments of Chapter 3 from a proof of the Gamma test might
therefore be to address the following problem.

Conjecture 9.1. There exists some integer q(m) such that for any sequence of points
&1, T, ... 1n R™ and for every p > q(m),

, on(1)
lim su <1 9.1
M 001 (p) (6-1)

If this conjecture could be proved then the work of Chapter 3 would not be required in
a proof of the Gamma test, even though it is of considerable interest in its own right.

Suppose that condition (7.48) could be established in some alternative manner. Then
we ask which other parts of the proof would carry through to more general classes of
sampling distributions? Certainly the work of Chapter 5 on L-dependent variables is
independent of the particular method of sampling, because its application to the proof
of the Gamma test hinges on Theorem 4.1 which is a purely geometric result. It is
less obvious how much of Chapter 6 can be carried through to the more general case
because the integrals involving the sampling density would have to be carefully defined
in terms of an appropriate Hausdorff measure. However, it is quite conceivable that
this work could be done.

Yet another area of generalisation relates to the type of convergence for which the
various results may be shown to hold. We have focused on the relatively weak notion
of convergence in probability. It is certainly possible that this could be generalised to
the stronger notion of ‘convergence with probability one’, and perhaps even further.

9.3 Implications for further work

9.3.1 The gradient A(M, k)

Based on the discussion of section 7.7 and the experimental results presented in 7.8.3,
we make the following conjectures regarding the asymptotic behaviour of the gradient
A(M, k) as M — oo.
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Conjecture 9.2. [f the input points X; are identically distributed according to a sam-
pling distribution that satisfies the conditions of Theorem 3.2, there exists some finite
constant A > 0, independent of M and k, such that

A(M, k) — A in probability as M — oo (9.2)

Conjecture 9.3. For some more general class of sampling distributions than those
satisfying the conditions of Theorem 3.2, there exists some finite constant A(k) > 0,
independent of M, such that

A(M, k) — A(k) in probability as M — oo (9.3)

9.3.2 Near neighbour distance distributions

In Chapter 3 we determined the asymptotic behaviour of the moments of the kth
nearest neighbour distance distribution of M points using the technique of ‘boundary
shrinking’ first suggested by W.M. Schmidt. It would be of some interest to further
characterise this distribution. This work may have some interesting consequences in
the theoretical study of point processes and also in more practical applications — for
example, estimates based on near neighbour distances have been employed in tests of
uniformity.

9.3.3 Questions relating to near neighbour geometry

In Chapter 4 we examined some theoretical questions relating to near neighbour geom-
etry and the result of Theorem 4.1 has clear relevance to coding theory. As a further
illustration of the ‘boundary shrinking’ technique we also calculated the expected num-
ber of connected components in the first nearest neighbour graph of a uniform sampling
distribution. It might be useful to have explicit formulae for the probabilities that any
point is the kth nearest neighbor of exactly 0,1,2,... other points. This question is
addressed by [Henze 1987].

9.3.4 L-dependent random variables

In Chapter 5 we have given a simple and coherent theory for an interesting class of
dependent variables and concluded with a simple proof of the associated Central Limit
theorem. What is probably of most interest here is the conceptual framework, which
can easily be identified for particular applications.

9.3.5 Functions of a point and its £ nearest neighbours
The work of Chapter 6 generalises the earlier work of [Bickel and Breiman 1983] on
functions of a point and the distance to its first nearest neighbour. This quite tech-

nically demanding analysis seemed unavoidable and owes much to their work. It is
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clearly capable of further generalisation to a similar theory (and central limit theorem)
for sums of bounded functions of the form h;(X) = hM( Xy x, Xnpk—1] - - -, X;), but such
specialised and demanding work seems only worthwhile if prompted by a significant
application.

In [Penrose and Yukich 2001] a central limit theorem is proved for functionals of var-
ious types of random point sets, including sets obtained by selecting points uniformly
at random from a fixed set in R™. The functionals in question must be strongly sta-
bilising, satisfy a uniform bounded moments condition and be polynomially bounded
(see [Penrose and Yukich 2001] for details). It is not clear whether these conditions
would impose any further conditions on our (unknown) smooth function f, beyond
those given in (1.4).

9.3.6 Noise reconstruction

In Chapter 8 we provide a theoretical analysis which justifies using a combination of
an extension of the Gamma test and certain constraining equations to estimate the
even moments of a symmetric noise distribution, a technique first described and tested
experimentally in [Durrant 2001]. It is not clear how this analysis could be extended
to encompass non—symmetric noise distributions.

9.4 Final conclusions

The Gamma test has been in the public domain since 1995 and many illustrations of its
utility in non-linear modelling have been published by the Cardiff group. A software
tool winGamma™ based on the the technique has been commercially available! since
1998. Nevertheless, despite the huge amount of empirical work on non-linear modelling
currently being produced, apart from that mentioned almost none to date has used the
Gamma test. Exceptions are a group at Glamorgan University interested in property
price prediction, and a group at the Naval Research Laboratory, Washington working
on chaotic dynamics.

Given the demonstrated effectiveness of the Gamma test, for example in feature selec-
tion and signal processing, we find the lack of interest in the method rather puzzling,
particularly given the dearth of alternative techniques. If linear regression cannot be
applied to the problem at hand, the Gamma test seems to represent the best approach
to true non-linear regression currently available. Thus we entertain the hope that the
work of this thesis, when eventually published in papers and book form, will serve to
commend the Gamma test to the wider non-linear modelling and statistical community.

1Under license from Cardiff University.
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