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Abstract

The motivation for this paper arises from an article written by Pena et al. [40] in 2010,
where they propose using the eigenvectors associated with the extreme values of a kurtosis
matrix as interesting directions to reveal the possible cluster structure of a dataset.

In recent years many research papers have proposed generalizations of multivariate tech-
niques to the functional data case. In this paper we introduce an extension of the
multivariate kurtosis for functional data, and we analyze some of its properties. In
particular, we explore if our proposal preserves some of the properties of the kurtosis
procedures applied to the multivariate case, regarding the identification of outliers and
cluster structures.

This analysis is conducted from both a theoretical and an experimental point of view, to
determine the optimality separation properties of the method for mixtures of gaussian
processes, and to evaluate its practical performance on simulated data.

Key words: Functional Data Analysis, Functional Kurtosis, Cluster Analysis, Kurtosis
Operator.




1 Introduction

Different techniques in multivariate analysis have been designed to reduce the dimen-
sionality of the data and to help derive a simple description of a dataset. Most of them
proceed by defining a small number of new variables that summarize the information con-
tained in the original variables. One of the most popular techniques for dimensionality
reduction is Principal Component Analysis.

Another problem of interest is the identification of relevant structures in the data: for
example, identifying clusters. In these situations, when we assume heterogeneity in the
data, the use of Principal Components may not give good results in practice, see [37],
and numerous alternatives have been proposed in the literature. A general approach
to address the problem of identifying heterogeneity within the framework of dimension
reduction is the use of Independent Component Analysis techniques [21], [50]. In these
cases, linear combinations of the variables with properties of interest are sought, such
as for example, those directions corresponding to projections with the largest possible
independence between them.

A particular case is proposed by Pefa and Prieto (2001) [38]. They describe a procedure
to identify clusters in multivariate data using information obtained from the univariate
projections of the sample data on the directions that minimize and maximize the kurtosis
coefficient of the projected data. Under certain conditions, these directions have optimal
properties to visualize the different clusters that may be present in data. Alternatively,
related directions can be obtained from a matrix representation of the kurtosis, with
certain implementation advantages. Pena et al. (2010) [40], propose the eigenvectors
associated with the extreme values of a kurtosis matrix as interesting directions to reveal
the possible cluster structure of a dataset.

Beyond the study of multivariate data, an area of recent interest has been the devel-
opment of new statistics for Functional Data Analysis (FDA) techniques. In this case,
the data, instead of being a vector set, as in classical multivariate analysis, is a set of
functions. The purpose of the analysis is to make use of any time (or other independent
variable) dependency structure induced by the functions generating the data to obtain
a better measure of those aspects of interest in these data. Functional data appears in
many fields of application of statistics such as health sciences, economics, environment,
among others.

Well-known references in the field of FDA are the books written by Ramsay and Silverman
(1997) |45] and Ferraty and Vieu (2006) [15]. In 2005, Ramsay and Silverman [46] wrote
a second book of a more applied character in which solutions to the problems associated
to concrete datasets are studied. The same authors presented a considerable number of
applications in another book [44]. A recently published reference by Ramsay and Hooker
includes many Functional Data Analysis applications and algorithmic implementations
in R and MATLAB [43|.

A random variable X is called a functional variable if it takes values in an infinite di-
mensional space of functions satisfying some appropriate conditions, and known as a
functional space. An observation x of X is called a functional variable. A functional



dataset x1,...,x, is the observation of n functional variables X, ..., X,, identically dis-
tributed as X.

Due to the high-dimensionality of these functional data, they are usually approximated
through their finite expansion in some appropriate (usually orthonormal) basis. A finite
number K of terms in the expansion are chosen to represent data in a finite subspace,
transforming the infinite dimension problem into a multidimensional problem. The choice
of both the parameter K and the most appropriate basis for the observed data is a basic
one in functional data analysis, and up to now there is no universal rule providing an
optimal selection. The value K acts as a smoothing parameter for the functional data.
If K is small we have a very tractable model but possibly relevant information is lost. If
K is big, the data are represented with high precision but the computational dimension
problem becomes important.

A base is a set of known functions {¢y}(k € N) such that any function can be approxi-
mated as well as desired, using a linear combination of K of them with K large enough.
Thus, a functional observation can be approximated as z(t) = Zszl ckPx(t), where
{orHE | is a set of base functions and {cj}&_, is the corresponding set of coefficients.
The most usual bases in functional data analysis are the Fourier basis, B-Splines bases,
Wavelets bases, exponential functions, polynomial bases, among others, see Ramsay y
Silverman (1997) [45].

Functional Data Analysis (FDA) comprises all the statistical techniques developed for
the analysis of curves or surfaces that vary in time. Initially, the research in this area
was intended to be an almost direct extension of the techniques of classical multivariate
analysis. However, the special structure associated to the functional data implies the
need for adapted techniques, and motivates the development of new methodologies and
procedures.

As it was mentioned above, Ramsay and Silverman [45] developed an adaptation of Prin-
cipal Component Analysis to the functional case, the Functional Principal Component
Analysis (FPCA) technique. This dimension reduction technique summarizes the infor-
mation available in the data by identifying a finite set of scalar variables obtained as
generalized linear combinations of the curves with maximum variance. However, the
technique has well-known shortcomings, such as a high sensitivity to the occurrence of
outliers. Also, the summarizing combinations can be difficult to interpret and do not al-
ways provide a completely understandable presentation of the structure of the variability
in the observed data.

In this paper we will consider extensions of a class of methods that generalize the ideas
behind PCA in the multivariate case: independent component analysis. We will apply a
version of these methods based on the kurtosis to the unsupervised classification of func-
tional data. The goal of unsupervised classification, given a random sample generated
from a mixture of unknown distributions, is to group the sample elements while trying
to achieve maximum homogeneity in each group and the largest difference between the
groups. For the functional case, if we have a sample obtained from a mixture of sev-
eral populations, the problem can be enunciated as dividing the functions into groups
representing each population.



We propose to introduce a kurtosis operator defined as an extension of the multivari-
ate matrix kurtosis operators. We will interpret and analyze this kurtosis operator for
functional data, and we will identify some possible applications for it. In particular,
we wish to determine if, regarding the identification of outliers and cluster structures,
our proposal can achieve similar to those obtained for the multivariate case mentioned
above. Additionally, we want to compare our proposed method with Functional Principal
Component Analysis.

Classification for functional data has been recently considered by several authors. One
of the early references on the subject was that of Hastie et al. (1995) [22]. They adapt
the general ideas for functional discriminant analysis, based on a penalized method for
regularization. This setting allows them to cast the classification problem as a regression
problem via optimal scoring. This facilitates the use of any penalized regression technique
in the functional classification setting.

In the context of unsupervised classification, K-Means was one of the first methods to be
adapted to the functional case. Various implementations and variations have emerged,
among them those by Abraham et al.(2003) [1], where they propose a clustering method
consisting of the fitting the functional data using B-splines and partitioning the estimated
model coefficients using a K-means algorithm. Biau et al. (2005) [5] obtained results
on K-means in infinite dimensional Hilbert spaces, where they propose using a nonpara-
metric method and describe the problem of functional classification as a generalization
of the classification problem of the elements of R to the random variables X;, taking
values in a separable infinite-dimensional Hilbert space.

James and Sugar (2003) [24| develop a flexible model-based procedure for clustering
functional data. The technique can be applied to all types of curve data but is particularly
useful when individuals are observed at a sparse set of time points. Also they extend the
model to handle multiple functional and finite dimensional covariates.

Serban and Wasserman (2005) [48], propose a technique for nonparametrically estimating
and clustering a large number of curves called CATS: Clustering After Transformation
and Smoothing. In this method they estimate the error due to the fact that we are
clustering the estimated curves rather than the true curves. CATS is quite general, but
they describe and analyze the method mostly in the context of microarray experiments.
In the framework of supervised classification some extensions have also been made to
the functional case. It is worth mentioning the study of Ferraty and Vieu (2003) [14],
where they propose a nonparametric supervised classification model by introducing a
consistent kernel estimator, but applied to a sample of curves. Lépez-Pintado and Romo
(2006) [27] consider the role of continuity of data and propose robust procedures based
on the concept of depth for the supervised classification of curves. Recently, Baillo et al.
(2011) [3] shown that an optimal classification rule can be explicitly obtained for a class
of Gaussian processes with "triangular" covariance functions.

Moreover, Hall et al. (2001) [18], employ a functional data analytic method for dimension
reduction based on Principal Component Analysis (PCA) and perform Quadratic Dis-
criminant Analysis (QDA) in the reduced space. Ramsay and Silverman analyze similar
techniques, see [44] and [45]. Yao et al.(2004) [52] propose a nonparametric method to



perform functional principal component analysis for the case of sparse longitudinal data.
Song et al.(2007) [49] describe a method based on functional data analysis to cluster time-
dependent gene expression profiles. Chiou and Li [7] introduced a functional clustering
(FC) method for longitudinal data, called k-centres F'C, and showed that, under the iden-
tifiability conditions they derived, the k-centres FC method can greatly improve cluster
quality as compared to conventional clustering algorithms. Furthermore, by exploring
the mean and covariance functions of each cluster, the k-centres FC method provides an
additional insight into cluster structures which facilitates functional cluster analysis.

A significant number of papers on the related topic of outlier detection for functional
data have also been published. Ramsay and Silverman (1997) [45] have developed the
Principal Component Analysis for functional data, to identify atypical isolates, just as
in the multivariate case. But there is no assurance that this method works when there
are groups of atypical observations due to the problem of masking, as in the multivariate
case. Moreover, Febrero et al. (2007,2008) [12], |13], Martinez et al.(2011) [30|, Diaz
et al.(2012) [11] and Jacques and Preda (2012) [23], among others, have made some
advances in outlier detection for functional data with applications in different areas.
For the multivariate analysis case, the kurtosis has been used as a way to treat the
heterogeneity, or to detect the presence of outliers. Pena et al. (2010) [40] propose
the eigenvectors associated with the extreme values of a kurtosis matrix as interesting
directions to reveal the possible cluster structure of a dataset. In this paper we adapt this
approach based on the kurtosis for the identification of outliers and cluster structures for
functional data.

The paper is structured as follows: Section 2 provides a general description of the pro-
posed method. Some of its most relevant theoretical properties are also analyzed in
Section 3. In Section 4 the results of some computational experiments to compare the
performance of the proposed method with FPCA are presented, as well as other results
of the application of the proposed operator on some real-life datasets. We finish with
some remarks and conclusions in Section 5.

2 Description of the Kurtosis operator

2.1 Interpretations of the kurtosis for univariate and multivariate data

In symmetrical univariate models, the kurtosis is a measure of the peakedness of the
probability distribution of a real-valued random variable. Its value also reflects the
presence of heavy tails or bimodality in the data. These properties allow the use of the
kurtosis for the identification of the possible cluster structure and the existence of outliers
in a data set.

While the definition of the kurtosis for the univariate case is well established from the
work of Pearson (1905) [36] or Darlington (1970) [9], there is no single way to define the
kurtosis in the multivariate case. From the different alternative proposals we mention
the works of Mori et al. (1993) [34| and Pena (2002) [37], as the ones providing the most
direct reference for our extension to the functional case.



In particular, in [34] a kurtosis matrix for a multivariate random variable X is defined as
K=22"22", 7=x"Y*X - E[X]),

where ¥ = Var(X). We adapt this definition to the case in which we have a sample of

functional data observations.

2.2 A kurtosis operator for Functional Data

Let x1(t),...,x,(t) be a set of functional data observations in a Banach space with inner
product < -, - >.
We define a kurtosis kernel for this data as

1
k(s,t) = - Z < X, T > wi(s)xi(t).
(2
And the associated kurtosis operator K(z) as

1
K(Z):ﬁz<xi,xi > Ty, 2 > T (1)
i

This operator is linear and its eigenfunctions £(t) satisfy

/ k(s ()t = M(),

for an infinite number of (real) eigenvalues A. Note that this operator is also positive
definite, as

1
< z,K(2) >:ﬁz<xi’xi> (< @y, 2 >)220 Vz.
(A

2.3 Implementation of the proposed kurtosis operator

In this Section we describe in detail how we conduct in practice the implementation of
the calculations required to obtain the values corresponding to the application of the
proposed kurtosis operator to a sample of functional data. At the same time, we provide
a link between the application of the kurtosis operator to functional data and the use of
the kurtosis matrix for multivariate data.

We assume we are given a sample of multivariate observations, generated from a func-
tional data model. These data have the form

.%'i(tj), 1=1,..,n, tj S [O,T], j=0,..,p

The application of the proposed operator is carried out in a series of steps, that are
enumerated and described below.



1. Representation. As we mentioned in the introduction, we wish to take advantage
of the structure of the data as functional objects, to improve on any results that
could be obtained from any direct treatment of the data as multivariate objects.
For example, we may wish to conduct some exploratory analysis to identify the
main characteristics of the data or prepare these data for later treatments [45].
Alternatively, we may wish to perform a cluster analysis, which is our main mo-
tivation for this proposal. Our first step will be to find a reasonable functional
representation for our data.

To obtain this representation, we start by selecting a functional basis. Let ¢y (¢)
for t € [0,7] and k = 1,...,m denote a truncated basis. Any function can be
approximated to arbitrary precision as a linear combination of the functions in this
basis as long as m is chosen to be large enough. We select a value for m providing
a reasonable balance between precision and complexity.

We obtain values for a set of coefficients ¢;; (using regularized least-squares, or
some other related method) such that

2i(t) = cndr(t).
ks

%

Xy (t)

In matrix form we can write £ = C¢, for £ and ¢ vectors of functional values
and C € R™™_ To simplify this presentation, we assume that the number of
observations for each function is the same, or at least that we work with the same
numbers of observations from each function in the smoothed data.

2. Centering the functional data. We subtract the mean from the data,
T(t) = lziﬁi(t) . E Cikdr(t) = E L E cir | Pr(t)
1
r;(t) = T;(t) —z(t) = ik — — t) = ik (t).
Ti(t) Ti(t) — 2(t) Z(Ck n% Clk>¢k() Zk:ck¢k()

k

This operation can be written in matrix form as & = (I — 2ee)Cop = Co

3. Transforming the data. Our next step will remove from the data any variability
information that might be present. Any relevant pattern directly associated to this
variability can be analyzed using Principal Component techniques, for example.
Our goal is to go beyond these patterns to reveal additional structure in the data,
such as outliers or clusters, that might be hidden in the variability information.

We identify a linear transformation with kernel /(s,¢) that will provide us with the
desired transformed observations y;(t),

yi(t) :/l(s,t)i‘i(s)ds.



In particular, we wish the transformed functions y; to have a unitary covariance
operator.

Let ¢;(t) denote the basis functions transformed using the operator [,

oi(t) = /l(s,t)gbi(s)ds.

From these functions we generate a new basis qzz(t) projecting the transformed
functions onto span(¢;). We write ¢ = A¢ for some matrix A associated with
[(s,t), and we assume this matrix to be invertible.

We will have y = C¢p = CAp = Cp. To identify the form of A that ensures the
desired properties for y(t), let W be defined as Wi; =< ¢;,¢; >. Our desired
matrix is o

A=+n—1(CTC)"V2w—1/2
ensuring that E[y] = 0 and for any z = 77 ¢,

n i 1 Z <Yi,z2>Yi = o i 1 Z < Zéikakl¢1727r¢r > Zéisast@
: T st

i kl

1 ~ ~
= 'yT¢ = z.

. Kurtosis operator. For the kurtosis operator defined as in (1), and an arbitrary
function z = 77 ¢ we have that

1 L N N
K(z) = o chikcil < Pry b > D CirYs < bride > Yy,
ikl rs t

or in matrix form,

1o N\T

K== (c DCW7> &,

n
where D is a diagonal matrix with entries Dy = ||y;||?, that is, D = diag(CWCT).
The eigenfunctions and eigenvalues of this operator can be characterized as K (z(t)) =
Az(t), or in our equivalent matrix form

1

C’TDC’W7 = \y.
n—1

Numerically, it may be more efficient to obtain the eigenvalues from the symmetric
matrix

1 N A
Ky = -WY2CTDCw'/2, (2)
n
and the eigenfunctions will be obtained from the eigenvectors of this matrix, 4, as

1 R .
Ky = EWWOTDC’W”Q& =\

using the transformation v = W~1/24.



This representation of the (approximate) eigenvectors and eigenvalues of the kurtosis
operator allows for an interesting comparison with the direct application of the kurtosis
matrix proposed by Mori et al. [34] to the original multivariate data, x;(¢;) (or to the
smoothed data &;(t;)).

To study this case, let X € R™*P denote the matrix of multivariate observations. We
introduce

X=(1-leh)x. z=x(x7%)".

The multivariate kurtosis matrix is defined as

1
K, =~ ToNeizl ==-72"Dy27
;(22 2i)2i%; - 77, (3)

where Dz = diag(z] z;) = ||

If we compare (3) and (2), we may conclude that the application of the functional kurtosis
procedure is closely related to using the Mori multivariate kurtosis matrix K,,, computed
from the values of the coefficients in the basis expansion of the functional data. In
particular, both procedures coincide when W = I, that is, when we represent our data
using an orthogonal basis.

3 Some theoretical properties of the functional kurtosis op-
erator

In this section we analyze the properties of the proposed kurtosis operator with respect
to the optimal classification of observations from mixtures of distributions. The general
problem for any distribution in the observations is too complex for us to be able to get
any meaningful results in that case, and we will consider a simplified case. We will
make use of an analogy with the multivariate case, where the simplest situation is that
corresponding to a mixture of two normal distributions with the same covariance matrix,
that is, the reference case giving rise to the Fisher discriminant function.

In the functional case we will study the equivalent to that case: the situation when the
(functional) data have been obtained from a mixture of two gaussian processes with the
same covariance operator.

Optimal classification rules for a mixture of gaussian processes

Consider a model in which you sample n observations from a mixture of two gaussian
processes. To be more precise, consider a gaussian process on the interval [0, 1] with
mean function mq(¢) and covariance function k(s,t), and a second gaussian process on
the same interval with mean function ms(t) and the same covariance function k(s,t), and
generate n observations by selecting an observation from the first group with probability
« and from the second group with probability 1 — a.



Let ¢y, denote the set of orthogonal eigenfunctions for k(s, t) and A\;, > 0 the corresponding
eigenvalues. Then

Bs.0) = 3 Mdn()on(0)
k=0
Also, let
ma(t) —ma(t) = Z Vi (t).
k=0

As our first step, we will determine the functional that optimizes a certain separation
criterion, that is also optimized by the Fisher discriminant function.

We will work with the functional defined as the ratio of the variability between groups
and the variability within the groups, for the functional observations projected onto a
given function ¢, defined for our data model as

BTG(p) _ a(l = a){p,m —ma)
WTG(p) [ p(s)p(t)k(s,t)dsdt

Lemma 1 Assume that A > 0 for all k. The function that mazimizes the value of A is
given by

Alp) =

Vg

o(t) = Zwk¢k(t)7 Wy = C}\:,
k=0
for some constant C.

Proof Given

k=0

if we rewrite A in terms of the eigenfunctions and eigenvalues of k we have

ol =a)(, vewr)®
A==

If A; > 0, the first-order optimality conditions are

20 (1 — @) (3, viewr) (X Aewd)vi — 2a(1 — @) (X, vewr ) Niw;

(55 M P -
and
20(1 — o) (O, vkwi ) Vi _0
2ok Ay .
otherwise.
The solutions for these equations are either ), vjwi = 0 (the minimizer of the problem)
or the one given above. O

Unfortunately, this representation of ¢ has the undesirable property of not having a
bounded norm. As in practice we will work with a finite basis representation of the data,
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it would seem interesting to ensure that the norm of the functions we use is bounded, to
guarantee good truncation properties. A slight modification of the preceding lemma is
given below.

Lemma 2 The function that solves the problem
maxA(p) st (o] <V,
©

18 given by

[ee)
k
o(t) gzowmk( ) wi = Cry— e

for some constants Cy and Cs > 0,

Proof If we rewrite A in terms of the eigenfunctions and eigenvalues of k, as in (4), we
have that the problem of interest in this case is

1— 2
max all = ) ;jkwk) s.t. sz <V2
w Dk ARy %

Its first-order optimality conditions are

20(1 — ) (Y vew) (g Aewd)vi — 20(1 — @) (5 vieon)*Aiws
>k )‘sz)2

The optimal solution for wy given above follows from this. O

+ 2uw; = 0.

If there exists a smallest & such that =0 for all k > k, the problem has no (bounded)
solution on wy, unless v = 0 for all k > k, in which case we again obtain the preceding
solution, with wy = 0 for k > k.

Discriminating properties of some eigenfunctions of a kurtosis operator

In this section we relate the properties of a kurtosis operator to the optimal discriminat-
ing properties discussed in the preceding section. Our main goal is the identification of
relationships between the eigenfunctions of that kurtosis operator and the preceding op-
timal classification function. We will follow a procedure very similar to the one presented
in Tyler et al. (2009) [50] for the multivariate case.

As in the preceding case, we will work with a process defined as a mixture, with prob-
ability o, of two gaussian processes Xi(t) = mq(t) + >, &1idi(t) and Xa(t) = mo(t) +
> &2ii(t), having the same covariance operator with kernel function k, which we will
write in terms of its eigenvalues and eigenfunctions as

E(s,t) =Y Mei(s)pn(t).
k=0

11



Let also E[X] = px = amy + (1 — a)ms and
m(t) = mi(t) —ma(t) = Z Vi ok (t).
k=0

We can then write -
mi+ ) ;6% wW.p. «

X(t) = i -

©) { mo + Y &y w.p. 1—a, (5)

where &1; and &y; are independent standard normal random variables.
For any function u = ), u;¢;, the covariance operator for X applied to this function will
yield

Sx(u) = E[(X = px,u)(X = px) =D | Miws + (1l — a)vi Y _vju; | ¢i =Y sijuigy,
‘ —

i J
where

o Ni+a(l—a)p? sii=j,
K a(l —a)yy; otro caso.

For any process X, and in particular for the previously defined one, we introduce a
kurtosis operator Kx given by

Kx(u) = E[(X — px, Rx (X — px))(X — px,u)(X — px)],

where Rx is some approximation to the inverse of the covariance operator Sx. Our
goal is to show that this kurtosis operator has an eigenfunction closely related to those
introduced in Lemmas 1 and 2.

We start with an initial result introducing a characterization of the effect of some (spe-
cific) linear transformations of X on the corresponding covariance operators.

Lemma 3 Assume a linear operator L(u) defined by a kernel of the form g(s,t) =
> midi(8)@i(t) for some coefficients m;, that is,

L(u) = /g(s,t)u(s)ds = Zmulgbz(t) (6)
Define Y = L(X — ux). Then, E]Y] =0 and

Sy(u) = Z sijﬂmjuid)j.

ij

12



Proof Applying this transformation we have
i) = LX) = /9(5775) (ml(S) +> udi(s) —api(s) — (1 - Oé)u2(8)> ds
= Zglzﬂz¢z 1 - Oé) (t)

v = 1) = [ s <m2<s> 30 661(5) — agn(s) — (1 - a)m(S)) s
= Z&Qﬂrzqﬁz(t *am( )

where m(t) = >, mivigi(t).
Then,

Sy(w) = E(Y,u)Y]=aFE | (fui+ 1 —aw)mu Yy (& + (1 —a)y) 756,

i J

+ (=B | ) (i — o) miug Y (b — avy) mi

i J

= Z 7r12)\zul¢l + a(l - a) Z Z TI'jl/ju]‘ 7TiVi¢i = Z sijmﬂ'juigﬁj.
A % J i

An immediate consequence of this result is the following one:

Corollary 1 If m; = )\;1/2 for all i, then m is an eigenfunction of Sy. The eigenvalues
of Sy associated to other eigenfunctions are all of them equal to 1.

Proof From Lemma 3 it holds that

m) = me@' +a(l —a) ZWJQ'V? vamﬁi = (1 +a(l—a) wauf) m
i J i i

Also, for any function vy, such that (v, m) = >, (¢x, ¢s)miv; = 0 it holds that Sy (¢y) =
> iV, @) di = Vi 0

To proceed with our proof we need to introduce a condition on the operator Rx in-
troduced to define our kurtosis operator. We will require that the following property
holds:

C1. Let X be a stochastic process, and Y = M(X — px) with M(u) = > Gjuid;. If
the operator R can be written as

Ry (u) = Z Tijui®s,

i

13



for some set of values 7;;, then it holds that

Rx(u) = Z T35 SikSjlUEDL- (7)
ij

Note in particular that for the case when M = L we have that ¢;; = m; if ¢ = j and
Gij = 0 otherwise, and the condition would require

RX (u) = Z Tz'jﬂ'iﬂ'juiﬁbj-
ij
This condition implies the following result:

Lemma 4 Let X be a stochastic process that can be written as X (t) = px (t)+)_, &di(t),
and Y = L(X — px). If C1 holds then

(X = px, Rx (X — px)) = (Y, Ry (Y)). (8)
Proof Let X — mx = Zz fz(bz Then Y = ZZ 7Tz§z¢z and

(X —ux,Rx(X — px)) = E rijmimi&il; = (Y, Ry (Y)).
ij
O

To simplify the derivation of the main results, we define 6 as the random variable corre-
sponding (under condition C1) to

0 = (X — pux, Rx(X — px)) = (Y, Ry (Y)).

The following result characterizes the form of the proposed kurtosis operator, for the
particular case of the process X introduced at the beginning of the section, and its
behavior under transformation L.

Lemma 5 Let X be the random process introduced in (5) and define
Xi = aB[0&] + (1 - ) E[6¢3),  x = E[4].
Then, for u =", u;p;,
Kx(u) = Z KijUi®j
ij

P Xi +a(l—a)xv? ifi=j,
" a(l — a)xviv; otherwise.

ForY = L(X — px) we have

Ky(u) = Z liijﬂ'iﬂ'juid)j.

ij
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Proof Our first result is related to the symmetry properties of some moments. For
i=1,2,

E0¢;] = « ZTMWE [Eiéubij] + (1 — ) Z rumemE [Sopéabij] =0, Vi
E6&i&n] = ) rmmmmE Eubim&ibiu] + (1= a) Y rimmmm B [Eabomiiéin] = 0,
Im Im
Using these values, the kurtosis operator satisfies
Kx(u) = E[X —px, Rx(X — px))(X — px, u)(X — px)]
= aF GZ Gt (L= avi)u; ¥ (G + (1 - a)yy) ¢
J
(1-a)E HZ Soi — avi)ui 3 (§o5 — avj) ¢,
J
= Zuzxz@ +a(l -« XZUJM%%
ij
For the operator applied to Y we have in a similar manner
Ky(u) = E[Y,Ry(Y))(Y,w)Y] = E[6(Y,u)Y]
= oF 92 &+ (1 — a)y;) muy Z (&1 + (1 — a)v;) w0,
J
+(L—a)E |0 (S — owi) mug Y _ (b5 — avy) mi
( J
= Z Tuixidi + a(l — a)x Z U ViV D
i ij ]

Another result identifies the eigenfunctions corresponding to operators having a certain
structure that will be useful for the proof of the main result.

Lemma 6 Let m; = )\Z-_l/2 and Y = L(X — pux). We consider an operator Ty (u) =
>_ij tijui¢; and any transformation U(u) = 3 ;. Gijui¢; such that U(m) =m and U is a
rotation for any other combination of eigenfunctions.

If for Y = U(Y) the operator Ty satisfies

7 (u) = Ztij%k%zumu 9)

ijkl

then m is an eigenfunction of Ty .

15
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Proof From the properties of Y in our case, and in particular as Sy has a distribution
that is symmetric with respect to all eigenfunctions except for m, its distribution will not
change under U, that is, the distribution of Y will coincide with that of Y. In particular,
for Y = U(Y) we will have Ty = Ts..

Also, from U being a rotation we have that

S| L iz
- SikSiE = 0 otherwise.
From U(m) = m we have ) . ¢;jm; = m;, but also from the preceding result
ZCjimi = Z SjiSkiME = M.
i ik
It then holds that
Ty () = Ty () = Y _ tijsinsiiindy = Y _ tijsmadt Y sk > (L) g = U(Ty (1)),
ijkl ijl ik i
but this must hold for any U satisfying the indicated properties. Thus, Ty () = m. O

We now present the main result for the section.

Theorem 1 Assume that condition C1 holds. The function ¢(t), defined as
4

is an eigenfunction of the operator Rx (Kx).

Proof

e We start by transforming the random function X into another random function
Y = L(X — px) with a more desirable eigenvalue/eigenfunction structure. To do
that, select m; = A, 2 From Corollary 1 we know that Y has an eigenfunction
given by m and all other eigenvalues are equal to 1.

e The new random function Y is a mixture of two gaussian processes Y1 and Y5 and it
has a distribution that is invariant to rotations not affecting the first eigenfunction
(m). By symmetry, any rotation that does not affect the first eigenfunction will not
change the covariance operator. As a consequence, all processes obtained by apply-
ing any of these rotational transformations to Y will have the same distribution,
and in particular their kurtosis operators will be the same.

We use Lemma 6 to establish that Ry (Ky) must have m as an eigenfunction. It
is enough to show that Ry (Ky ) transforms according to (9) for Y = U(Y).
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Using Lemma 5 and the definition of R given in condition C1 we have,
Ry (Ky(u)) = Zrijlikﬂﬂkuk%,
ijk
RX (KX(U)) = Z Tijﬂ'iwj"fkiukﬁsj-
ijk
It may be useful to rewrite Ry (Ky (u)) = Zij Tijuigj, where 745 = > ) rpjRimiTy.
From condition C1 we have that
Ry(u) = ijgikgzuk(ﬁu
ijkl
Ky(u) = Z RijSikSjlukPu,
ijkl

where ;; = k;jm;m;. Combining these results we obtain

Ry(Kyp(u) = D rijsinsji (Z F@mncmo%kuo) B= (Zcmnk) Tij RmnSjiSmolo®l

ijkl mno ijlmno k

= Z Tij'%migjlgmouoqj)l = Z fmj§jl§mouo¢l'

ijlmo jlmo

This result implies that condition (9) is satisfied. Thus, from Lemma 6 we conclude
that 7 is an eigenfunction of Ry (Ky (u)).

Our next step is to identify an eigenfunction of Rx(Kx). Introduce the transfor-
mation v(t) = V(u) = >, mu;¢;(t), and note that it is a linear operator on w. It
holds that

Rx(Kx(V(u))) = Z Tig T K ki TEULD; -
ijk

Letting w = W(u) = Ry (Ky(u)), we can rewrite this equation as

Rx(Kx(V(u)) = Z (rijRrimiTRuE) TjP; = zwﬂrjqﬁj =V (w).

ijk

As a consequence,
Rx(Kx(V(u))) = V(Ry (Ky (u))).

Thus, as we have determined that Ry (Ky (m)) = 7m, it follows that
Rx(Kx(V(m))) =7V (m),

implying that V' (m) is an eigenfunction of Rx (K x).
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e Irom the definition of V, this eigenfunction can be written as
~ Vi
V(i) =Y wivigi= )\J@
. . (2
(2 (2

O

The eigenfunction identified in Theorem 1 has the same form as the optimal discriminant
operator introduced in Lemma 1, confirming the preservation of the properties of the
Kurtosis matrix for the multivariate case, see [40], in the functional setting.

4 Computational Results

In this Section we present several results for the application of the proposed kurtosis
operator to functional data, with the main goal of identifying clusters in the data. We
have conducted simulation experiments, and we have also used publicly available data
such as the Canadian Weather data set.

The implementation of our method has been carried out based on the R package adf
which includes some utilities for Functional Data Analysis. The implementation has
been conducted as described in Section 2.3, using both B-splines and Fourier functional
bases.

4.1 Canadian Daily Weather

The adf package for R includes the CanadianWeather data set [53], consisting of daily
measurements at 35 Canadian weather stations. The 35 Canadian weather stations are
divided into four climate zones. In this example we have compared our classification re-
sults to these four distinct classes specified in the database: Atlantic, Pacific, Continental
and Arctic.

The observation locations and the climate regions are located on the map of Canada
shown in Figure 1, where the black diamonds correspond to the Arctic zone stations, the
red color to Atlantic stations, the green color to Continental stations and the blue color
to Pacific stations.
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Figure 1: Canadian weather regions

We have used B-Spline and Fourier bases to represent the data, and after applying our
procedure to estimate the kurtosis operator eigenfunctions, we have projected the data
onto the two directions of maximum and minimum kurtosis, as well as those associated
to the two largest (functional) principal components. The results are shown in Figures 2
and 3.
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Figure 3: B-Spline bases

Our results provide a much better (although not perfect) separation between the obser-
vations corresponding to different regions, when compared to the groupings that could
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be obtained from the principal components directions. In particular, the Atlantic, Con-
tinental and Pacific regions are clearly separated by the minimum kurtosis directions,
while the Arctic region can be (at least partially) separated using the maximum kurtosis
directions.

4.2 Simulated Data (Gaussian Processes)

We have performed two sets of simulations with the aim of comparing the performance of
our proposed kurtosis operator with Functional Principal Components for unsupervised
functional data clustering. The comparisons have been carried out using different versions
of mixtures of gaussian processes. These models have been selected as they are simple
ones and would allow us to verify a good fit to the theoretical results in Section 3. The
analysis of the results should provide us with interesting insights on the behavior of the
proposed method in a controlled environment.

In both cases the two populations of gaussian processes share the same quadratic co-
variance operator, (exp(—(z — y)?/21?)), with parameter | = 15. The same numbers of
observations have been generated from each group (n; = ns = n/2). The observations
have been obtained for ¢ € [1,T] with T' = 20. 20 equidistant observations of each process
in [1, 20] have been selected, with observation noise € ~ N(0,0.1). The values obtained
are multivariate vectors in R0,

Both simulation examples differ in the choice of mean functions for each group, and in
the processing of the information before applying our proposed procedure.

These generated data are then represented in the desired basis. We have used both
Fourier and B-spline bases. From the smoothed data we have obtained the directions
corresponding to the two largest eigenfunctions for the Functional Principal Components.
We have also obtained the two directions corresponding to the smallest eigenfunctions of
the kurtosis operator. We have projected our data onto these two pairs of directions.
To analyze the results, we have measured inter- vs. intra-group variability in the projec-
tions for each of the two groups, by comparing the traces of the corresponding covariance
matrices. We have also applied K-means to the projected data and we have checked
the classification results. Finally, we have prepared a graphical representation for one
example of the clusters obtained by using principal component and kurtosis directions,
to show how the kurtosis directions may be more efficient for cluster identification.

The basis used to represent data (Fourier or B-spline), the number of basis functions
used and the number of observations for each group are modified between experiments.
Each simulation experiment has been replicated 1000 times.

4.2.1 Simulation 1

In the first set of simulations (Simulation 1) we have used as mean functions for the
two groups m;(t) = sin(2wp;t/T), i = 1,2. The values u; are selected as —2.2 and 2,
respectively.

For this example we wish to test if our method behaves reasonably well when the vari-
ability information has been removed from the data. To do that, and before fitting the
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data to our chosen bases, we have introduced a linear transformation on the multivariate
data so that the mean of the transformed sample is equal to zero and its covariance ma-
trix is the identity. We expect functional principal components to have some difficulty
separating the two modified groups. But note that principal components will work on
the functional representation of the data, and may still capture some of that variability
information. Our main interest is to check that kurtosis is able to identify the groups
by using information beyond that of the variability in the data available through the
covariance matrix.

Simulation 1. Fourier Basis Using a Fourier basis and the initial values mentioned
above, we obtain the following results for inter- vs. intra-group variability shown in Table
1.

n | # Bases | Variability Kurtosis | Variability PC
30 7 0,64 0,01
60 7 0,78 0,06
180 7 0,90 0,06
30 15 0,22 0,01
60 15 0,36 0,01
180 15 0,64 0,01

Table 1: Fourier basis. Variability

Table 2 presents the proportion of misclassified observations using K-means. We have
included a column (“Smoothed Data”) corresponding to the application of K-means to
the original smoothed data. That is, we have used in that column the multivariate
data obtained from the functional representation of the data, observed at the initial
data points. These results provide a reference for the advantages of using a functional
representation of the data, as opposed to working directly with the data as multivariate
observations.

n | # Bases | Kurtosis Directions | PC. Directions | Smoothed Data
30 7 0,15 0,46 0,49
60 7 0,16 0,42 0,27
180 7 0,13 0,42 0,22
30 15 0,34 0,46 0,39
60 15 0,28 0,46 0,38
180 15 0,15 0,47 0,34

Table 2: Fourier basis. K-means

Figures 4 and 5 show the plots corresponding to n = 30 and n = 180 respectively. The
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projections have been obtained for the directions that minimize the kurtosis and principal
components, using 7 functions in the basis representation.

Minimum Kurtosis Principal Components
= iy
E S i + o -
s + + o &
& i g A
s + ++:++#++-PL+ T ] _ﬁiﬂ_‘?‘; o
& t+ 4+ T = ’ﬁ%* o
g5 aﬁaﬁ iy | + o +
S atiop ilﬂﬂ N A A A -5&
il iy M e
@ a B W o b
= B S Sl &
T T T T T T T T T T T
-3 -2 -1 0 1 2 -4 -2 0 2 4

Figure 4: 7 Fourier basis. n = 30

Minimum Kurtosis Principal Components

Figure 5: 7 Fourier basis. n = 180

The results obtained from the kurtosis directions are much better than those obtained
from the principal components directions. It is also interesting to observe that the results
for the kurtosis directions worsen with an increase in the basis size. We believe this is
a direct consequence of the behavior of the kurtosis procedure in the multivariate case,
when the dimension of the data increases. Also, the results are much better than those
for the smoothed data, implying a clear advantage of the use of functional representations
for the data.

Simulation 1. B-Spline Bases For the next set of results we use a B-Splines basis
and the same values as in the preceding experiment. We obtain the results for inter- vs.
intra-group variability shown in Table 3.
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n | # Bases | Variability Kurtosis | Variability PC
30 7 0,50 0,46
60 7 0,62 0,46
180 7 0,75 0,47
30 15 0,22 0,01
60 15 0,36 0,01
180 15 0,64 0,01

Table 3: B-Spline bases. Variability

The proportion of misclassified observations using K-means, including those for the
smoothed data, are given in Table 4.

n | # Bases | Kurtosis Directions | PC. Directions | Smoothed Data
30 7 0,24 0,23 0,32
60 7 0,19 0,22 0,32
180 7 0,13 0,18 0,32
30 15 0,34 0,46 0,47
60 15 0,28 0,46 0,48
180 15 0,15 0,46 0,49

Table 4: B-Spline bases. K-means

Figures 6 and 7 show the plots corresponding to n = 30 and n = 180 respectively. The
projections have been obtained for the directions that minimize the kurtosis and principal
components, using 7 functions in the basis representation..
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Figure 6: 7 B-Spline bases. n = 30
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Minimum Kurtosis Principal Components
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Figure 7: 7 B-Spline bases. n = 180

The results obtained for the proposed kurtosis method using a B-spline basis are inter-
estingly worse than those using a Fourier basis. We believe this may be due to the basis
providing a worse representation for the objects of interest (mean functions, covariance
operator). This implies that the performance of the kurtosis operator may be sensitive
to the choice of basis, at least in some cases, although this dependence would require a
more detailed analysis (see the results for Simulation 2).

4.2.2 Simulation 2

We conduct a second experiment, similar to the preceding one, where we use mean
functions equal to zero for the first group, and 0.2 cos(2nt/(T'/r)), for r = 1.5. Again, we
have used a Fourier basis representation and a B-Splines basis; in both simulations the
number of functions chosen for the basis is equal to 7. We have not included other basis
sizes, as the preceding experiment seemed to indicate that this was a reasonable choice.
In this case we have not carried out any additional transformation of the multivariate
data. Our goal is now to test how well our proposed method performs when compared
with functional principal components, if variability information is available in the covari-
ance matrix to help classify the data. In this case we still expect our method to perform
reasonably well, as we are using a model under which we have shown the proposed method
has good classification properties. We wish to compare how much difference there may
be between the use of the functional principal component directions and the kurtosis
directions to reveal heterogeneity in the data.

Simulation 2. Fourier Basis Using a Fourier basis and the values mentioned above,
we obtain the results for inter- vs. intra-group variability shown in Table 5.

n | Variability Kurtosis | Variability PC
30 0,46 0,12

60 0,56 0,11
180 0,68 0,11

Table 5: Fourier basis. Variability

25



In Table 6 we present the proportion of misclassified observations, including the results

from the smoothed data, using K-means.

n | Kurtosis Directions | PC. Directions | Smoothed Data
30 0,25 0,47 0,47
60 0,21 0,48 0,48
180 0,13 0,49 0,48

Table 6: Fourier basis. K-means

Figures 8 and 9 show the graphs corresponding to n = 30 and n = 180 respectively, for
the directions that minimize the kurtosis and principal components.
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Figure 9: 7 Fourier basis. n = 180

If we compare these results with those from Simulation 1, we can see that we again obtain
significantly improved results with respect to principal components. Also, and somewhat
surprisingly, that functional principal components does not work much better than using
multivariate techniques on the smoothed data. Finally, it seems interesting to note that
the performance of the proposed method increases markedly with the sample size.

Simulation 2. B-Spline Bases Using a B-Splines basis and the values mentioned
above, we obtain the results for inter- vs. intra-group variability shown in Table 7.
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n | Variability Kurtosis | Variability PC
30 0,49 0,02

60 0,61 0,01
180 0,73 0,01

Table 7: B-Spline bases. Variability

In Table 8 we present the proportion of misclassified observations using K-means, includ-

ing its application to the smoothed data.

n | Kurtosis Directions | PC. Directions | Smoothed Data
30 0,24 0,47 0,44
60 0,18 0,48 0,46
180 0,14 0,49 0,47

Table 8: B-Spline bases. K-means

Figures 10 and 11 show the graphs corresponding to n = 30 and n = 180 respectively,
for the directions that minimize the kurtosis and principal components.

Minimum Kurtosis Principal Components

=1 i @
& e
& . a
g N %ﬂ‘ a | & A B
SR oAl S LYY £ A
x + iﬂ% Lot * % + +
T ¢ < +
+++++ _:'-1- Atre o — -ii-
i PO, 0
T T I++ T T T I T T T T T T
a4 =2 -1 0 1 2 3 -2 -1 0 1 2 3

Figure 10: 7 B-Spline bases. n = 30

Minimum Kurtosis

Principal Components

Figure 11: 7 B-Spline bases. n = 180

27



In this case, the dependence of the results on the choice of basis is very small, as the
values we obtain are nearly identical with both basis choices. If anything, they seem to
be even slightly better for the B-splines basis.

In summary, from the results in the preceding tables it follows that, under the models
considered in the experiments, using the kurtosis directions provides an efficient way to
reduce the dimension in the data without affecting its heterogeneity. It also provides a
powerful tool for the exploratory analysis of these data.

These properties offer a marked improvement on the equivalent results obtained using
functional principal components, or analyzing the data directly as multivariate observa-
tions. Thus, we believe that at least in some cases our proposed method provides clear
advantages for the study of heterogeneous data, and the application of unsupervised
classification techniques to these data.

5 Conclusions

In this paper we have introduced a kurtosis operator for functional data, based on the
multivariate kurtosis matrix proposed by Mori et al [34]. We have also indicated the
manner in which we implement the method and we have compared it with a multivariate
alternative on the original data.

The theoretical properties of the kurtosis operator with respect to the classification of
gaussian processes are very good (optimal in the case of gaussian processes with the
same covariance operator) and inherit the corresponding properties of the multivariate
proposal studied in [40].

In our simulation experiments we have shown that the proposed operator is able to
outperform the behavior of the functional principal components operator regarding un-
supervised classification, at least in some cases.

In summary, the proposed method is an interesting contribution to complement the infor-
mation that can be extracted by applying more conventional methods, such as functional
principal components, both to identify structures removed from normality (as in other In-
dependent Component Methods) and in particular to identify clusters that might appear
to be masked with respect to their variabilities.

References

[1] Abraham, C., Cornillon, P. A., Matzner-Liiber, E. and Molinari, N. (2003): Unsu-
pervised curve clustering using B-splines. Scandinavian Journal of Statistics, 30, p.
581-595.

[2] Ali, M. M. (1974): Stochastic ordering and kurtosis measure. Journal of the Ameri-
can Statistical Association, 69, p. 543-545.

[3] Baillo, A., Cuesta-Alberto, J. and Cuevas, A. (2011): Supervised Classification for
a Family of Gaussian Functional Models. Scandinavian Journal of Statistics, 38, p.
480-498.

28



4]

5]

(6]

[13]

[14]

Balanda, K.P. and MacGillivray, H.L. (1988): Kurtosis: A critical review. The
American Statistician, 42, p. 111-119.

Biau, G., Bunea, F. and Wegkamp, M. (2005): Functional classification in Hilbert
spaces. IEEE Transactions on Information Theory. 51, p. 2162-2172.

Cardoso, J. F. (1989). Source separation using higher order moments. Proc. ICASSP,
p- 2109-2112.

Chiou, J.M. and Li, P.L. (2007): Functional clustering and identifying substructures
of longitudinal data. Journal of the Royal Statistical Society, serie B, 69, p. 679-699.

Chissom, B. S. (1970): Interpretation of the Kurtosis Statistic. The American Statis-
tician, 24-4, p. 19-22.

Darlington, R. B. (1970): Is kurtosis really "Peakedness"?. The American Statisti-
cian, 24-2, p. 19-22.

DeCarlo, L. T. (1997): On the meaning and use of kurtosis. Psychological Methods,
2, p. 292-307.

Diaz, C., Garcia, P., Alonso, J., Martinez, J. and Taboada, J. (2012): Detection of
outliers in water quality monitoring samples using functional data analysis in San
Esteban estuary (Northern Spain). Science of the Total Environment, 439, p. 54-61.

Febrero M., Galeano, P. and Gonzalez-Manteiga, W. (2007): A functional analysis
of NOzx levels: location and scale estimation and outlier detection. Computational
Statistics, 22, p. 411-427.

Febrero M., Galeano, P. and Gonzélez-Manteiga, W. (2008): OQutlier detection in
functional data by depth measures with application to identify abnormal NOz levels.
Environmetrics, 19, p. 331-345.

Ferraty, F., and Vieu, P. (2003): Curves Discrimination: A Nonparametric Func-
tional Approach. Computational Statistics and Data Analysis, 44, p. 161-173.

Ferraty, F., and Vieu, P. (2006): Nonparametric Functional Data Analysis: Theory
and Practice. Springer.

Finucan, H. M. (1964): A Note on Kurtosis. Journal of the Royal Statistical Society,
Ser. B, 26-1 p. 111-112.

Galeano, P. (2010): Cluster identification for functional data by projection pursuwit.
ERCIM

Hall, P., Poskitt, D. and Presnell, B. (2001): A functional data-analytic approach to
signal discrimination. Technometrics, 43, p. 1-9.

29



[19]

[20]

[21]

[22]

23]

[31]

[32]

Hampel, F. R. (1974): The influence curve and its role in robust estimation. Journal
of the American Statistical Association, 69, p. 383-393.

Hartigan, J. A. and Wong, M. A. (1979): A k-means clustering algorithm. Journal
of the Royal Statistical Society, Series C (Applied Statistics), 28, p. 100-108.

Hyvérinen, A., Karhunen, J. and Oja E. M. (2001): Independent Component Anal-
ysis. New York: John Wiley.

Hastie, T., Buja, A. and Tibshirani, R. (1995): Penalized discriminant analysis. The
Annals of Statistics, 23, p. 73-102.

Jacques, J. and Preda, C. (2012): Model-based clustering of functional data. In: 20th
European Symposium on Artificial Neural Networks, Computational Intelligence and
Machine Learning. Bruges, p. 459-464.

James, G. M. and Sugar, C. A. (2003): Clustering for sparsely sampled functional
data. Journal of the American Statistical Association, 98, p. 397-408.

Kaplansky, I. (1945): A common error concerning kurtosis. Journal of the American
Statistical Association, 40, p. 259.

Liu, J., Zhang, J., Palumbo, M. and Lawrence C. (2003): Bayesian clustering with
variable and transformation selections. Bayesian Statistics, 7, eds, J. M. Bernardo,
M. J. Bayarri, J. O. Berger, A. P. Dawid, D. Heckerman, A. F. M. Smith, and M.
West, Oxford: University Press, p. 249-75.

Lopez-Pintado, S., and Romo, J. (2006): Depth-based classification for functional
data. Data Depth: Robust Multivariate Analysis, Computational Geometry and
Applications. American Mathematical Society. DIMACS Series, 72, p. 103-121.

MacQueen, J. B. (1967): Some methods for classification and analysis of multivariate
observations. Proceedings of 5th Berkeley Symposium on Mathematical Statistics
and Probability, 1, p. 2817297.

Mardia, K. V. (1970): Measures of multivariate skewness and kurtosis with applica-
tions. Biometrika 57, p. 519-530.

Martinez, J., Garcia P., Alejano, L. and Reyes, A. (2011): Detection of outliers in
gas emissions from urban areas using functional data analysis. Journal of Hazardous
Materials, 186, p. 144-149.

Mercer, J. (1909): Functions of positive and negative type and their connection with
the theory of integral equations. Philosophical Transactions of the Royal Society, 209,
p- 415-446.

Moors, J. J. A. (1986): The Meaning of Kurtosis: Darlington Reexamined. The
American Statistician, 40, p. 283-184.

30



[33]

[34]

[35]

[36]

[37]
[38]

[39]

[40]

[41]

[42]

[43]

Moors, J. J. A. (1988): A Quantile Alternative for Kurtosis. The Statistician, 37, p.
25-32.

Mori, T. F., V. K. Rohatgi, and G. J. Székely (1993): On multivariate skewness and
kurtosis. Theory of Probability and its Applications, 38, p. 547-551.

Oja, H. (1981): On Location, Scale, Skewness and Kurtosis of Univariate Distribu-
tions. Scandinavian Journal of Statistics, 8-3, p. 154-168.

Pearson, K. (1905): Das Fehlergesetz und Seine Verallgemeinerungen Durch Fechner
und Pearson. A Rejoinder. Biometrika, 4, p. 169-212.

Pena, D. (2002): Andlisis de datos multivariantes. McGraw-Hill.

Pena, D. and F. J. Prieto (2001): Cluster identication using projections. Journal of
the American Statistical Association, 96, p. 1433 - 1445.

Pena, D. and F. J. Prieto (2001): Robust covariance matriz estimation and multi-
variate outlier detection (with discussion). Technometrics, 43, p. 286-310.

Pena, D., Prieto, F. J. and Viladomat, J. (2010): Eigenvectors of a kurtosis matriz
as interesting directions to reveal cluster structure. Journal of Multivariate Analysis,
101, p. 1995-2007.

Pérez, C. and Santin, D. (2007): Mineria de Datos. Técnicas y Herramientas. Thom-
son.

Ramsay, J. O. and Dalzell, C. (1991): Some tools for functional data analysis. Jour-
nal of the Royal Statistical Society, Series B, 53, p. 539-572.

Ramsay, J. O., Hooker, G., and Graves, S. (2009): Functional Data Analysis with R
and MATLAB (Use R). Springer.

Ramsay, J. O, and Silverman, B.W. (2002): Applied Functional Data Analysis:
Methods and case studies. Springer.

Ramsay, J. O, and Silverman, B.W. (1997): Functional data analysis. Springer.

Ramsay, J. O, and Silverman, B.W. (2005): Functional Data Analysis, Second Edi-
tion. Springer.

Ruppert, D. (1987): What is kurtosis? An influence function approach. The Amer-
ican Statistician, 41, p. 1-5.

Serban, N. and Wasserman, L. (2004): CATS: clustering after transformation and
smoothing. Journal of the American Statistical Association, 100, p. 990-999.

Song, J., Lee, H., Morris, J. and Kang S. (2007): Clustering of time-course gene ex-
pression data using functional data analysis. Computational Biology and Chemistry,
31 (4), p. 265-274.

31



[50] Tyler, D. E., F. Critchley, L. Dumbgen, and H. Oja (2009): Invariate co-ordinate
selection (with discussion). Journal of the Royal Statistical Society: Serie B (Statis-
tical Methodology), 71 (3), p. 1-27.

[51] Viladomat, J. (2012): Illustrating a clustering algorithm based on a kurtosis matriz
using stock market data. MAF 2012.

[52] Yao, F., Miiller, H.G. and Wang J.L. (2004): Functional data dnalysis for sparse
longitudinal data. Journal of the American Statistical Association, 100 (470), p.
577-590.

[53] http://www.functionaldata.org/.

32



