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Abstract

In this paper we propose a new algorithm to perform clustering of multivariate and func-
tional data. We study the case of two populations different in their covariances, rather
than in their means. The algorithm relies on a proper quantification of distance between
the estimated covariance operators of the populations, and subdivides data in two groups
maximising the distance between their induced covariances. The naive implementation of
such an algorithm is computationally forbidding, so we propose a heuristic formulation
with a much lighter complexity and we study its convergence properties, along with its
computational cost. We also propose to use an enhanced estimator for the estimation of
discrete covariances of functional data, namely a linear shrinkage estimator, in order to
improve the precision of the clustering. We establish the effectiveness of our algorithm
through applications to both synthetic data and a real data set coming from a biomedical
context, showing also how the use of shrinkage estimation may lead to substantially better
results.

Keywords: Clustering, covariance operator, operator distance, shrinkage estimation,
functional data analysis

1. Introduction

The goal of performing clustering of data, in order to point out groups of observations based
on some notion of similarity, has been of primary interest in applied statistics since ages.
Literature is plenty of methods focusing their attention on the aggregation and separation
of a sample into groups depending on similarities in locations of data (e.g., hierarchical
clustering, k-means, PAM; see for instance Hartigan, 1975). Considerably less work can be
found on methods attaining the clustering entirely on the basis of differences in the covari-
ance structures of random models generating data. This target is not trivial, and less easy
to translate into practice, since it calls for a proper quantification of differential correlation
or distances between covariances of data. Nevertheless, it might happen to analyse groups
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of data that are scarcely distinguishable in terms of locations, while showing differences in
their variability.

Examples can be found in biostatistics where, for instance, the dichotomy between physio-
logical and pathological features often shows an interesting change in pattern of variability.
Also, this is of great interest in genomics, where instead of focusing on gene expression lev-
els, one could be interested in finding different correlation structures among subsets of data.
This is the core task in the analysis of the differential co-expression of genes, namely the
differential correlation structure among expression levels in different subsets of experimen-
tal conditions. In (Watson, 2006), for instance, the author proposes a method to identify
groups of genes that are correlated in a first group of microarrays, and are not in a second
one. In (Mitra et al., 2016), the authors provide a more complex modeling strategy that
is able to specify the differential dependence structure by using Bayesian graphical models,
and in (Cai and Zhang, 2016) authors provide, within a supervised framework, a way to es-
timate the differential correlation matrices of data belonging to two differentially expressed
groups.

In this paper we tackle the problem from a different point of view, and focus on differences
between global covariance structures of data belonging to two unknown groups, which will
also be identified. We focus on the specific case of a set of observations from two popula-
tions whose probability distributions have the same mean but differ in terms of covariances.
The method we propose can be applied both to the traditional case of random vectors,
and to the recently developed setting of functional data, arising as outcomes of infinite-
dimensional stochastic processes (see, for instance, the monographs Ramsay and Silverman,
2005; Horvath and Kokoszka, 2012). We will introduce the method according to the latter
case.

In particular, we first introduce a suitable notion of distance between covariance operators,
i.e. the functional generalisation of covariance matrices, which is the instrument we use
to measure dissimilarities. Then we make use of such distance to search, among two-class
partitions of data, the one maximising the distance between the class-specific covariances,
under the assumption that, if the two populations can be distinguished from their covari-
ances, this would be the most likely subdivision detecting the true groups.

A naive implementation of this algorithm, involving an exhaustive sampling strategy inside
the set of subsets of data, would face a combinatorial complexity with respect to the number
of observations, thus forbidding the analysis of data sets with common sizes. We therefore
transform the method into a heuristic, greedy algorithm, with greatly reduced complexity,
which can be efficiently implemented and effectively applied.

Due to its construction, our algorithm benefits from the accuracy of the estimation of covari-
ances. Owing to the typically large dimensionality (compared to the number of data avail-
able) of discrete approximations of functional observations, covariance estimation through
classical sample estimators may be non-optimal. To remedy this shortcoming, we propose
to replace standard, unbiased covariance estimator with a shrinkage estimator with en-
hanced accuracy properties (see, for instance, Ledoit and Wolf, 2003, 2004 and Schafer and
Strimmer, 2005). We show through experiments that this choice leads to a substantially
improved clustering.
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The paper is organised as follows: in Section 2 we briefly recall some properties of covari-
ance operators for functional data. In Section 3 we introduce the new clustering method
for two groups of data which differ in variance-covariance structures, we derive its heuristic
formulation and describe the shrinkage strategy we used to enhance the estimation perfor-
mances. In Section 4 we assess the clustering performances through the application to both
synthetic and real data sets. Discussion and conclusions are presented in Section 5.

2. Covariance Operators for Functional Data

Whenever our data can be interpreted as finite-dimensional samples of quantities that are
intrinsically dependent on some continuous variable, such as time, we may resort to the
model of functional data (see, for instance, Ramsay and Silverman, 2005; Horvath and
Kokoszka, 2012). At its core is the assumption that data are sample measurements of
trajectories of stochastic processes valued in suitable function spaces.

In the following we recall the definition of covariance operator for functional data, along
with its most important properties (for more details see, e.g., Bosq, 2000). Let X be a
stochastic process taking values in L?(I), with I C R a compact interval, having mean
function E [X] = p and such that E[X||? < oo, where we denote by || - || the L?(I) norm
induced by the scalar product (-,-). Without loss of generality we can assume p = 0 and
define the following covariance operator C € £ (L*(I); L*(I)):

(y,Cx) = E[{x, X)(y, X)], Va,ye L*(I). (1)

C is a compact, self-adjoint, positive semidefinite linear operator between L?(I) and L?(I).
Therefore it can be decomposed into:

C=3 A ex@er, 2)
k=1

where ® indicates an outer product in L?(I), {ex}re, is the sequence of orthonormal eigen-
functions, forming a basis of L?(I), and {\;}72, is the sequence of eigenvalues. We assume
that eigenvalues are sorted in decreasing order, so that:

A1 > A >...>0.
By expressing X' with respect to the eigenfunctions basis, X = Y7 | {xey, it holds

Ax = (ex, Cex) = E [&F] |

thus, the covariance operator is nuclear, meaning that

o0 o
E[IX)7 ="M= || < o0
=1 k=1

C is also a Hilbert-Schmidt operator (see, for instance, Bosq, 2000), since it holds:

> A < oo (3)
k=1
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We equip the space of Hilbert-Schmidt operators with the Hilbert-Schmidt norm, defined as
[U4]|2 = D52, A2, where {\;}72, are the eigenvalues of &. This is induced by the following
scalar product:

UV)s =T U - V) U - V), (4)

where Tr(-) denotes the trace operator, and U* is the Hilbertian adjoint of U, i.e.,
U(x), y) = (&, U(y)) Vao,y € LX(I).

The space of Hilbert-Schmidt operators on L?(I), endowed with the scalar product (4) and
the associated norm, becomes a separable Hilbert space itself.

Within this theoretic framework, a natural definition of dissimilarity between Hilbert-
Schmidt operators (among which are covariance operators) may be the Hilbert-Schmidt
distance:

AU, V) = U =VIs =3, (5)
k=1
where {n;}r-, is the sequence of eigenvalues of U — V.

3. Covariance-based Clustering

We face now the problem of classifying observations belonging to two different functional
populations. Let X and ) be stochastic processes on L?(I) generated by the laws Py
and Py. We imagine to have a set of N data in some data set D (i.e., a collection of
observations) composed in the following way by an equal number of observations from two
families: D = {X1,..., Xk, Y1,..., Yk}, with K = N/2 and where {Xi}fil,{yj}f:l are
ii.d and follow respectively Py and Py.

We introduce the following quantities:

[Ll:E[XZ], Cle[Xl(X)Xl], Vi=1,..., K,
MQZE[Y}], CQZE[}/}’®}/]‘], vVi=1,...,K.
Let us consider the vector of indexes of units constituting the two populations in D:
o i

I(0>:<1,2,...,K,K+1,...,N), (6)

which is unique, provided we don’t distinguish among permutations of sub-intervals I ;0) and

Iéo). In the following we shall consider recombinations of these indexes into two subsets:

0= (1 49). te i g

where I denotes the i-th combination out of No = (%), however enumerated.

The sample estimators of means and covariance operators induced by this subdivision are
denoted, respectively, with ﬁgi), ﬁg) and CA(li), (?éi). We point out that, when ¢ = 0, we recover
the estimators of uy, pe and C; and Co. For this reason we rename the latter quantities as
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M§0)7 ugo), and c§°), Céo).

Our clustering method is based on the following, crucial assumption:

Assumption 1 We assume that observations drawn from families Py and Py constituting
the data set D may be distinguished on the basis of their covariances, but not of their means,

i.e. ,ugo) = ,uéo) and C 7é CQO), and therefore H,ul ,ugo)H =0 and d(Cf)),CéO)) > 0.

As a consequence of this assumption we conveniently center data and assume they have
Zero means.

In order to illustrate the clustering method we propose, let us consider a situation where
the original data set has been split according to a vector of indices () = [Ifi); Iéi)]. For
the sake of simplicity, let us encode this through the binary variables w;, = 1(X; € Igi)),
j=1,...,K,g=12 and v;y = 1(Y; € Ig(i)), j=1,...,K, g =1,2. In other words, such
variables express the fact that observation j from the original population X or ) belongs
to the first (Ifi)) or second (I, I )) group into which data are split. According to the setting
previously introduced, it is:

K 2 K
KZE:E:U’M: KZE:E:UJ,yv
g=1j=1 g=1j=1
K K K K
K = E w1+ E Vi1, K = E w]2+g V2
Jj=1 Jj=1 Jj=1 Jj=1
Then, we can re-write the sample covariances é\p and CAg) as:

ol _ Zngl w1 X; © X+ Soh o1 Ve © Vi

1 — K ,
ol _ Zngl w2 X; ® X+ Soh v 2Vi © Vi
2 K .

50 _ gt

If we compute the difference C; 5, we obtain:

K K
e — Zwﬂ wj2) X; @ Xj + va—vm Y ® Y,
j=1 k:
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hence, exploiting the distance between covariance operators:

2 2
K K
K2CY — 9012 = |3 (wjn — wjp) X, © X; Z (vjg —v;2)Y; @ Y|l +
Jj=1 S J=1 S
K K
—i-QZZ 'wj7 U)JQ (Uk,l —’Uk’g) <Xj,Yk>2

—_

k

[y

'P”%w

1 @ X515 + 2 (win — wja) (wey — we) (X5, Xp)?+ (8)

Jj=1 Jj<k
K
+D Y @YlE+2 (v — v52) (v — vk2) (), Vi) >+
Jj=1 i<k
K K
+2) ) (win —wja) (vk1 — vk2) (X5, Vi)

Jj=1k=1

Let us now call 5fk = (wj,1 — wj2) (W1 — Wi 2), 5},//% = (vj,1 — vj2) (Vg1 — vg2) and 6;ka =
(wj1 —wj2) (Vg1 — vk2). Now, it is: 5J . = +1 if observations X; and X, are assigned to
the same group, while on the contrary it is 67 % = —1. The same applies for (5  with Y and
Y. Finally, 6JXkY = +1if X; and Y}, are assigned to different groups, and 5fy —1 on the
contrary. It is now clear that, the distance between covariance operators is increased when
two observations of populations X or ) are both assigned to the same group, or when two
observations of the opposite populations X and ) are assigned to different groups. These
remarks suggest the idea that, under the previous assumption, by recovering the original
labelling of the two populations X and ) the distance between the induced covariance op-
erators is increased.

If we replace the estimators of covariance operators in (8) with their expected values,

N K
W, -1V,
[5(1)] _ Cf) _ 23_1 J,1 Cr & 23_1 J,1 Co,

1 K ! K
i i ZN: W;j2 ZK: V5,2
E[@)]:Cé): JII(] Ci+ ][é] Ca,

then, by denoting Ny 2 = ZJK: 1 w;2 and also considering the relations among the variables
wjg and vj 4 we get:

o e = o 6] -me = (%) b et o

specifying that the maximum distance between (exact) covariances is attained when the
groupings coincide with the original but unknown indexing of the data set.
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If assumption (1) is true and in view of (9), a natural way to recover the true indexing can
be to find the recombination of data in two groups maximising the distance between the
induced covariance operators, i.e., to solve the optimization problem:

175 13) = arg max {d (c{“,cgi))} . Re={1,...,Nc}. (P)

Identity (9) ensures that either I] = IF]) and I3 = Iéo), or I} = 12(0) and I3 = Ifo). The
double solution is due to the symmetry of (9), yet the groups represent the same partition
of data, for this reason in the following we will not distinguish between them.

Practically, only approximate estimates of Cfi) and Céi) are available, thus we must recast
problem (P) into:

[fi‘,fi‘} :arigegjax{d (CA(li),CAéi)>}, Re={1,...,N¢}, (P)

The method we propose coincides with finding a solution to problem (P).

In general ff and f; may differ from I}O) and Iéo), since they are determined based on
estimates of covariance operators. Indeed, provided that the chosen distance is capable of
emphasizing the actual differences between covariances of the two populations, results could
be improved by enhancing the accuracy of estimators. In Subsection 3.2 we will address
the former issue.

3.1 Greedy formulation

In order to solve problem (P), it would be required to test each of the N¢ recombinations
of indexes in order to find the desired pair fi“ and fé‘ . Of course, the number of tests
to be performed, No = (%), with K = N/2, undergoes a combinatorially-fast growth,
as N increases. Thus, unless we have only a small number of observations in our data
set, the naive approach of performing an exhaustive search in the set of recombinations is
not feasible. This calls for a proper complexity-reduction strategy, aimed at restraining the
complexity and enabling the application of our method also to data sets with a common size.

3.1.1 MAX-SWAP ALGORITHM

We propose to rephrase problem (P) into a greedy algorithm, with a greatly reduced com-
plexity. The driving idea is to interpret d(é(li),(?;“) as an objective function of ¢, and,
starting from an initial guess (I{,19), to iteratively increase it by allowing exchanges of
units between the two groups. The exchange of data must preserve the total number of
units inside each group, so each group discards and receives an equal number of units, say
up to J per group.

We propose to choose the swapping units in such a way that the distance between the
estimated covariance operators at the next step be strictly higher than the previous one
and, heuristically, the highest possible. Convergence is reached when no further swap can
increase that distance.
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This strategy can be also motivated by (8), since it performs swaps between observations
et

in order to increase — é\(;)H, thus trying to assign the correct values to w; 4 and vj .

Algorithm 1: Max-Swap algorithm

Input: Initial guess: (I?,IS)

Output: Estimated indexing (fi**,f;*)

Compute (@,@) induced by (I, 19);

@ =a(e,Q);

k=1,

(Ad)F =1;

while (Ad)* > 0 do

for s€1,...,K do

for tel,...,K do

Swap in first group: Iy = U, I=pyus—);
Swap in second group: I = Uzt 51 () U IF=1(s);
Compute <C~1,C~2) induced by (fl,fg);

Dsy=d (51,52>;

(s%,1%) = argmax ; D ;

dk = Ds*,t*;

(Ad)k: — dk _ dk_l;

If = Uppe T () U I H(#9);
I = Uype I @) UITH(57);

| k=k+1
4 = dk_l;
Iik* — If_l;
I;* — Ié:—l;

When searching the best swap of size up to J, we must explore a number of combinations
2
of the current groups equal to Z;-le (K) . Therefore it is evident that J affects both

i

the computational effort and the robustness of our algorithm: the lower is J, the less
permutations we have to search among to find the optimal swap; the greater is J, the more
likely we are to detect and exchange at once a block of truly extraneous units. We point

out that, for J = K we recover the original complexity of solving problem (f’) in just one

step, since it holds:
K 2 K 2
N K K
= E = g 1.

We propose to set J = 1, in order to save computations, and to choose the units to be
exchanged by exploring the K? swaps of one unit from the first group with another unit of
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the second group. Then we select the one yielding the maximum increment in the distance.
The complete formulation of our Max-Swap algorithm is summarised in Algorithm 1, where
we specify for the sake of clarity that the symbol IF(p), for instance, indicates the p-th
element of the set of indexes I¥. In the following we will denote the estimated set of indexes
at step k of algorithm with superscript k& without brackets, (I f, Ié“)

3.1.2 CONVERGENCE

We turn now to the study of the convergence of our proposed algorithm. With reference to
the notation of Algorithm 1, it is easy to prove that

Proposition 1 The monotonicity constraint:
(Ad)F >0 VE>1, (10)

ensures that convergence always happens, at least to a local mazimum of d(Cli),(?éi)).

Proof As a simple consequence of (10), the list of intermediate indexings:

(0, 8), (113 (168

does not have cycles (a contiguous sub-sequence with equal extrema). In fact, let there be
a cycle of minimal period L starting at iteration kg, then it should hold:

L
0= dfoth — o =3~ (Ady T > 0,
j=1
which is a contradiction. Thus each element in the list is unique and contained in the set
of all the possible recombinations of data:

0) (0 D (1 N, N,
(I§ )7]’; ))7(]-{ )7I§ ))7"'7(]-{ C)7I§ C))7
which has a finite number of elements. Therefore the algorithm, however initialised, con-

verges. |

Now that convergence has been established, we can formulate the following proposition:

Proposition 2 When estimates of covariance operators, CAl and 52, are exact, i.e., when
C1 = C1 and Cy = Co, the greedy algorithm converges to the exact solution (I, I5) of problem
(P) in at most K/2 steps.

Proof This is a consequence of Proposition 1 and the convexity of the objective function
d( Y),Céz)) w.r.t N2 showed in (9), making it impossible that local maxima exist. [ |

A consequence of Proposition 1 is that in general (I7*, I3*) # (ff, fg), since the algorithm
may converge only to a local maximizer of the covariances’ distance. This is a well-known
drawback affecting greedy methods for optimization problems based on local-search patterns
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and the development of possible remedies is a very active research field in algorithmics and
optimization disciplines. A simple way to correct for the possibility to select only a local
optimum is to implement a restart-like strategy, namely run multiple instances of the al-
gorithm with different initialisations and to select the best results in terms of optimised
objective function. This is a simple and classic solution to the drawbacks of general local-
optimisation algorithms.

However, Proposition 2 assures that the algorithm converges to the exact solution, provided
that we have a thorough knowledge of covariance operators. Therefore, the possible non-
convexity of the objective function d(CY),CéZ)), being the reason why local maxima exist,
would be a direct consequence of the small precision in estimating covariances.

Under this light, we can rephrase the problem of enhancing our method from finding an
algorithmics-like remedy to the aforementioned drawback, to the study of accuracy proper-
ties of covariance estimators. This will be the focus of Subsection 3.2. Another possibility
to reduce the risk of selecting only local maximisers, which we don’t investigate in the fol-
lowing, would be to assess the stability of the maximiser found when running a standard
Max-Swap algorithm by running a general version of Max-Swap with J > 1.

3.1.3 RATE OF CONVERGENCE AND COMPLEXITY

Max-Swap algorithm increases the objective function starting from an initial guess, (19, I9).
In general, we have no prior knowledge on the distribution of true groups among the data
set, then we should choose the initial guess at random, and in particular by drawing from
the set of indexes without replacement, assigning equal probability to each outcome. This
strategy causes the quantity Nj o in (9) to follow a hypergeometric distribution:

N1 ~ Hyper(N, K, K),

ie.,

(3) (55) EIN, ] = &
o T

with typically large values of N and K = N/2. Owing to the fast decay of hypergeometric
mass function away from its mean, we can presume that the random initial draw will cause
Ni,2 to be most likely in some neighbourhood of K /2 (we imagine K to be even).

Let us assume that hypotheses of Proposition 2 are true, then if we consider a value for
Ni resulting from the initial guess, the number of iterations to convergence is Ny =
min(Ny 2, K — Ny 2), corresponding to Nj; consecutive and correct swaps.

Then, by initialising at random the algorithm:

P(Nig=h)=

K
Nig < Ch
If we summarise the complexity of solving problem (15) with the number of combinations
Necompb processed to recover the estimated groups (I, I3), and we compare our proposed
method (MS) with the naive, exhaustive strategy (N), we have:

K3 N
‘Nc]\o{gb:K—2 Nitg?: Ng)mb: (K)’

10
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where the multiplicative factor K? in ch\gsb accounts for the number of combinations
searched for to find the best swap at each step of Max-Swap algorithm.
This shows how Max-Swap algorithm entails a far lower complexity than the brute force

approach.

3.1.4 CLASSIFICATION OF NEW OBSERVATIONS

Once the algorithm has been run and the two groups constituting the mixed data set
have been found, a simple rule can be applied to use the clusters in order to classify new
observations. We suggest to consider each new unit separately, and compute the covariances
obtained by including the unit either in the first or second group. For the sake of simplicity,
we denote them, respectively, by C1 and Cg Then we compute the distances di = d(Cl,Cl)
and dy = d(Cg, Cg) where here we indicate by C1 and C» the covariances of the two groups
determined at the end of the clustering stage. Then we attribute the new unit to the group
for which the distance d is minimum.

3.2 Shrinkage estimation of covariance

In this subsection we consider the problem of improving the estimation of covariance op-
erators, so that clustering is more accurate. In particular, we will describe an alternative
estimator of data covariance than the sample covariance, which is better conditioned and in
some circumstances achieves lower MSE. We will make use of it in our clustering algorithm
as an alternative to sample covariance.

Let us consider a generic family of functional data X ~ Py, such that E [X] =0, E[|X I? <
oo. We denote its covariance with C and we imagine to estimate it with C. Our purpose is
to find its best possible approximation, or saying it otherwise, being:

MSEs(C) :=E|IC - C|3 ,

our measure of the estimation error of C, to solve the following estimation problem (E):

C* = argmin MSEg(C) = argminE||C — C||% , (E)
9 c
where the minimum is sought among all possible estimators C of C. We point out that in
MSEg we use our selected distance to measure the discrepancy of estimation.
Of course, from a practical viewpoint, only a finite-dimensional estimation of C can be
attained, given data. In addition, functional data are often available from sources as discrete
measurements of a signal over some one dimensional grid. Let us indicate by X; the i-th
(out of N) sample realisation of process X, i.e,:
P
Xi = (Xi(t))jys I"=T[tr, .. tp], (11)
where, for the sake of simplicity, we have imagined the grid I" to be regularly spaced (al-
though this is not mandatory), i.e., tj11 —t; =h >0for j =1,...,P — 1. A crucial point
when analysing functional data is to reconstruct functions from scattered measurements

11
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X, which requires the use of some proper smoothing technique. Furthermore, the so called
phase variability of reconstructed signals, involving the dispersion of features along the grid
axis, can be separated from amplitude variability, appearing as the dispersion of magnitudes
of values of X;. This process is known as registration (see, for instance, Ramsay and Sil-
verman, 2005). Once data have been smoothed and registered, they can be re-evalued onto
another one dimensional grid. To save notation we will assume that discrete representations
in (11) have already been preprocessed.

It is clear that, within this habit, covariance estimators of C are discrete, matrix-type
approximations obtained starting from pointwise observations X;. For instance, standard
sample covariance estimator for zero-mean data is:

1 N
_ . T
S= 21 X; x7. (12)

If we denote the true, discrete covariance structure related to each X; by C the discrete
version of problem (E) is:
C* = argminE|C — C||%, (E)
C

where the minimum is sought inside the set of symmetric and positively defined matrix-type

estimators of dimension P. We point out that the subscript F in (E) indicates the Frobenius
norm, that is the finite-dimensional counterpart of the Hilbert-Schmidt norm for operators.

When the sample size N is low compared to the number of features P, sample covariance
may loose in accuracy, meaning that the actual estimate might be quite distant from the
true covariance C (this can be seen as a consequence of the so-called Stein’s phenomenon,
Stein, 1956).

A typical remedy to the poor performances of sample covariance, often used in the setting
of Large P - Small N problems, is to replace it with a biased, shrinkage estimator. Other
solutions might be jackknife or bootstrap, but their computational cost renders them prac-
tically useless in our clustering algorithm, which requires to repeatedly estimate covariance
matrices. Shrinkage estimation has been explicitly applied to the context of large covariance
matrices in (Ledoit and Wolf, 2003, 2004) and (Schafer and Strimmer, 2005), turning out
in a sufficiently lightweight procedure. In those works, authors start from problem (E) and
build an estimator that is asymptotically more accurate and better conditioned than sample
covariance. We follow the approach described in (Ledoit and Wolf, 2004) and consider the
class of linear shrinkage estimators of the form:

C=puyI+(1-7)8, (13)

where I is the P x P identity matrix and v € [0,1], u € R* and S is the sample covariance
estimator. Obviously, the class contains the sample covariance estimator itself. Then (E)
is solved with respect to the optimal values of u and ~:

, = argmin E .
(") g 7

(14)

12
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If we introduce the quantities:

o = HC - MIH%

EIS-Cl3 . _EIS—ul
P

2 _
BT = 2 ; 5 , (15)

and note that these are subjected to o + 32 = 62, we can perform the explicit minimization
in equation (14). The expressions of u* and ~* are:

= 2 = p v - 52

where we have used p = p* in the computation of §. The desired shrinkage estimator
becomes:

M (16)

52
—u*621—|—5S (17)

Of course, estimator (17) depends on the unknown exact covariance matrix C, even though
only through four scalar functions. In (Ledoit and Wolf, 2004) authors solve this problem
by proposing the following estimators for «, 8, 6 and p*:

S*

~_ Tx (S 5 _ IS — a3
Bo= 12)7 6% = ’PF’ (18)
N
= 5 1 X X —S|?
7 min <52; 1t HF> | 19)
k=1
and o2 = 62 — BE
Then, the actual shrinkage estimator is:
qQ* _ ﬁZ
S —I+ —S (20)
52 52

In (Ledoit and Wolf, 2004) authors show how estimates (18) are consistent, in the sense that
they converge to the exact values in quadratic mean, under the general asymptotic limits
of P and N, i.e., when both P and N are allowed to go to infinity but there exists a ¢ € R
independent on N such that P/N < ¢ (see Ledoit and Wolf, 2004 and references therein for
theoretical details on general asymptotics). Moreover, estimator S* is an asymptotically
optimal linear shrinkage estimator for covariance matrix C with respect to quadratic loss.
Besides its asymptotic properties, extensive use in applications shows that the accuracy gain
resulting from S* in terms of decrease in MSE is substantial also in many finite sample cases,
and that standard covariance is almost always matched and often outperformed by S*. For
a detailed description of how and when shrinkage estimation of covariance is recommended
over the sample estimation, see for instance (Ledoit and Wolf, 2004).

4. Case Studies

In this section we provide three simulations involving our proposed clustering method. In
Subsection 4.1 we show a first example, regarding standard bivariate data, in order to
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give a clear geometric idea of clustering based on covariance structures. In Subsection 4.2
we show an application to synthetic functional data. In these former two examples the
true subdivision of samples is known, so the goodness of the clustering arising from Max-
Swap algorithm is assessed against the true identities of data. In Subsection 4.3, instead,
we apply the clustering algorithm on real functional data expressing the concentration of
deoxygenated hemoglobin measured in human subjects’ brains.

4.1 Multivariate data

This test is meant to provide a first, visual example of the features of the clustering aris-
ing from using Max-Swap algorithm. In order to ease the geometrical interpretation, we
chose to focus on two bivariate data sets, composed of simulated data with a-priori designed
covariances. Indeed, by representing bi-dimensional data we are able to support our con-
siderations with a clear graphical counterpart.

We exploit two reference data sets having the same means but different variance-covariance
structures. In particular, a generic clustering based on locations run on these data is meant
to fail. The first set of data, hereafter hourglass data, has covariances whose difference
lies in the directions along which variability expresses. We generated it according to the
following laws:

X = py(costy, sinby), p~U[-1,1], 0, ~U |5, 5],
Y:py(cosﬁy, siney), py ~U[-1,1], HyNU[%r,lll—”],

where the four random variables, p., py, 0;, 0, are independent. Simple calculations reveal
that E[X] =0 and E[Y] = 0, while covariances are:

C, = ( e %ﬂ ) o= < . VlZM >

Note that X and Y differ only in their covariances. Moreover, since only off-diagonal terms
of C, and C, are different (and indeed opposed), the two families have the same kind of
variability, only expressed along orthogonal directions in the plane. We generate a data set
D of N =400 data, according to the previous laws, made up of K = 200 samples from X
and K = 200 samples from Y, which are displayed in Figure 1.

We considered also another data set, referred to as bull’s eye, whose features are somehow
complementary to the ones of hourglass, since variabilities of bull’s eye sub-populations
express along the same directions, though with different magnitudes. In particular, we
considered the following laws:

X:px(cosﬁx, sinﬂx), prL{[O,%], 0, ~U[0,27],
Y:py(COSQy, sinHy), pyNU[Q,%}, 6, ~U0,2m],

where, still, the four random variables p, py, 0,0, are independent. This leads to covari-
ances:

1 61
C,=—1I C,=—1I
Y Yoo4™
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-1.0

: Left: Hourglass data set used in the first multivariate experiment, collecting

N = 400 points subdivided into family X (K = 200 points, marked by +) and
family Y (K = 200 points, marked by x). Right: Outcome of clustering via
Max-Swap algorithm.

Original data Clustered data

Figure

2:

Bull’s eye data set used in the second multivariate experiment, collecting N = 400
points subdivided into family X (K = 200 points, marked by +) and family Y
(K = 200 points, marked by x). Right: Outcome of clustering via Max-Swap
algorithm.
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that clearly differ only in terms of their variability’s magnitude. Bull’s eye data set is
generated according to these laws for an overall cardinality of N = 400 data subdivided in
two groups of size K = 200 each, and it is shown in Figure 2.

We point out that, in order to improve the robustness of results with respect to the chance
of selecting only a local maximiser of the distance between variance-covariance structures,
Max-Swap algorithm was run for 10 times, keeping the result for which the objective function
was highest. Since the number of data in each sub-population, K, is high with respect to
their dimensionality, P = 2, we used Max-Swap algorithm in combination with the standard
sample estimator of covariance, S. The results of the clustering procedure are also shown
in Figure 1 and Figure 2 (right panels), where it is clear how the clustering method is able
to detect the observations belonging to the two populations, whose difference is is only in
their covariances. Since in this simulated scenario we know the law generating observations,
and therefore the labels of the generated data, we are able to assess the performances of
the clustering procedure by comparing the two identified groups of data with the original
labels. In particular, in the case of hourglass data, only 3 observations out of 200 in each
cluster belong to the other population, and are all located very close to the data centre.
In the bull’s eye example, instead, the two clusters are composed of elements coming from
only one population.

The outcome of standard clustering algorithms, like K-means or hierarchical clustering,
show the complete inefficacy of location-based clustering for such data sets, where data are
mostly different in terms of their variability. In particular, 20 K-means (K = 2) runs on
Bull’s eye and Hourglass data sets yield, if compared with the true labelling of observations,
a mis-classification rate of 0.27 + 0.01 and 0.47 4 0.01, respectively, while 20 runs of a
hierarchical clustering with euclidean distance and Ward linkage give a mis-classification
rate of 0.29 4+ 0.05 and 0.46 £ 0.04, respectively.

4.2 Synthetic functional data

In this subsection we apply our clustering algorithm to functional data. We use a data
set composed of two populations of functions, X and ), with null means and covariance
operators:

L L
Cx:Zai e ® e, Cy:Zm e @ e, (21)
i=1 i=1

where {e;}L | are the first L elements of the orthonormal Fourier basis on the interval
I =10, 1], save for the constant, i.e.,:

eok_1 = V2sin (2kmz), egr = V2cos (2kmz), =z €1,

for k =1,...,L/2, and the eigenvalues are chosen as:
_ T
i \/g?

In what follows we considered L = 30. A visual representation of the related covariance
functions is in Figure 3. It is clear from (21) and from Figure 3 that covariances C, and

oi=1, Vi=1,...,L. (22)
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Figure 3: Contour plot of covariances C,, and C,, for the experiment with synthetic functional
data. The different scales of contour plots show that the difference between the
variance-covariance structures is only in magnitude.

Cy are different only in terms of variability’s magnitudes, while their eigenfunctions are the
same.

We generated several sets of the following synthetic families of Gaussian functional data
having covariances like in (21):

L L
Xi=Y &i/oje,  Yi=> (¢ (23)
p i=1

for i =1,..., K, where &; < (0,1), and are independent from (;; i (0,1). Each

synthetic functional unit has been evaluated on a grid of P = 100 points, evenly spaced on
I. The different sets have been generated choosing K € {20, 25, 30, 35, 40,45,50}, corre-
sponding to total cardinalities of N € {40, 50, 60, 70, 80,90, 100}.

We applied our clustering algorithm to each synthetic data set. The different values of
K (i.e., of N) allow to study the performances of clustering as the sample size increases.
This is of interest since our method relies on the estimation of covariance matrices, thus we
expect that when the number of data increases the performances tends to improve.

We used Max-Swap algorithm both with the standard sample covariance estimator, S, and
with the shrinkage covariance estimator S*.

Like in the case of multivariate data, we know the laws generating observations, hence their
original labels, therefore we can analyse the identified clusters in terms of the composition
of units from X and Y. This allows us to understand whether the algorithm is able to
detect groups of observations that we know a priori are different only in their variability.
We report the results of the clustering procedure in Tab. 1. Similarly to the case of multi-
variate synthetic data of Subsection 4.1, each of them is related to the one trial in a set of
10 for which the distance between covariances was highest. This was done in order to take
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Sample covariance (S) Shrinkage estimator (S*)

N K Miscl. (1,2) Err. Miscl. (1,2) Err.
40 20 2(1,1) 5% 0 (0,0) 0%
50 25 2(L1) 4% 0 (0,0) 0%
60 30  0(0,0) 0% 0 (0,0) 0%
70 35 6 (3,3) 8.5% 2 (1,1) 3%
80 40  2(L1) 2.5% 2 (1,1) 2.5%
90 45 0 (0,0) 0% 0 (0,0) 0%
100 50 0 (0,0) 0% 0 (0,0) 0%

Table 1: Clustering performances results for the application with synthetic functional data.

account of the heuristic nature of the algorithm.

Results undoubtedly highlight that covariance-based clustering is effective, yielding groups
which can easily be interpreted as the original ones up to an error always lower than 10%,
also for challenging cases of scarce data. In addition, for reasonable sample sizes, the error
tends to get lower. The results are even more satisfactory if related to the dimension of the
covariance matrices of these data, i.e. P = 100, since a successful clustering may be carried
out with only 25-30 units per family.

If we compare the performances gained when using S with those attained by using §*,
we see that a substantial improvement in accuracy has been achieved. Moreover, in this
experiment the performances of Max-Swap combined with S* were more stable across the
trials, and almost always close to the best one for all trials. This may be an advantage with
respect to S, which in turn gave results more variable from trial to trial. On the contrary,
from a computational point of view, resorting to S leads to faster simulations, while using
S* requires higher effort, especially when K is large.

4.3 Deoxygenated hemoglobin data

In this subsection we apply our clustering method to a real data set belonging to a biomedical
context. In particular, we deal with data produced by functional near-infrared spectroscopy
(fNIRS), an optical technique able to noninvasively monitor the cerebral hemodynamic at
cortical level. Exploiting the relatively low absorption of biological tissues, light in the red
and near-infrared wavelength range can penetrate the human head down to some centime-
ters and reach the cerebral cortex. Therefore, {NIRS can provide a measure of oxy- and
deoxy-hemoglobin, the main chromophores contributing to light absorption at this wave-
length range. In particular we study the measurements along time of the concentration
of deoxygenated hemoglobin in the brain of a group of six right-handed healthy subjects
(male, 44 years old) while they are carrying out a motor task (i.e., squeezing a soft ball in
the right hand) at a rate of 2 Hz guided by a metronome. The measures of each subject
were made on eight different points of the brain, four located in the central part of the
left hemisphere and another four located in the central part of the right hemisphere. The
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Deoxygenated hemoglobin data Cluters of deoxygenated hemoglobin data

1.0
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Time [s] Time [s]

Figure 4: Deoxygenated hemoglobin’s concentration data. In the left panel are represented
the preprocessed data on which the clustering is carried out. In the right panel
is shown the output.

measurement and preprocessing techniques as well as the experimental instruments used to
collect data are described in (Torricelli et al., 2014; Zucchelli et al., 2013; Re et al., 2013).

Each statistical unit of the data set consists of a sampling along 40 seconds of deoxygenated
hemoglobin’s concentration at the related location on the brain. Our clustering purpose is
to recognize the signals of patients whose trends in hemoglobin’s concentration show wide
fluctuations across their mean profiles from signals where the concentration varies little.
The aim of the study was in fact to detect different behaviours corresponding to activated
vs. non activated cerebral areas. This activation is reflected in difference in covariance
operators more than in difference in the mean level of deoxygenated hemoglobin concentra-
tion, thus we wish to apply our clustering algorithm in order to detect the two clusters.

In a pre-processing stage, signals affected by artifacts due to the measurement procedure
were removed, while the others were de-trended and smoothed thanks to a B-Spline smooth-
ing basis.

At the end of the pre-processing stage, a set of N = 30 signals, subdivided into two groups
of K = 15 are available with a sampling rate of 1s, so that P = 40. These data are depicted
in Figure 4.

We run the Max-Swap clustering algorithm on these data to perform clustering, both using
S and S* estimators, finding equal partitions of initial data. The results are shown in
Figure 4, and highlight how the algorithm is able to answer to our request, i.e., to detect
two clusters of functions that are well distinguishable in terms of their different variability.
We interpret these as activated versus non activated brain regions and our results are in
agreement with those obtained in (Bonomini et al., 2015).
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5. Conclusions

In this paper we have studied the problem of performing clustering on two groups of data
whose difference lies in their variance-covariance structures rather than in their means. We
have formulated it according to the general statistical framework of functional data, yet it
can be of interest also in other contexts, such as for multivariate data. We have shown how
the naive clustering strategy is computationally intractable and we have proposed a new
heuristic algorithm to override such issue. The algorithm is based on a proper quantification
of the distance between estimates of covariance operators, which we assumed to be the
natural Hilbert-Schmidt norm, and seeks for the partition of data producing the highest
possible distance among estimated covariances. The partition is sought by modifying two
initial guesses of the true groups with subsequent exchanges of units, in order to maximise
the distance between estimated covariances. We have given its pseudo-code formulation
and studied its convergence properties and complexity. A crucial point of the algorithm is
the estimation of covariance operators, which can be done by standard sample covariance,
but we have proposed a variant involving a linear shrinkage estimator, which promises to
be at least as accurate as sample covariance, and often better in terms of mean square
error. By means of some examples we have collected empirical evidence to prove that the
algorithm is able to solve suitably the clustering problem, both when the variabilities are
different in their magnitudes or in their directions. We compared the performances gained
on functional data under the use of the sample estimator and of the linear shrinkage one,
and found that both of them give definitely satisfactory results and that the use of linear
shrinkage may provide a substantial improvement in terms of clustering performances.
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