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Introduction

Due to rapid increase in data size, the idea of discovering hidden information in datasets has
been exploded extensively in the last decade. This discovery has been centralized mainly on
data mining, classification and clustering. One major problem that arises during the mining
process is handling data with temporal feature. Temporal data naturally arise in various
emerging applications as sensor networks, dynamic social networks, human mobility or internet
of things. Temporal data refers to data, where changes over time or temporal aspects play
a central role or are of interest. Unlike static data, there is high dependency among time
series or sequences and the appropriate treatment of data dependency or correlation becomes
critical in any temporal data processing.

Temporal data mining has recently attracted great attention in the data mining community
[BF98|; [HBVO1]; [KGPO1]; [KLT03]. Basically temporal data mining is concerned with the
analysis of temporal data and for finding temporal patterns and regularities in sets of temporal
data. Since temporal data mining brings together techniques from different fields such as
statistics, machine learning and databases, the literature is diffused among many different
sources. According to the techniques of data mining and theory of statistical time series
analysis, the theory of temporal data mining may involve the following areas of investigation
since a general theory for this purpose is yet to be developed [LOWO02|. Temporal data mining
tasks include: characterization and representation, similarity computation and comparison,
temporal association rules, clustering, classification, prediction and trend analysis, temporal
pattern discovery, etc.

Clustering temporal data is a fundamental and important task, usually applied prior to
any temporal data analysis or machine learning tasks, for summarization, extraction groups of
time series and highlight the main underlying dynamics; all the more crucial for dimensionality
reduction in big data context. Clustering problem is about partitioning a given dataset into
groups or clusters such that the data points in a cluster are more similar to each other than
data points in different clusters [GRS98|. It may be found under different names in different
contexts, such as "unsupervised learning" in pattern recognition, "numerical taxonomy" in
biology, "typology" in social sciences and "partition" in graph theory |[TK99|. There are
many applications where a temporal data clustering activity is relevant. For example in web
activity logs, clusters can indicate navigation patterns of different user groups. In financial
data, it would be of interest to group stocks that exhibit similar trends in price movements.
Another example could be clustering of biological sequences like proteins or nucleic acids, so
that sequences within a group have similar functional properties [F.88]; [Mil+99]; [Osa+02].
Hense, there are a variety of methods for clustering of temporal data and many of usual
clustering methods need to compare the time series. Most of these comparison methods
are derived from the Dynamic Time Warping (DTW) and align the observations of pairs of
time series to identify the delays that can occur between times. Temporal clustering analysis
provides an effective manner to discover the inherent structure and condense information over
temporal data by exploring dynamic regularities underlying temporal data in an unsupervised
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learning way. In particular, recent empirical studies in temporal data mining reveal that most
of the existing clustering algorithms do not work well due to their complexity of underlying
structure and data dependency [KKO02], which poses a real challenge in clustering temporal
data of a high dimensionality, complicated temporal correlation, and a substantial amount of
noise.

Earlier, the clustering techniques have been extensively applied in various scientific areas.
k-means-based clustering, viz. standard k-means [Mac67|, k-means++ and all its variations,
is among the most popular clustering algorithms, as it provides a good trade-off between the
quality of obtained solution and its computational complexity [AV07|. However, time series
k-means clustering, under the commonly used dynamic time warping (DTW) [SCT78|; [KL83]
or several well-established temporal kernels (e.g. kprak, kga) [BHB02]; [Shi+02]; [Cut+07];
[Cutll], is challenging as estimating cluster centroids requires aligning multiple time series
simultaneously. Under temporal proximity measures, one standard way to estimate the centroid
of two time series is to embed the series into a new Fuclidean space according to the optimal
mapping between them. To average more than two time series, the problem becomes more
complex as one needs to determine a multiple alignment that link simultaneously all the time
series. That multiple alignment defines, similarly, a new Euclidean embedding space where
time series can be projected and the global centroid estimated. Each dimension identifies,
this time, a hyper link that connects more than two elements. Such alignments, referred to as
multiple sequence alignment, become computationally prohibitive and impractical when the
number of time series and their length increase [THG94|; [WJ94]|; [CNHO00].

To bypass the centroid estimation problem, costly k-medoids [KR87| and kernel k-means
[Gir02]; [DGKO04| are generally used for time series clustering [Lia05|. For k-medoids, a medoid
(i.e. the element that minimizes the distance to the other elements of the cluster), is a good
representative of the cluster mainly when time series have similar global dynamics within the
class; it is however a bad representative for time series that share only local features [FDCG13].
For kernel k-means |Gir02|; [DGKO04], as centroids can not be estimated in the Hilbert space,
pairwise comparisons are used to assign a given time series to a cluster. While k-means, of
linear complexity, remains a fast algorithm, k-medoids and kernel k-means have a quadratic
complexity due to the pairwise comparisons involved.

This work proposes a fast, efficient and accurate approach that generalizes the k-means
based clustering algorithm for temporal data based on i) an extension of the standard time
warp measures to consider both global and local temporal differences and ii) a tractable and
fast estimation of the cluster representatives based on the extended time warp measures.
Temporal data centroid estimation is formalized as a non-convex quadratic constrained
optimization problem, while all the popular existing approaches are of heuristic nature,
with no guarantee of optimality. The developed solutions allow for estimating not only the
temporal data centroid but also its weighting vector, which indicates the representativeness
of the centroid elements. The solutions are particularly studied under the standard Dynamic
Time Warping (DTW) [KL83|, Dynamic Temporal Alignment Kernel (kprak) [Shi+02] and
Global Alignment kernels (kga and kpga) [Cut+07]; [Cutll]. A wide range of public and
challenging datasets, which are non-isotropic (i.e., non-spherical), not well-isolated (and
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thus non linearly separable), are used to compare the proposed generalized k-means with
k-medoids and kernel k-means. The results of this comparison illustrate the benefits of the
proposed method, which outperforms the alternative ones on all datasets. The impact of
isotropy and isolation of clusters on the effectiveness of the clustering methods is also discussed.

The main contributions of the thesis are:

e Extend commonly used time warp measures: dynamic time warping, which is a dissim-
ilarity measure, dynamic time warping kernel, temporal alignment kernel, and global
alignment kernel, which are three similarity measures, to capture both global and local
temporal differences.

e Formalize the temporal centroid estimation issue as an optimization problem and propose
a fast and tractable solution under extended time warp measures.

e Propose a generalization of the k-means based clustering for temporal data under the
extended time warp measures.

e Show through a deep analysis on a wide range of non-isotropic, linearly non-separable
public and challenging datasets that the proposed solutions are faster and outperforms
alternative methods, through (a) their efficiency on clustering and (b) the relevance of
the centroids estimated.

In the remainder of the thesis, we use bold, lower-case letters for vectors, time series and
alignments, the context being clear to differentiate between these elements.

Organisation du manuscrit

This manuscript is organized in four chapters as follows. The first chapter presents the
major time series metrics, notations and definitions. As the most conventional metrics between
time series are based on the concept of alignment, we then present the definition of temporal
alignment, prior to introduce kernels for times series. In the second chapter, we will discuss
about time series averaging and state-of-the-art of centroid estimation approaches. To do so,
we present the consensus sequence and multiple alignment problem for time series averaging
under time warp and review the related progressive and iterative approaches for centroid
estimation. We show the importance of proposing a tractable and fast centroid estimation
method. In the next chapter, we first study the k-means based clustering algorithms and
its variations, their efficiency and complexities. While k-means based clustering is among the
most popular clustering algorithms, it is a challenging task because of centroid estimation that
needs to deal with the tricky multiple alignment problem under time warp. We then proposes
the generalized k-means based clustering for time series under time warp measures. For this, we
introduce motivation of this generalization, prior to the problem formalization. We give then
an extension of the standard time warp measures and discuss about their properties. In the
following, we describe the fully formalized centroid estimation procedure based on the extended
time warp measures. We present the generalized centroid-based clustering for temporal data
in the context of k-means under both dissimilarity and similarity measures, but as shown
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later, the proposed solutions being directly applicable to any other centroid-based clustering
algorithms. Lastly, the conducted experimentation and results obtained are discussed in the
chapter four and we show through a deep analysis on a wide range of non-isotropic, linearly
non-separable public data that the proposed solutions outperforms the alternative methods.
The quantitative evaluation is finally completed by the qualitative comparison of the obtained
centroids to the one of the time series they represent (i.e., ground truth). In the conclusion,
we summarize the contributions of this thesis and discuss possible perspectives obtained from
the thesis.
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The temporal sequences and time series are two frequently discussed topics in the
literature. The time series can be seen as a special case of sequences, where the
order criteria is time. In this chapter, we initially review the state-of-the-art of
comparison measurements between pairs of time series. As the most conventional
metrics between time series are based on the concept of alignment, we present the
definition of temporal alignment, prior to introducing the kernels for times series.

1.1 Introduction

What is a time series? A time series is a kind of sequence with an ordered set of observations

where the order criteria is time. A large variety of real world applications, such as meteorology,

marketing, geophysics and astrophysics, collect observations that can be represented as time

series. The most obvious example for a time series is probably the stock prices over successive

7
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trading days or hourly household electric power consumption over successive hours. But
not only the industry and financial sector produce a large amount of such data. Social media
platforms and messaging services record up to a billion daily interactions [Pir09]|, which can be
treated as time series. Besides the high dimensions of these data, the medical and biological
sector provide a great variety of time series, as gene expression data, electrocardiograms,
growth development charts and many more. In general, an increasingly large part of worlds
data is in the form of time series [MRO05]. Although statisticians have worked with time series
for a century, the increasing use of temporal data and its special nature have attracted the
interest of many researchers in the field of data mining and analysis [MRO5]; [Full].

Time series analysis includes methods for analyzing temporal data in order to discover the
inherent structure and condense information over temporal data, as well as the meaningful
statistics and other characteristics of the data. In the context of statistics, finance, geophysics
and meteorology the primary goal of time series analysis is forecasting. In the context of signal
processing, control engineering and communication engineering it is used for signal detection
and estimation, while in the context of data mining, pattern recognition and machine learning
time series analysis can be used for clustering, classification, anomaly detection as well
as forecasting. One major problem that arises during time series analysis is comparison of
time series or sequences. For this comparison, the most studied approaches rely on proximity
measures and metrics. Thus, a crucial question is establishing what we mean by “(dis)similar”
data objects (i.e. determining a suitable (dis)similarity measure between two objects). In
the specific context of time series data, the concept of (dis)similarity measure is particularly
complex due to the dynamic character of the series. Hence, different approaches to define the
(dis)similarity between time series have been proposed in the literature and a short overview
of well-established ones is presented below.

We start this section by defining the general notion of proximity measures. Next, we discuss
major basic proximity measures of time series. Later, we introduce definition of different
kernels proximity measures for time series, as well as the explanation of temporal alignment,
where the most conventional proximity measures between time series and sequences are based
on the concept of alignment.

1.2 Comparison of time series

Mining and comparing time series address a large range of challenges, among them: the
meaningfulness of the distance, similarity and dissimilarity measures. They are widely used
in many research areas and applications. Distances or (dis)similarity measures are essential
to solve many signal processing, image processing and pattern recognition problems such as
classification, clustering, and retrieval problems. Various distances, similarity and dissimilarity
measures that are applicable to compare time series, are presented over the past decade. We
start here by defining the general notion of proximity measures.
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Similarity measure

Let X be a set of data. A function 8: X x X — R is called a similarity on X, it obeys to
the following properties, V x,y € X:

e non-negativity: s(z,y) >0

e symmetry: S(x,y) = s(y, )

o ifx#y, s(x,x) =58(y,y) > s(z,y)

A similarity measure takes on large values for similar objects and zero for very dissimilar

objects (e.g. in the context of cluster analysis). In general, the similarity interval is [0, 1],
where 1 indicates the maximum of similarity measure.

Dissimilarity measure

A function D: X x X — R is called a dissimilarity on X if, for all z,y € X, it holds the
three fundamentals following properties:

e non-negativity: D(z,y) >0

e symmetry: D(x,y) = D(y,x)

o reflexivity: D(z,z) =0

In some cases, the proximity measurement takes minimum values when the time series
are similar together. For this purpose, we introduce a new measure of proximity opposite
of the similarity index, called dissimilarity measure. The main transforms used to obtain a
dissimilarity D from a similarity s are:

b D(l‘,y) = (S($7I)—S($7y))

b D(l’,y) = (S($,$)—S(l‘,y)) / S(%,y)

e D(z,y) = (s(x,z)—s(z,y))"/?

Distance metric

Distance measures play an important role for (dis)similarity problem, in data mining tasks.
Concerning a distance measure, it is important to understand if it can be considered metric.
A function D: X x X — R is called a distance metric on X if, for all z,y and z € X, it
holds the properties:
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e non-negativity: D(z,y) > 0
e symmetry: D(x,y) = D(z,y)
e reflexivity: D(x,y) =0, if and only if x =y

e triangle inequality: D(z,y) < D(z,2)+ D(z,vy)

It’s easy to prove that the non-negativity property is included in the last three properties.
If any of these is not obeyed, then the distance is non-metric. Although having the properties
of a metric is desirable, a (dis)similarity measure can be quite effective without being a metric.
In the following, to simplify, we use broadly the term metric to reference both.

1.3 Times series basic metrics

Time series analysis is an active research area with applications in a wide range of fields. One
key component in temporal analysis is determining a proper (dis)similarity metric between
two time series. This section is dedicated to briefly describe the major well-known measures
in a nutshell, which have been grouped into two categories: value-based and behavior-based
metrics.

1.3.1 Value-based metrics

A first way to compare time series data involves concept of values and distance metrics, where
time series are compared according to their values. This subsection relies on two standard
well-known division: (a) without delays (e.g. Minkowski distance) and (b) with delays (e.g.
Dynamic Time Warping).

1.3.1.1 Without delays

Euclidean- (or Euclidian) The most used distance function in many applications, which is
commonly accepted as the simplest distances between sequences. The Euclidean distance dg
(L2 norm) between two time series x; = (21, ..., ;1) and x; = (21, ..., x;7) of length T, is
defined as:

T
dE(Xia Xj) = Z (xit - xjt)Q
t=1

Minkowski Distance- The generalization of Euclidean Distance is Minkowski Distance,
called L, norm. It is defined as:

T
P
de X17Xj § (@i, — m]t
t=1
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where p is called the Minkowski order. In fact, for Manhattan distance p = 1, for the Euclidean
distance p = 2, while for the Maximum distance p = oo. All L,-norm distances do not consider
the time warp. Unfortunately, they don’t correspond to the common understanding of what
a time series sequences is, and can not capture flexible similarities.

1.3.1.2 With delays

Dynamic time warping (DTW)- Searching the best alignment that matches two time
series is an important task for many researcher. One of the eminent techniques to execute
this task is Dynamic Time Warping (DTW) was introduced in [RD62[; [Ita75]; [KL83] with
application in speech recognition. It finds the optimal alignment between two time series, and
captures flexible similarities by aligning the elements inside both sequences. Intuitively, the
time series are warped non-linearly in the time dimension to match each other. Simply, it is a
generalization of Euclidean distance which allows a non-linear mapping of one time series to
another one by minimizing the distance between both. DTW does not require that the two
time series data have the same length, and it can handle local time shifting by duplicating (or
re-sampling) the previous element of the time sequence.

Let X = {xi}f\il be a set of time series x; = (41, ..., 7;7) assumed of length T!. An
alignment 7 of length || = m between two time series x; and x; is defined as the set of m
(T'<m < 2T — 1) couples of aligned elements of x; to elements of x;:

7 = ((m1(1), m2(1)), (11(2), m2(2)), ..., (w1 (m), w2 (m)))

where 7 defines a warping function that realizes a mapping from time axis of x; onto time
axis of x;, and the applications m; and my defined from {1,...,m} to {1,..,T} obey to the
following boundary and monotonicity conditions:

and V1 € {1,...,m},

m(l+1)<m)+1land my(l +1) <m(l) + 1,
(m(+1) =m(l) + (m(l+1) —m(l)) = 1

Intuitively, an alignment 7 defines a way to associate all elements of two time series. The
alignments can be described by paths in the T x T grid as displayed in Figure 1.1, that
crosses the elements of x; and x;. For instance, the green path aligns the two time series as:
((:Uﬂ,xﬂ),(:Cig,xjg),(xn,xjg),(xi3,$j4),(x7;47xj4),(xi5,xj5),(:Biﬁ,ij),(xn,xﬂ)). We will denote ./4
as the set of all possible alignments between two time series.

!One can make this assumption as dynamic time warping can be applied equally on time series of same or
different lengths.
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Tjy Ljo

ij

$j4

(Ej5

Ijﬁ

xj'y

Figure 1.1: Three possible alignments (paths) between x; and x;

Dynamic time warping is currently a well-known dissimilarity measure on time series and
sequences, since it makes them possible to capture temporal distortions. The Dynamic Time
Warping (DTW) between time series x; and time series x;, with the aim of minimization of
the mapping cost, is defined by:

.1
:Hlelﬁ m Z (v, Tjt)
(t't)em

DTW(X;, X;) (1.1)

where ¢ : R x R — RT is a positive, real-valued, divergence function (generally Euclidean
norm). Figure 1.2 shows the alignment between two sample time series with delay (dynamic

time warping) in comparison with the alignment without delay (Euclidean).
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Figure 1.2: dynamic time warping alignment (left) vs. euclidean alignment (right)

While Dynamic Time Warping alignments deal with delays or time shifting (see Figure
1.2-left), the Euclidean alignment 7 between x; and x; aligns elements observed at the same
time:

7 = ((m(1), m2(1)), (71(2), m2(2)), ..., (m1(T), m2(T)))

where V¢ = 1,...,T, mi(t) = ma(t) = t, 7| = T (see Figure 1.2-right). According to the
alignment definition, the euclidean distance (dg) between the time series x; and x; is given
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by:

|| T
det 1 1
dp(xi,%;) = m Z()O(xiﬂ-l(k)’ijQ(k)) T Z@(xityxjt)
k=1

o taken as the Euclidean norm.

Finally, Figure 1.3 shows the optimal alignment path between two sample time series with
and without considering time warp. To recall, boundary, monotonicity and continuity are
three important properties which are applied to the construction of the path. The boundary
condition imposes that the first elements of the two time series are aligned to each other, as
well as the last sequences elements. In other word, the alignment refers to the entire both
time series sequences. Monotonicity preserve the time-ordering of elements. It means, the
alignment path doesn’t go back in "time" index. Continuity limits the warping path from
long jumps and it guarantees that alignment does not omit important features.

100
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Figure 1.3: The optimal alignment path between two sample time series with time warp (left), without
time warp (right)

A dynamic programming approach is used to find the minimum distance for alignment
path. Let x; and x; two time series. A two-dimensional |x;| by |x;| cost matrix D is built
up, where the value at D(¢,t') is the minimun distance warp path that can be constructed
from the two time series x; = (2;1,...,2%) and x; = (j1,...,25¢). Finally, the value
at D(|x;], |x;]) will contain the minimum distance between the times series x; and time
series x; under time warp. Note that DTW is not a metric as not satisfy the triangle inequality.

Property 1.1
DTW does not follow triangle inequality.
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As we can see, for instance, given three time series data, x; = (0], x; = [1, 2] and x;, = (2,3,3],
then: DTW(x;,%;) =3 , DTW(X;,X)) = 3 , DTW(x;, %) = 8. Hense,

DTW(X;,X;) + DTW(X;, X)) # DTW(X;, x;). O

Time and space complexity of the dynamic time warping is straightforward to define. Each
cell in the cost matrix is filled once in constant time. The cost of the optimal alignment can
be recursively computed by:

D(t—1,t)
D(t,t') = d(t,t') + min{ D(t—1,¢ —1)
D(t,t' — 1)

where d is a distance function between the elements of time series (e.g. Euclidean).

This yields complexity of O(N?). Dynamic time warping is able to find the optimal global
alignment path between time series and is probably the most commonly used measure to
assess the dissimilarity between them. Dynamic time warping (DTW) has enjoyed success in
many areas where its time complexity is not an issue. However, conventional DTW is much
too slow for searching an alignment path for large datasets. For this problem, the idea of
the DTW technique for aligning time series is changing with the aim of improvement time
and space complexity and accuracy. In general, the methods which make DTW faster divide
in three main different categories: 1) constraints (e.g., Sakoe-Chiba band), 2) indexing (e.g.,
piecewise), and 3) data abstraction (e.g., multiscale). Here we briefly mentioned some major
ideas that try to enhance this technique.

Constrained DTW

Constraints are widely used to speed up dynamic time warping algorithm. The most commonly
used omnes is the Sakoe-Chiba band (symmetric and asymmetric) [SC71]; [SC78] and Itakura
parallelogram [Ita75], which are shown in Figure 1.4.

|
(a) H (b) N (=

Figure 1.4: Speed up DTW using constraints: (a)Sakoe-Chiba band (b)Asymmetric Sakoe-Chiba
band (c)Itakura parallelogram

The cost matrix are filled by the DTW algorithm in the shaded areas around the diagonal.
In this case, the algorithm finds the optimal alignment warp math through the constraints
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window. However, the global optimal alignment path will not be found, if it is not fully inside
the window.

The Sakoe-Chiba dynamic time warping (DTWg.) between two time series, which is the
most well-used constrained DTW, is defined by:

DTW,c(Xi, X;) of 7131613 C(m)

|7

def 1
‘7T| Z 7r1(k w2 (k) (xiﬂl(k)’ijrQ(k))

g Wi, frzt, fL"jt')

tt/)en—

where if [t — /| < ¢ then w;p = 1, and else co. Function ¢ taken as the euclidean norm and
parameter ¢ is the Sakoe-Chiba band width. Figure 1.5 shows examples of the cost matrix
and the two constrained optimal alignment path between two sample time series.
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Figure 1.5: The constrained optimal alignment path between two sample time series (Sakoe-Chiba
band = 5 - left), (Itakura parallelogram - right)

Piecewise DTW

Piecewise Dynamic Time Warping (PDTW) [KPO00], takes advantage of the fact that one can
efficiently approximate most of the time series by a Piecewise Aggregate Approximation
(PAA). Let x; = (mi1,x40, ...,zir) be a time series sequence that we wish to reduce its
dimensionality to 7", where (1 < 7" < T). A time series x] of length 7" is represented by
x; = (z1, ..., xi7v), which tt" element of x; is calculated by the following equation:
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T
Tt

Simply, to reduce the data from T dimensions to 7" dimensions, the data is divided into T”
frames with equal size. The average value of the data falling within each frame is computed
and a vector of these values becomes the data reduced representation. The compression
rate ¢ (¢ = %) is equal to the ratio of the length of the original time series to the length of
its PAA representation. Choosing a value for ¢, is a trade-off between memory savings and

accuracy [KPO0O]. Figure 1.6 illustrates a time series and its PAA approximation.

Figure 1.6: The time series sequence x;, and its PAA x

Finally, Figure 1.7 illustrates strong visual evidence that PDTW finds alignment that are

very similar to those produced by DTW. Hence, the time complexity for PDTW is O(T"?),

T

which means the speedup obtained by PDTW should be % which is O(c?).

Figure 1.7: Alignment between two time series by (a)DTW (b)PDTW

Therefore, piecewise method by finding a time series which is most similar to a given one,
significantly speed up many DTW applications by reducing the number of times which the
DTW should be run.

MultiScale DTW (FastDTW)

To obtain an efficient as well as robust algorithm to compute DTW-based alignments, one
can combine the global constraints and dimensionality reduction strategies in some iterative
approaches to generate data-dependent constraint regions. The general strategy of multiscale
DTW (or FastDTW)[SC04] is to recursively project a warping path computed at a coarse
resolution level to the next level and then refine the projected warping path. Multiscale DTW
or fastDTW speeds up the dynamic time warping algorithm by running DTW on a reduced
representation of the data.
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Let x; = (241,...,27) and x; = (xj1,...,257) be the sequences to be aligned, having
lengths T. The aim is to compute an optimal warping path between two time series x;
and x;. The highest resolution level will be called as Level 1. By reducing the feature
sampling rate by a factor of f, one achieves time series of length % Next, one computes an
optimal alignment warping path between two dimension-reduced time series on the resulting
resolution level (Level 2). The obtained path is projected onto highest level (Level 1) and
it defines a constraint region R. Lastly, an optimal alignment warping path relative to the
restricted area R is computed. In general, the overall number of cells to be computed in this
process is much smaller than the total number of cells on Level 1 (T?). The constrained
warping path may not go along with the optimal alignment warping path. To mitigate this
problem, one can increase the constraint region R by adding § cells to the left, right, top
and bottom of every cell in R. The resulting region R? will be called as é-neighborhood of
R [ZM06]. Figure 1.8 demonstrates an example of multiscale DTW for alignment two time
series in the direction of reduce time and space complexity.

(a) (c)

Figure 1.8: (a) The optimal alignment warp path on level 2. (b) The optimal alignment warp path
with respect to the constraint region R by projecting alignment path to level 1. (c¢) The optimal
alignment warp path with 6 = 2

Finally, in spite of the great success of DTW and its variants in a diversity of domains,
there are still several persistent myths about it, as finding ways to speed up DTW with no
(or relaxed) constraints.

1.3.2 Behavior-based metrics

The second category of time series metrics concerns behavior-based metrics, where time series
are compared according to their behaviors regardless of their values. That is the case when
time series of a same class exhibit similar shape or behavior, and time series of different classes
have different shapes. Hence, comparing the time series on the base of their value may not be
valid assumption. In this context, we should define which time series are more similar together
and which ones are different. The definition of similar, opposite and different behaviors are
given as following.

Similar Behavior. Time series x;, x; are of similar behavior, if for each period [t;, t; 1],
i € {1,...,T}, they increase or decrease simultaneously with the same growth rate.
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Opposite Behavior. Time series x;,x; are of opposite behavior, if for each period
[ti,tiv1], © € {1,...,T}, when one time series increases, the other decreases with the same
growth rate in absolute value and vice-versa.

Different Behavior. Time series x;,X; are of different behavior, if they are not similar
nor opposite (linearly and stochastically independent).

Main techniques to recover time series behaviors are: slopes and derivatives comparison,
ranks comparison, Pearson and temporal correlation coefficient, and difference between
auto-correlation operators. In the following, we briefly describe some well-used behavior-based
metrics.

1.3.2.1 Pearson CORrelation coefficient (COR)

Let X = {x1,...,xn} be a set of time series x; = (zi1, ..., zi7) ,i € {1,..., N}. The correlation
coefficient between sequences x; and x; is defined by:

COR(XZ‘, Xj) = =1 (1.2)
T
—\2 2
Z (zi, — %) Z (), — %X5)
t=1 t=1
and
X; = % Z T,

t=1

Correlation coefficient was first introduced by Bravais and later shown by Pearson [Pea96]
to be the best possible correlation between two time series. Till now, many applications
in different domains such as speech recognition, system design control, functional MRI and
gene expression analysis have used the Pearson correlation coefficient as a behavior proximity
measure between time series sequences [Mac+10]; [ENBJ05]; [AT10]; [Cab+07]; [RBKOS|.
The Pearson correlation coefficient changes between —1 and +1. The case COR = +1, called
perfect positive correlation, occurs when two time series sequences perfectly coincide, and the
case COR= —1, called the perfect negative correlation, occurs when two time series behave
completely opposite. COR= 0 shows that the time series sequences have different behavior.
Note that the higher correlation doesn’t conclude the similar dynamics.
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1.3.2.2 Temporal CORrelation coefficient (CORT)

To cope with temporal data, a variant of Pearson correlation coefficient, considering temporal
dependency within r, is proposed in [DCA12|, called as Temporal CORrelation coefficient
(CORT). The authors considered an equivalent formula for the correlation coefficient relying
on pairwise values differences as:

Z(l’it - $it/)(xjt - xjt’)

t,t!

> (@i, —wi,)? D (5 — )

tt tt

COR(X;, X;) = (1.3)

One can see that the Pearson correlation coefficient assumes the independence of data
as based on the differences between all pairs of observations at [t,t']; unlike, the behavior
proximity needs only to capture how they behave at [t,t + r]. Therefore, the correlation
coefficient is biased by all of the remaining pairs of values observed at interval [¢,¢] with
|t —t'| >r, re[l,..,T —1]. Temporal correlation coefficient defined as:

Z My (xit - xit/)(‘rjt - xjt/)

t,t

\/Z muy (T3, — @i, )2\/2 mu (2, — wj,)°

£, i,

CORT(Xl‘, Xj) =

where myy = 1 if |t — /| < r, otherwise 0. CORT belongs to the interval [—1,+1]. The value
CORT(x;,%;) = 1 means that in any observed period [t, ], x; and x; have similar behaviors.
The value CORT(x;,x;) = —1 means that in any observed period [t,#'], x; and x; have
opposite behaviors. Lastly, CORT(x;,x;) = 0 indicates that the time series are stochastically
linearly independent. Temporal correlation is sensitive to noise. So, the parameter r can be
learned or fixed a priori, and for noisy time series higher value of r is advised.

Figure 1.9 illustrates the comparison of the Pearson correlation coefficient and the temporal
correlation coefficient between three samples time series.

—
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Figure 1.9: Example of comparison of COR vs CORT (r = 1). COR(x1,x2) = — 0.90, COR(x1,X3)
- - 0657 COR(XQ,XS) — 087, CORT(Xl,Xz) - - 0867 COR,T(Xl,X;g) - — 0.71, CORT(X27X3) =0.93
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1.3.2.3 Difference between Auto-Correlation Operators (DACO)

Auto-correlation is a representation of the degree of similarity which measures the dependency
between a given time series and a shifted version of itself over successive time intervals. Let
X = {x1,...,xn} be a set of time series x; = (z;1,...,x;7) @ € {1,..., N}. The DACO between
the two time series x; and x; defined as [GHS11|:

DACO(x;,%;) = [|%; — %5 (1.5)
where,
Xi = (p1(xi), -+ P (i)
and
T—1
> (@i = %) (@i, — %)
t=1
p’T(X'L) = T
> (@i, — %)
t=1

and 7 is the time lag. Therefore, DACO compares time series by computing the distance
between their dynamics, modeled by the auto-correlation operators. Note that the lower
DACO doesn’t represent the similar behavior.

1.3.3 Combined (Behavior-value-based) metrics

Considering the definition of time series basic metrics, the value-based one is based on the
differences between the values of the time series and does not consider the dynamics and
behaviors within the time series. Figure 1.10 shows two configurations: the left side, two time
series X7 and xo are definitely opposed, a decrease of one corresponding to a growth of the
other and vice-versa. While the right side, the two series x; and x3 are in the same direction,
but have variations in intensity and scale. However, the overall behavior is similar. But,
according to the definition of a value-based metrics, the time series x; and X3 in left, have the
same distance (in Euclidean) with the two time series x; and x3 in right.

i 1
—o— X1 —eo—X1
——X2 X3
0 0 Aa\} £\ L\ o
o el e e oo Nud oo
—1 -1
—4 —2 0 2 4 -4 —2 0 2 4

Figure 1.10: Comparison of time series: similar in value, opposite in behavior (left), similar in
behavior (right)
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Most of the time, two time series sharing same configuration are considered close, even
though they have very different values, and vice-versa. Hence, choosing a proper metric can
be crucial and very important for the time series comparison. In some cases, several behavior
and value-based metrics may be implied. Some propositions show the benefit of involving both
behavior and value-based metrics through a combination function. Therefore, to compare the
time series and define a proximity measure covering both the behaviors and values components,
a weighted linear (or geometric) function combines behavior and value-based metrics. In this
context, they could be shown as:

BVLm(Xi,Xj) = a.V(Xi,Xj) + (1 — a).B(xi,xj)
BVGeom(Xiyxj) = (V(XZ’,X]'))Q . (B(Xivxj))(l_a)

where V and B is a value-based and behavior-based metrics, respectively. The parameter
a € [0,1] is a trade-off between the behavior and value-based components.

On the other hand, a time series may be considered in the spectral representations, which
means the time series may be similar because they share the same frequency characteristics.
Hence, in some application, the frequential-based metrics (e.g. wavelet transforms, fourier
transforms) will be used. More specific works to combine two different metrics through a
combination function proposed in [DCNO7|; [DCA12].

1.4 Kernels for time series

Over the last ten years estimation and learning methods using kernels have become rather
popular to cope with non-linearities, particularly in machine learning. Kernel methods [HSS08]
have been proved useful to handle and analyze structured data such as images, graphs and
texts. They map the data from the original space (i.e. input space) via a nonlinear mapping
function ®(.) to a higher dimensional feature space (i.e. Hilbert space), to discover nonlinear
patterns (see Figure 1.11). These methods formulate learning problems, in a reproducing
kernel Hilbert space, of functions defined on the data domain expanded in terms of a
kernel.

Original Space Feature Space
Linearly non-separable Linearly separable

< X4y X5 > < O(x), P(x5) > = r(x4,%5)

Figure 1.11: Kernel trick: embed data into high dimension space (feature space)
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Usually, a kernel function (x;,x;) is used to directly provide the inner products in a
feature space without explicitly defining transformation. The kernel corresponds to the dot
product in a (usually high-dimensional) feature space. In this space, the estimation methods
are linear, but aslong as we can formulate everything in terms of kernel evaluations, we
explicitly never have to compute in the high-dimensional feature space. Such inner products
can be viewed as measuring the similarity between samples. Let X = {z1,...,xx} a set of
samples.

Gram matrix (or kernel matrix) of function k with respect to the {zi,..,zy} is a
N x N matrix defined by:

K= [k(xi, ) ],

where k is a kernel function. If we use algorithms that only depend on the Gram matrix, K,
then we never have to know (or compute) the actual features ®. This is the crucial point of
kernel methods.

Positive definite matrix is a real N x N symmetric matrix, that K;; satisfying:

Z CiCjKij >0

2

for all ¢; € R.

Positive semidefinite matrix is a real N x N symmetric matrix, that the Gram
matrix Kj; satisfying:

Z CZ'CjKij 2 0

2%
for all ¢; € R. In the following, to simplify, will call them definite. if we really need > 0, we
will say strictly positive definite.

A symmetric function k£ : X x X — R which for all z; € X, Vi € {1,..., N} gives rise to a
positive definite Gram matrix is called a Positive definite kernel.

For time series, several kernels are proposed in the last years, properties of which will
be discussed later. Ideally, a useful kernel for time series should be both positive definite
and able to handle time series of structured data. Here, we refer positive definite kernels
as kernels. Note that, for simplicity, we have restricted ourselves to the case of real valued
kernels. The linear kernel is the simplest kernel function. It is given by the inner product
< X;j,%x; > plus an optional constant 7. A polynomial kernel allows us to model feature
conjunctions up to the order of the polynomial, whereas the Gaussian kernel is an example
of Radial Basis Function (RBF) kernel. In Table 1.1, some kernel function examples
are given.
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Linear Kernel k(xi, %) = (xI'x; +7)

Polynomial Kernel | x(x;,%;) = (a.xI'x; +7)°

Gaussian Kernel K(x;,%X;) = ex (M)
vy 4] p ,20.‘2

Table 1.1: Kernel function examples

The adjustable parameters o, a, v play a major role in the performance of the kernel, and
should be carefully tuned to the problem at hand. In the following, different methods to
compute the kernel similarity Gram matrix presented.

1.4.1 Temporal correlation coefficient kernel (kcorr)

CORT(x%;,X;), which is a behavior-based metric between two time series x; and x; and described
in Section 1.3.2.2, is a linear kernel and kcogrr defined as a positive definite linear kernel as
following;:

KCORT(Xi, X;j) = CORT(X;,X;) =< Ax; , Axj >

It is easy to prove that kKcorT(xXi,X;) can be constructed from inner products in appropriate
Hilbert spaces.

1.4.2 Auto-correlation kernel (kpaco)

To compare the dynamics of two actions Gaidon [GHS11| proposed to compute the distance
between their respective auto-correlations. This distance is defined as the Hilbert-Schmidt
norm of the difference between auto-correlations detailed in Section 1.3.2.3, and called as
associated Gaussian RBF kernel "Difference between Auto-Correlation Operators Kernel".
KkDpAco is defined by:

_1DACO( )
-t X
kDACO(Xi, Xj) =€ o? o

KDACO is a positive definite Gaussian kernel, designed specifically for action recognition.
Notice that, both kcorT and kpaco are temporal kernels under Euclidean alignments. Under
time warp, time series should be first synchronized by DTW, then kernels applied. In the
following, we introduce the major well-known temporal kernels under dynamic time warping
alignment.
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1.4.3 Gaussian dynamic time warping kernel (kgpTw)

Following [BHBO02|, the dynamic time warping distance can be used as a pseudo negative
definite kernel to define a pseudo positive definite kernel. kgprw is determined by:

[_t DTW(Xi,Xj)]
KGDTW (Xi,Xj) = e

and using Sakoe-Chiba constrained dynamic time warping distance, kgpTw,. is defined by:

[_t DTWSC(XZ',X]'):|
KGDTW,. (Xi,Xj) = €

where t is a normalization parameter, and sc is a Sakoe-Chiba band. As the DTW is not
a metric (invalid triangle inequality), one could fear that the resulting kernel lacks some
necessary properties. Hence, general positive definiteness can not be proven for kgprw, as
simple counterexamples can be found. However, this kernel can produce good results in
some cases |[HKO02]; [DS02], but a problem of this approach is the quadratic computational
complexity [BHBO02].

1.4.4 Dynamic time-alignment kernel (kprak)

The Dynamic Time-Alignment Kernel (kptax) proposed in [Shi+02] adjusts another similarity
measure between two time series by considering the arithmetic mean of the kernel values along
the alignment path. kprak, a pseudo positive definite kernel , is then defined by:

KDTAK (Xi,Xj) = max C(m)

TeA
where,
1 || 1 ||
C(ﬂ-) = m Z¢(xiﬁl(l)7xjﬂ2(l)) = m Z d)(xit,xjt/)
=1 (tt)em
and

_1 9
52 it — 2ju|]
O(xit, Tjpr) = Ko (Ti, Tjp) = e

Dynamic time-alignment kernel function is complicated and difficult to analyze because
the input data is a vector sequence with variable length and non-linear time normalization
is embedded in the function. It performs DTW in the transformed feature space and finds
the optimal path that maximizes the accumulated similarity. Indeed, the local similarity used
for the kgprw is the Euclidian distance, whereas the one used in xprak is the Gaussian
kernel value. kpTak is a symmetric kernel function, however, in general, it may still be a
non positive definite kernel. Note that, in practice, several ad-hoc methods (e.g. perturb the
whole diagonal by the absolute of the smallest eigenvalue) are used to ensure the positive
definiteness, when the Gram matrix is not positive definite.



1.4. Kernels for time series 25

1.4.5 Global alignment kernel (kga)

In kernel methods, both large and small similarities matter, they all contribute to the Gram
matrix. Global Alignment kernel (kga) [Cut+07] is not based on an optimal path chosen given
a criterion, but takes advantage of all score values spanned by all possible alignments. The

2

kga which is positive definite under mild conditions “, seems to do a better job of quantifying

all similarities coherently, because it considers all possible alignments. kga is defined by:

||

KGA X’L7X] Z l_I]€ ivml 0)> _]7T2(l))

TeAl=1

where k(z,y) = e (@Y factor A > 0, and

1 2
o (,y) = 5 3llw - Yl + log(2 — ez ll=vlly

In the sense of kernel kga, two sequences are similar not only if they have one single
alignment with high score, which results in a small DTW distance, but also share numerous
efficient and suitable alignments. Hence, the function ®, is a negative definite kernel, it can be
scaled by a factor \ to define a local positive definite kernel e=*®+. Global alignment kernels
have been relatively successful in different application fields [JER09]; |[RTZ10|; [VS10] and
shown to be competitive when compared with other kernels. However, similar to the kgprw
and kprak kernels, it has quadratic complexity, O(pT?), where T is the length of time series
and p denotes the complexity of the measure between aligned instants.

1.4.6 Triangular global alignment kernel (rrga)

The idea of Sakoe-Chiba [SCT78|, to speed up the computation of DTW, applied to the kga to
introduce fast global alignment kernels, named as Triangular Global Alignment kernels. k1ga
kernel [Cutll| considers a smaller subset of such alignments rather than xga. It is faster to
compute and positive definite, and can be seen as trade-off between the full kg4 (accurate
but slow) and a Sakoe-Chiba Gaussian kernel (fast but limited). This kernel is defined by:

||

RTGA Xuxy ZHk Limy (1) ]ﬂz())

TeAl=1

Wy (1)) R (i, (1) Tjma (1))
o1 (1) (0)Fo (Tiy (1) Tjmn (1))

k( Lim (1) ]7T2(l)) 2 _w

where, w is a radial basis kernel in R (a triangular kernel for integers):

w(t, t') = (1 — ’t_ctl‘)

2kGa is positive definite, if /(1 + &) is positive definite.
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which guarantees that only the alignments 7 that are close to the diagonal are considered and
the parameters c¢ is the Sakoe-Chiba bandwidth. Note that as ¢ increases the kTga converges
to the Kga.

In fact, many generic kernels (e.g. Gaussian kernels), as well as very specific ones, describe
different notions of similarity between time series, which do not correspond to any intuitive or
easily interpretable high-dimensional representation. They can be used to compute similarities
(or distances) in feature spaces using the mapping functions. Precisely, the class of kernels
that can be used is larger than those commonly used in the kernel methods which known as
positive definite kernels.

1.5 Conclusion

A large variety of real world applications, such as meteorology, geophysics and astrophysics,
collect observations that can be represented as time series. Time series data mining and time
series analysis can be exploited from research areas dealing with sequences and signals, such
as pattern recognition, image and signal processing. The main problem that arises during
time series analysis is comparison of time series.

There has been active research on quantification of the "similarity", the "dissimilarity" or
the "distance" between time series. Even, looking for the patterns and dependencies in the
visualizations of time series can be a very exhausting task and the aim of this work is to find
the more similar behavior time series, while the value-based proximity measures are the most
studied approaches to compare the time series. Most of the time, two time series sharing same
configuration are considered close, even they have very different values, their appearances are
similar in terms of form. In both comparison metrics, a crucial question is establishing what
we mean by "similar" or "dissimilar" time series due to the dynamic of the series (with or
without considering delay).

To handle and analysis non-linearly structured data, a simple way is to treat the time
series as vectors and simply employ a linear kernel or Radial basis function kernel. For this,
different kernels have been proposed. To discover non-linear patterns, they map the data from
the original input space to a higher dimensional feature space, called Hilbert space. They
can be used to compute similarity between the time series. Ideally, a useful kernel for time
series should be positive definite and able to handle the temporal data. Notice that, the
computational complexity of kernel construction and evaluation can play a critical role in
applying kernel methods to time series data.

In summary, finding a suitable proximity measure is a crucial aspect when dealing with
the time series (e.g. a kernel similarity, a similarity or dissimilarity measure, a distance),
that captures the essence of the time series according to the domain of application. For
example, Euclidean distance is commonly used due to its computational efficiency; however,
it is very brittle for time series and small shifts of one time series can result in huge distance
changes. Therefore, more sophisticated distances have been devised to be more robust to small
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fluctuations of the input time series. Notably, Dynamic Time Warping (DTW) has enjoyed
success in many areas where its time complexity is not an issue. Using the discussed distances
and (dis)similarity proximity measures, we will be able to compare time series and analyze
them. This can provide useful insights on the time series, before the averaging and centroid
estimation step. In the next chapter, we will discuss about averaging time series problems,
difficulties and complexities.






CHAPTER 2

Time series averaging and centroid
estimation
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Averaging a set of time series, under the frequently used dynamic time warping,
needs to address the problem of multiple temporal alignments, a challenging issue
in various domains. Under temporal metrics, one standard way to average two time
series is to synchronize them and average each pairwise temporal warping alignment.
To average more than two time series, the problem becomes more complex as one
needs to determine a multiple alignment that link simultaneously all the time series
on their commonly shared similar elements. In this chapter, we present initially the
definition of a consensus sequence and multiple temporal alignment problems, then
we review major progressive and iterative centroid estimation approaches under time

warp, and discuss their properties and complexities.

2.1 Introduction

Estimating the centroid of a set of time series is an essential task of many data analysis and
mining processes, as summarizing a set of time series, extracting temporal prototypes, or
clustering time series. Averaging a set of time series, under the frequently used dynamic time
warping [KL83|; [SK83] metric or its variants [Ita75]; [Rab89]; [SC78|, needs to address the

tricky multiple temporal alignments problem, a challenging issue in various domains.

29
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Under time warp, one standard way to estimate the centroid of two time series is first
to synchronize them (to find the pairwise links), and then average each pairwise temporal
warping alignment. In this way, the centroid can be estimated as the average of the linked
elements as illustrated in Figure 2.1.

Ly Ty
x T, x )

7 1 1 2 9
1 T2 e Zr

a, Ag | Qg
y Y1 Y1 Yr

Yo Ys Y, c| avg(z1,y1)| avg(ze,11) | ... | avg(zr, y7)
Y, Ys Y Y;

Figure 2.1: Pairwise temporal warping alignment between x and y (left), the estimation of the
centroid ¢ of time series x and time series y in the embedding Euclidean space (right). A dimension ¢
in the embedded Euclidean space identifies a pairwise link a;.

Averaging more than two time series under time warp is a very complex problem, because
we need to determine a multiple alignment that links simultaneously all the time series on
their commonly shared similar elements. That multiple alignment defines, similarly, a new
Euclidean embedding space where time series can be projected and the global centroid
estimated. Note that each dimension identifies, this time, a hyper link that connects more
than two elements. Finding the multiple temporal alignment of a set of time series or its
average sequence is a chicken-or-egg problem: knowing the average sequence under time warp
provides a multiple temporal alignment and vice-versa.

A first direct approach to determine a multiple alignment is to search, by dynamic
programming, the optimal path within an N-dimensional grid that crosses the N time
series. The complexity of this approach prevents its use, as it constitutes an NP-complete
problem with a complexity of O(TY) that increases exponentially with the number of time
series N and the time series length 7' [CL88|; [JusO1]. A second manner, that characterizes
progressive approaches, is based on combining progressively pairs of time series centroids
to estimate the global centroid. Progressive approaches may however suffer from the error
propagation problem: Early errors propagate in all subsequent centroids through the pairwise
combinations. The third approach is iterative. It works similarly to the progressive approach
but reduces the error propagation by repeatedly refining the centroid and realigning it to
the initial time series. The progressive and iterative approaches for centroid estimation are
mainly derived from the multiple sequence alignment methods to address the challenging
problem of aligning more than two time series [CNHO00|; [SLY06]|; [THG94|. In general,
the main progressive and iterative approaches are of heuristic nature and are limited to
the dynamic time warping metric [SKDCG16a|. Here, we first introduce the definition of
pairwise time series averaging, prior to study the consensus sequence. Next, we review some
major progressive and iterative approaches for time series averaging under the dynamic time
warping to handle the tricky multiple temporal alignment problem.
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Definition 2.1
Under the dynamic time warping, given X; and X; and their dynamic time warping alignment
7", the centroid c(x;,x;) is defined by averaging their aligned elements as follows:

c(xi, Xj) = (AV9(Tixs(1)s Tjrz(1))s - AVI(Tirr (m)s T (m)))

where Avg is a standard numerical averaging function.

Figure 2.2 illustrates the pairwise time series centroid estimation under the dynamic time
warping. Note that the length 7" < m < 2T — 1 of the centroid c(x;,x;) is generally higher
than the length of the centered time series.

L7 Cs
Tie Cr
Tis Ce

Liq Cs
L3 Cyq
Lz Cy | C3
Tijy | C1 ‘

Lj1| Ljz \ Ljs | Lja | Ljs | Lje | Lj7

Figure 2.2: Three possible alignments (paths) are displayed between x; and x;, 7* (the green one)
being the dynamic time warping one. The centroid c(x;,x;) = (c1, ..., cs) is defined as the average of

the linked elements through 7*, with for instance c3 = Avg(ziz, x;3).

2.2 Consensus sequence

The time series comparison is a key point for many problems, as finding a consensus sequence
in molecular biology, bioinformatics or data mining. In the context of sequences, this term is
used with two meanings: i) the medoid sequence, ii) the average sequence of the set of time
series.

2.2.1 Medoid sequence

The concept refers to a formal definition, corresponding to a sequence in the center of a set
of time series. A medoid is a representative time series in a set that minimizes the sum of
distances (i.e. inertia) to all other time series within the same set. Figure 2.3 shows a medoid
as a consensus between some time series sequences.

In the context of (un)supervised learning, many algorithms require a method to represent
information from a set of time series in one and only one sequence. Algorithms like k-medoids
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Sample value

Time

Figure 2.3: Medoid as a prototype

are using the medoid of a set of objects, which is better in handling noises and outliers than
k-means. But, mostly in other algorithms we need to average a set of time series as an optimal
consensus.

2.2.2 Average sequence

Since our purpose is to define an average sequence minimizing the sum of distances to all
time series of a set (i.e. inertia), we give the definition of an average sequence when the
corresponding distance is DTW.

Definition 2.2
Let X = {x1,...,xn} a set of time series x; = (i1, ...,zi7) © € {1,...., N}, and S is the space
of all time series sequences. Vs € S, the average sequence ¢ should satisfy the following:

N N

Y DTW(x;,c) <> DTW(x;,s)

i=1 i=1

Since no information on the length of the average sequence c is available, the search cannot
be limited to sequences of a given length, so all possible length values for averages have to be
considered. In the following, we will review some techniques used to determine the multiple
temporal alignment (and average) of a set of time series.

2.3 Multiple temporal alignments

Multiple temporal alignment of time series is an important problem with applications in many
scientific domains such as speech recognition [RJ93|, computer graphics [BW95]|, astronomy
[Lis+05], computer vision [CI02], and bio-informatics [AC01].  The multiple temporal
alignment is computable by extending DTW for aligning N time series. This idea can be
generalized by computing DTW in a N-dimensional hypercube. Given this global alignment,
the consensus can be found by averaging column by column of the multiple alignments. Thus,
the first direct approach to determine a multiple temporal alignment is to search, by dynamic
programming, the optimal path within an N-dimensional grid that crosses the N time series.
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2.3.1 Dynamic programming

Dynamic programming is a direct method to determine a multiple temporal alignment by
search the optimal path within an N-dimensional grid that crosses the N time series. The
complexity of this approach prevents its use, as it constitutes an NP-complete problem with
a complexity of O(T?) that increases exponentially with N the number of time series, and T
the time series length [CL88]; [Jus01].

The progressive and iterative approaches for averaging a set of time series are mostly
derived from the multiple sequence alignment methods to address the challenging problem of
aligning more than two time series [CNHOO0|; [SLY06]; [THG94|. To estimate the centroid of
more than two time series, several heuristic approaches have been proposed. In the following,
we review the main studies related to time series multiple temporal alignments as well as the
major progressive and iterative approaches for time series averaging under time warp.

2.3.2 Progressive approaches

The progressive approaches estimate the global centroid ¢ by combining pairwise time series
centroids through different strategies. Here, we present the most well-known ones.

2.3.2.1 NonLinear Alignment and Averaging Filters (NLAAF)

In the past decades, many averaging appraoches have been introduced, but only a few of them
have been adapted to time series averaging, mining and clustering. For instance, Gupta et
al. in [GDMS96|, proposed a time series averaging method based on a tournament scheme,
called "NonLinear Alignment and Averaging Filters (NLAAF)". First, pairs of time series
are selected randomly, and then aligned according to the DTW. That way, (N/2) ! averaged
sequences are created. The same process is iterated on the estimated centroids , until only one
sequence is obtained as a global centroid. In this approach, the averaging method between
two time series is applied (/N — 1) times, as illustrated in Figure 2.4, where c(x;,x;) refers to
the estimated centroid of time series x; and time series x;.

c(c(e(x1,x5),¢(x3,%2)),c(c(xs,X4),¢(X6,X7))) Global centroid
— N
c(c(x1,Xx5),c(x3,%2)) c(c(xg,X4),c(X6,X7))
AN AN
c(x1,X5) c(x3,%2) c(xs,X4) ¢(X6,X7) Intermediate centroids
Xl/ \X5 X3/ \X2 XS/ \X4 XG/ \X7Randomize selection pairs

Figure 2.4: Centroid estimation by random pairwise centroid combination.

!N denotes the number of total times series to be averaged.
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In this method, each element of a centroid is computed as the mean of each linked elements
in the DTW alignment. The major drawback of NLAAF lies in the growth of its resulting
length, because each use of the averaging method can almost double the length of the average
sequence. As classical datasets comprise thousands of time series, with each one including
hundreds of data points, simply storing the resulting average may be impossible. This length
problem is moreover worsened by the quadratic computational complexity of DTW, that
grows bi-linearly with the lengths of the sequences. That is why NLAAF method is generally
used in conjunction with a process reducing length of the average, unfortunately leading to
information loss and unsatisfactory approximation. Additionally, the average strongly depends
on the random selection of time series and different choices lead to different results.

2.3.2.2 Prioritized Shape Averaging (PSA)

To avoid the bias induced by random selection, Niennattrakul et al. among others [THG94];
[NROT7]; [INRO9| proposed a framework of shape averaging called " Prioritized Shape Averaging
(PSA)" based on the hierarchical clustering. The pairwaise time series centering is guided by
the dendrogram obtained through the hierarchical clustering.

The PSA uses hierarchical clustering as a manner to identify priorities between time series.
In particular, to estimate the global centroid, the set is first clustered using the agglomerative
clustering to get a hierarchical relationship among the whole time series. The simple linkage
or complete linkage is considered in general to fasten the dendrogram build, where almost
the average linkage or centroids are the best-performed methods in result. Subsequently,
the pairwise time series centroids are combined respectively to their clustering order in the
dendrogram (see Figure 2.5).

1 C( X17X5 7C X27X4

M W’ / \

X1 X5 X3 Xo X4 X1 X5

Figure 2.5: Centroid estimation by centroid combination through clustering dendrogram.

Each parent node is averaged in a bottom-up manner using a weighted DTW averaging,
called SDTW 2. So, the most similar time series are averaged first. Note that the weight of an
averaged sequence is calculated from the number of the time series upon which the averaged
sequence is formed. Initially, all the time series have the same weight of one.

2Scaled Dynamic Time Warping
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An example of averaging six sample time series using PSA is described in Figure 2.6.
According to the dendrogram obtained thorough hierarchical clustering, first the time series
x2 and x3 are averaged. The average sequence denoted by c(x2,x3), has the weight of two.
Then, the intermediate centroid c(x1,c(x2,x3)) is computed by averaging the time series x;
and the average sequence c(x2,x3). The intermediate centroid c¢(x1,c(x2,x3)) will have the
weight of three, since the time series x; and c(xz2, x3) have weight of one and two, respectively.
The process continues till one obtains a global centroid.
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Figure 2.6: Example of six time series sequence averaging using PSA

Although this hierarchical averaging approach aims to remove the bias induced by random
selection, the growth length of the average sequence remains a problem. Additionally, local
averaging strategies like NLAAF or PSA may let an initial approximation error propagate
throughout the averaging process. If the averaging process has to be repeated (e.g. during
k-means clustering iterations), the effects may dramatically alter the quality of the result.
This is why a global averaging approach is desirable, where time series would be averaged all
together, with no sensitivity to their order of consideration.

2.3.2.3 Cross-Words Reference Template (CWRT)

A direct way to estimate the centroid is proposed by Abdulla [ACS03|, where a dynamic time
warping between each time series and a reference one, generally the time series medoid, is
first performed. Each time series is then described in a representation space defined by the
reference medoid by resampling, stretching and shortening operations (see Figure 2.7). Finally
the global centroid c is computed by averaging the time-aligned time series across each point.
The approach is called " Cross-Words Reference Template (CWRT)".

The global estimated centroid c¢ has the same length as the reference time series (e.g.
medoid), and the result does not depend on the order in which time series are processed. But
the method is a heuristic approach, with no guarantee of optimality.
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Figure 2.7: Centroid estimation based on a reference time series. The DTW is performed
between time series x1, x2 and the reference time series x3 (left). Time series x; and xy are
embedded in the space defined by x3 (right) where the global centroid is estimated, and ’avg’
is the standard mean function.

2.3.3 Iterative approaches

The progressive approaches described above suffer from the early error propagation through
the set of pairwise centering combinations. To avoid that, iterative approaches proceed
similarly to the progressive ones, but reduce the error propagation by repeatedly refining the
centroid and realigning it to the initial time series, until its stabilization [HNFO08|; [PKG11].

2.3.3.1 Dtw Barycenter Averaging (DBA)

Petitjean et al. in [PKG11] proposed a global averaging method, called "Dtw Barycenter
Averaging (DBA)". The method consists in iteratively refining an initially average sequence
(potentially arbitrary), in order to minimize its distance to the set of time series. The aim is
to minimize inertia as the sum of squared DTW distances from the average sequence to the
set of time series. Technically, for each refinement iteration DBA works in two steps:

e Computing the DTW between each time series and the temporary average sequence to
find the temporal alignments.

e Updating each element of the average sequence with the barycenter of the elements
aligned to it during the first step.

Figure 2.8 shows three iterations of DBA on an example with two time series x; and x;, while
c is the global estimated centroid.

(iteration 1) (iteration 2) (iteration n)
X; jaa X; . X;
/ \ I ¥ b
X Xi

Figure 2.8: DBA iteratively adjusting the average of two time series x; and x;
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In a nutshell, the DBA under time warp is a global approach that can average a set of time
series all together. The global estimated centroid has the same length as the initial average
sequence, and like CWRT, the result is not depending on the order of time series. However
the time complexity of DBA approach is smaller than NLAAF and PSA [PKG11]|, but the

time complexity problem remains.

All the progressive and iterative methods discussed in this chapter are heuristic, with no
guarantee of optimality [SKDCG15]; [SKDCG16a|. Lastly, if the provided approximations are
accurate for globally similar time series, they are in general poor for time series which share
local characteristics with distinctive global behaviors. To circumvent these problems, we pro-
posed in [SKDCG16b| a tractable fast centroid estimation that captures both global and local
temporal features under time warp measures. It formalizes the multiple time series averaging
problem as an optimization problem and proposes a solution yielding a local optimum. We
will discuss the details of that in next sections.

2.4 Conclusion

We have seen that most of the works on averaging a set of time series can be analyzed
along two dimensions: first, the way they consider the individual time series for averaging,
and second, the way they compute the elements of the resulting average sequences. These
two characteristics have proved useful to classify the existing time series averaging techniques.
They are also useful to expand new solutions. The main shortcoming of most existing methods
is their use of pairwise averaging. To compute the mean of IV time series by pairwise averaging,
the order of time series influences the quality of the result. This is why a global averaging
approach is desirable, with no sensitivity to their order of consideration.

Let us summarize the main characteristics of the described above approaches. In both
NLAAF and PSA, the length of the global centroid increases with the number of time series
to be averaged. The length of the centroids estimated by CWRT or DBA is however the same
as the reference time series length. Furthermore, all the progressive and iterative approaches
are heuristic, with no guarantee of optimality. Lastly, even if the provided approximations are
accurate for globally similar time series, they are in general poor for time series that share
local characteristics with distinctive global behaviors.

In next chapter, we present the k-means clustering approach, the most popular clustering
algorithm, and its variations, prior to introduce the proposed fast and accurate centroid
estimation approach under time warp to capture both global and local temporal features and
its application in clustering.
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Earlier, the clustering techniques have been extensively applied in various domains
such as pattern recognition, signal processing, biology, and so forth. k-means based
clustering and all its variations, is among the most popular clustering algorithms.
To generalize k-means for temporal data, centroid estimation is a key issue because
it requires aligning multiple temporal data simultaneously. In addition, one needs
to consider a suitable time warp metric, capable to extract both global and local
characteristics of time series. But how can we define a good metric? How can we
use it in a proper way for centroid estimation 7 and what is its applicable usage in
clustering?

In this chapter, the above questions are addressed through the following points: i)
an extension of the standard time warp measures to consider both global and local
temporal differences, ii) a tractable and fast estimation of the cluster representatives
based on the extended time warp measures, and iii) a generalization of k-means
clustering for temporal data under the extended time warp measures.
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3.1 Clustering: An introduction

Clustering is a fundamental task in data mining and can be considered as one of the most
important unsupervised learning problems. There is an increasing interest in the use of
clustering methods in machine learning, pattern recognition, image processing and information
retrieval. It has also a rich history in other disciplines such as biology, psychology, archaeology,
geology and marketing. The goal of clustering is to partition data points into homogeneous
groups (or clusters) in such a manner that similar data points are grouped together, while
different data points belong to different groups. Formally, the clustering structure is
represented as a set of clusters C' = {C1, ..., Ci} of X, the set of data, such that:

U?:l Ci=X
and for all ¢ # j;
CiNC; =0

The clustering methods can be classified according to: i) the type of input data to the
algorithm, ii) the clustering criteria defining the similarity, dissimilarity or distance between
data points, and iii) the theory and fundamental concepts. Consequently many clustering
algorithms have been proposed in the literature, each one uses a different scientific discipline.
Fraley and Raftery [FR98| suggest dividing the clustering algorithms into two main groups:
hierarchical and partitioning. Han and Kamber [HKO01| propose categorizing the algorithms
into additional three main categories: density-based, model-based clustering and grid-based
methods. Hierarchical methods make the clusters by recursively partitioning the data points in
either a top-down or bottom-up manner. For example, in agglomerative hierarchical clustering,
each data point initially represents a cluster of its own. Then clusters are merged, according
to some similarity measure, until the desired cluster structure is obtained. The result of
this clustering method is a dendrogram. Density-based methods assume the data points that
belong to each cluster are drawn from a specific probability distribution [DE93|. The idea is to
continue growing the given cluster as long as the density (or the number of data points) in the
neighborhood exceeds some pre-defined threshold. The density-based methods are designed
for discovering clusters of arbitrary shape which are not necessarily convex. Model-based
clustering methods attempt to optimize the fit between the given data and some mathematical
models. These methods find characteristic descriptions for each group. The most frequently
used model-based clustering methods are decision trees and neural networks. Grid-based
methods partition the space into a finite number of cells that form a grid structure. All of the
operations for clustering are performed on the grid structure. The grid-based have the fastest
processing time that typically depends on the number of the grid instead of the data points
[HKO1].

In this thesis, we mainly focus on partitioning methods, which use an iterative way to
create the clusters by moving data points from one cluster to another, based on a distance
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measure, starting from an initial partitioning. Such clustering methods typically require that
the number of clusters & will be pre-set by the user (e.g. elbow method!, see Figure 3.1).
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Figure 3.1: The elbow method suggests k=3 cluster solutions

k-means clustering is among the most popular clustering algorithms, as it provides a
good trade-off between quality of the solution obtained and its computational complexity
[AV07]. In the following, we review the major k-means based clustering algorithms and their
formalization, difficulties and complexities.

k-means

k-means algorithm is one of the most popular and simplest unsupervised clustering techniques
and it is commonly used in medical imaging, bio-metrics, computer vision, pattern recognition
and related fields. Even though k-means was first proposed over 50 years ago [BH65]; [Mac67],
it is still one of the most widely used algorithms for clustering.

Generally, k-means is a clustering method that aims to find k£ centroids, one for each cluster,
that minimize the sum of distance of each data point from its respective cluster centroid. It
solves, for x; € X:

k
argmin Z Z d(x;,c;) (3.1)

{CL-Cr} 21 xiec

where (Cy,...,Cy) are k non-overlapping clusters, c; is the representative of cluster C;, and
d is a distance function (e.g., Euclidean, DTW).

'The idea is this: run k-means clustering on the dataset for a range of values of k (start with k = 1),
and for each value of k compute the inertia as the sum of distances between each member of a cluster and its
centroid. Then, plot a line chart of this inertia for each value of k. If the line chart looks like an arm, then
the "elbow" on the arm is the value of k that is the best.
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Algorithm 1 k-means clustering (X, k)

Input: X = (x1,x2, ..., XN)
Input: k£ the number of clusters
Output: {c1,co,...,c} (set of cluster centroids)
p=0
Randomly choose k objects and make them as initial centroids ({cgo), cgo), ey c](fo)})
repeat
Assign each data point to the cluster with the nearest centroid
p+—p+1
// Centroid update
for j:==1tok do

Update the centroid clP)

> of each cluster using Eq. 3.2

end for
until cg-p) R~ cg-p_l) Vi=1,2,..,k
Returncy , co, ... , Ci

The k-means clustering is presented in Algorithm 1. To initialize the k-means, one needs
to specify the number of clusters k. The algorithm starts with an initial set of cluster centers
(i.e. centroids) {ci,ca,...,c}, chosen at random or according to some heuristic procedure.
The clustering algorithm uses an iterative refinement technique. In each iteration, each data
point is assigned to its nearest cluster centroid. Then the cluster centroids are re-calculated.
The centroid ¢, the center of each cluster, is calculated as the mean of all the data points
belonging to that cluster:

1
c; = ﬁ Z X; (32)

T x4 Ecluster;

where N; = |cluster;| is the number of data points belonging to cluster j.

The refinement steps are repeated until the centroids no longer move. The complexity of
each iteration of the k-means algorithm performed on N data points is O(k x N). This linear
complexity is one of the reasons for the popularity of the k-means clustering algorithms.
Even if the number of data points is substantially large, this algorithm is computationally
attractive. Other reasons for the k—means clustering algorithm’s popularity are simplicity of
implementation and speed of convergence. A proof of the finite convergence of the k-means
algorithms is given in [SI84]. However, it is shown that under certain conditions the algorithm
may fail to converge to a local minimum.

The standard k-means algorithm has some limitations. Firstly, the empty clusters can be
obtained if no data points are allocated to a cluster during the assignment step. There exists
several strategies to handle the empty clusters; such as choosing a data point from the cluster
with the highest within inertia, instead of the centroid of the empty cluster. Secondly, the
solution depends heavily on the initial cluster centroids, since the k-means cost function is
non-convex. Sometimes different initializations lead to very different final clustering results
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(see Figure 3.2). A simple but very popular solution for this problem is the use of multiple
runs (restarts), where the clusters centroids are randomly placed at different initial positions,
hence better local minima can be found. Still we have to decide on the number of restarts and
also we are never sure if the initializations are sufficient or not. In addition, the algorithm is
sensitive to the noises and outliers. Data points with extremely large values as outliers may
substantially distort the distribution of the data. k-medoids clustering which is more robust
than k-means in the presence of outliers will be discuss in the following.
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Figure 3.2: k-means: different initializations lead to different clustering results

k-medoids

k-medoids clustering [KR87| is very similar to the k-means clustering algorithm. The major
difference between them is that: while a cluster is represented with its center in the k-means
algorithm, it is represented with the most centrally located data point in a cluster (i.e. medoid)
in the k-medoids clustering. k-medoids uses representative data points as reference points
instead of taking the mean value of the data points in each cluster [Zho+05]. The k-medoid
minimizes the sum of distance of each data point from its respective cluster medoid, which
solves:
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k
argmin Z Z d(xi, m;) (3.3)

{CL-Cr} =1 xiec;

where (Cy, ..., Cy) are k non-overlapping clusters, m; is the medoid of cluster C;, and d is a

distance function.
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Figure 3.3: Outliers effect: k-means clustering (left) vs. k-medoids clustering (right)

Similarly to the k-means, the k-medoids clustering also requires to specify k, number of

desired clusters, in advance. Output results and runtime depend upon initial centroids for
both of these clustering methods. As we mentioned before, the k-medoids clustering is less
sensitive to noisy data and outliers than the k-means, because a medoid is less influenced
by noises, outliers or other extreme values than a mean (see Figure 3.3). But in general,

k-medoids computationally are much costlier than the k-means clustering. The complexity
of each iteration is O(k x (N — k)?), where N is number of data points and k is number of
clusters. In a simple way, the comparison between k-means and k-medoids illustrated in Table

3.1.

k-means k-medoids

complexity per iteration O(k x N) | complexity per iteration O(k x (N — k)?)
sensitive to noises and outliers less sensitive to noises and outliers
implementation of algorithm is easy | implementation of algorithm is complicated

require to specify k require to specify k

comparatively more efficient comparatively less efficient

Table 3.1: Comparison between k-means and k-medoids

The most common realization of k-medoid is Partitioning Around Medoids (PAM) [KR90],

which is known to be the most powerful. The algorithm has two phases: i) in the first phase,
"Build", a collection of k data points are selected for an initial set of cluster medoids, ii) in

the

second phase, "Swap", one tries to improve the quality of clustering by exchanging the
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selected data points with non-selected data points. PAM clustering works effectively for small
datasets, but does not scale well for large datasets due to its complexity [NH94|; [JHTO01]. To
deal with very large datasets, a sampling-based method, called CLARA (Clustering LARge
Applications) can be used. The CLARA chooses multiple samples of data, applies the PAM
clustering on each sample, and returns its best clustering as output [KR90]. Finally, the choice
of clustering algorithm depends both on the type of data and on the particular purpose and
application.

Kernel k-means

A major drawback to k-means clustering algorithm is that it does not work for non-linearly
separable clusters (see Figure 3.4). Kernel-based clustering techniques address this limitation
by introducing a kernel function to capture the non-linear structure in data.
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Figure 3.4: Non-linearly separable clusters

Kernel k-means is an extension of standard k-means algorithm that maps data points from
the input space to a higher dimensional feature space through a non-linear transformation ®
and minimizes the clustering error in the feature space [DWKO05|. When k-means is applied in
this feature space, the linear separators in the feature space correspond to nonlinear separators
in the input space. So, separation and clustering may be easier in higher dimensional feature
space (see Figure 3.5).

@

——
future map

Figure 3.5: The kernel trick - complex in low dimension (left), simple in higher dimension (right)
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Figure 3.6 shows the clustering result comparison between the k-means vs. the kernel
k-means clustering for a sample non-linear dataset.
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Figure 3.6: k-means clustering (left) vs. kernel k-means clustering (right)

The objective function that kernel k-means tries to minimize is the clustering error in
feature space, and can be written as:

k
argmin = Y Y [|@(x;) — my? (3.4)

{C1,Cr} 5 x,€C;

while (Cy,...,Cg) are k clusters in feature space, ® is a nonlinear transformation, and the
centroid or pre-image of cluster C; is denoted by m;, defined as:

mj = yclj\ > B(x;) (3.5)

XiGC]'

Note that, cluster centroids in the feature space cannot be computed. We don’t have explicit
knowledge of representations of transformation function ®(.) and the inverse of ® to map from
feature space back to input space typically does not exist (the pre-image problem). Therefore,
on can expand the minimization problem to solve it. If we expand the distance computation
[®(x;) — m;||? in the objective function (Eq. 3.4) by using the scalar product and the kernel
trick?, we obtain the following:

2 ) O(xi).P(xy) > O(xi).B(x)
Xi/ECj Xi’vxi”ecj

B(x;) —my||? = | B(x;).D(x;) — +
[06c) = myl* = | @(x).2(x) ren P

(3.6)

Hence only inner products are used in the computation of the Euclidean distance between
a data point and a centroid of the cluster in the high-dimensional feature space. As a result,
if we are given a kernel matrix K, where K;; = r(x;,xy) = ®(x;).®(x;), the clustering can
be performed without knowing explicit representations of ®(x;) and ®(x;).

A0 (xi) — () II* = wloxi, i) — 2630, %) + (%5, %;)
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While, kernel-based clustering algorithm can capture the nonlinear structure in data, they
do not scale well in term of speed and memory requirements when the number of data points
to be clustered exceeds of thousands. It requires computation and storage of N x N kernel
matrix in memory, rendering it non-scalable to large dataset. But, what is the largest number
of data points, N, that can be handled? Using an intel xeon e7-8837 processor machine,
octa-core, 2.8GHz, 4TB max memory, with N greater than one million data points, may take
several days to compute the kernel matrix alone. Thus, distributed and approximate versions
of kernel k-means clustering algorithms recommended to handle large datasets.

Since a large fraction of attention from the data mining community has focuses on temporal
data, of all the techniques applied clustering is perhaps the most frequently used, we are
interested in clustering temporal data in this thesis.

3.2 Motivation

Clustering time series is an important task in providing useful information in various
domain, and usually applied prior to any temporal data analysis or machine learning tasks,
to extract groups of time series and highlight the main underlying dynamics. Recently, it
has attracted huge concentration in the data mining community [BF98|; [WWO00]; [KGPO01];
[KLT03]. k-means-based clustering, viz. standard k-means, k-means+-+, and all its variations,
is among the most popular clustering algorithms, because it provides a good trade-off between
the quality of the solution obtained and its computational complexity [AV07]. However, the
k-means clustering of temporal data under the widely used dynamic time warping (DTW) or
the several well-established temporal kernels [BHB02|; [Cutll]; [Cut+07]; [KL83|; [Shi+02];
[MG14]| is challenging, because estimating the cluster centroids requires aligning multiple
temporal data simultaneously. Such alignments, referred to as multiple sequence alignments
[CNHO00]; [THGY94|, become computationally prohibitive, costly and impractical when the
data size increases. To do so, some progressive and iterative heuristics have been proposed
but are limited to the standard DTW and to the temporal data of the same global behavior
[ACS03|; [CNHO00]|; [PKG11]; [THGY94|. For temporal data clustering, to bypass the centroid
estimation problem, the k-medoids and the kernel k-means [DGKO04|; |Gir02| are generally
used |Lia05|. For the k-medoids, a medoid is a good representative of data that has the
same global dynamic (or behavior) but inappropriate for capturing local temporal features
[FDCG13|. For the kernel k-means, although efficient for non-linearly separable clusters since
centroids cannot be estimated in the Hilbert space, it refers to pairwise comparisons for the
cluster assignment step. While k-means-based clustering, of linear complexity, remains a fast
algorithm, the k-medoids and the kernel k-means clustering have a quadratic complexity due
to the pairwise comparisons involved.

In this chapter, we propose a fast and accurate approach that generalizes the k-means based
clustering algorithm for temporal data based on i) an extension of the standard time warp
measures to consider both global and local temporal differences and ii) a tractable and fast
estimation of the cluster representatives based on the extended time warp measures. Temporal
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data centroid estimation is formalized as a non-convex quadratic constrained optimization
problem. The developed solutions allow to estimate not only the temporal data centroid but
also its weighting vector, which indicates the representativeness of the centroid elements.
The solutions are particularly studied on four time warp measures that are commonly used in
practice: the standard dynamic time warping [KL83|, the dynamic temporal alignment kernel
[Shi+02], the Gaussian dynamic time warping kernel [BHB02|, and the global alignment kernel
[Cut+07]; [Cutll].

3.3 Problem statement

The k-means algorithm aims at providing a partition of a set of data points in distinct clusters
such that the inertia® within each cluster is minimized. The k-means clustering algorithm was
originally developed with the Fuclidean distance, the representative of each cluster being
defined as the center of gravity of the cluster. This algorithm can, however, be generalized to
arbitrary dissimilarities (resp. similarities) by replacing the representative update step with an
explicit optimization problem that yields, for each cluster, the representative that minimizes
(resp. maximizes) the total dissimilarity (resp. similarity) to all the data points of that cluster
[SI84]; [Has+05]; [HHO8|. Here we focus on (dis)similarity measures between time series that
are based on time alignments because such measures (which encompass the standard dynamic
time warping and its variants/extensions) are the ones most commonly used in the literature.

In the following, X denotes a set of univariate discrete time series x = (x1,...,xp) of
assumed length 7. An alignment 7 of length || between two time series is defined as the
sequence of couples of aligned elements of the two time series. Intuitively, an alignment
between two time series describes a way to associate each element of one time series to one
or more elements of another time series and vice-versa. Such an alignment can be simply
represented by a path in the T' x T grid, where the monotonicity conditions ensure that the
alignment path is neither going back nor jumping. We will denote A as the set of all the
alignments between two time series. For measures based on the time warp alignments, the
integration of a weighting vector allows one to differently weigh the different time stamps of
the series under consideration. This notion is used for the centroid (or representative) of each
cluster ¢ = (¢y, ..., cp), which is no longer a simple data point (i.e. a simple time series) but
rather a time series with an associated weighting vector w = (wjy,...,wr). The role of the
weight vector is to indicate, for each cluster centroid (or representative), the importance of
each time stamp, while this importance varying from cluster to cluster. Let d be a dissimilarity
measure defined on R” x (R7)2, such that d provides a measure of dissimilarity between a given
time series x and a weighted centroid (¢, w). The generalized k-means clustering algorithm
aims to find a partition of the data points in k clusters (Cy, ..., Cy) such that the intra-cluster

3Inertia is defined as the sum of distances between any data point in the cluster and the centroid (or
representative) of the cluster

4All the results can however be directly extended to multivariate time series, possibly of different lengths,
as the temporal alignments, at the core of the (dis)similarity measures we consider, can be defined in those
cases as well.
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dissimilarity is minimized. The associated minimization problem for x € X can be written as:

k
argmin Z Z d(x, (¢, w;)) (3.7)

{C1,-,Cx} ;4 x€C;

where (c;, w;) € RT x R”| the weighted representative of cluster C;, is defined by:

(ci,wi) = arcg’min Z d(x, (c,w))
r ¢ (3.8)

subject to : Zwt =1, wy >0, Vit
t=1

where the given constraints guarantee that the problem is not degenerate. The generalized
k-means clustering algorithm, given in Algorithm 2, is a direct generalization of the standard
k-means algorithm in which the representative (or centroid) update step has been replaced
with a more general representative update step that does not rely on the Euclidean distance.

Algorithm 2 Generalized kmeans clustering (X, k)

1: Input: X, k
2: Output: {Cyq,...,Cy}
3 p=0
4: Select k representatives {cgp ), e cép ) }, either randomly or through strategies a la k-means++ [AV07]
5: repeat
6: Cluster assignment
CZ(-p) —{xeX| cgp) = argmin d(x, (C§-p),W§-p)))}, 1<i<k
¢ 1<j<k
7:  Representative update
(C(P+1) W(P+1)) - h(C(»p))
where the function h : P(X) — RT x RT satisfies:
S odx e < Y dx, (e, wi)) (3.9)
xec!?) xec!?)
8: p—p+1

9: until all clusters {Cq, ..., Cy} are stable
10: Return {Cy,...,Cy}

The function A (line 7 of Algorithm2), referred to as the representative function, provides,
from a set of time series points, a point in R” with an associated weighting vector (h : P(X) —
RT x RT). As soon as the function h satisfies the condition expressed in Inequality (3.9),
the intra-cluster dissimilarity decreases in the representative update step. This decrease is
maximum when the function A is defined using Eq. (3.8)°. The intra-cluster dissimilarity also
decreases in the cluster assignment step, which is identical to the one used in the standard
k-means clustering algorithm. Thus the generalized k-means clustering algorithm provided
above converges [SI84]; [Has+05|; [HHO8|. The above formulation can of course be adapted

5Depending on the dissimilarity measure used, it may not be possible to obtain the point that minimizes
Eq.(3.8), and therefore "looser" functions, based on Inequality (3.9), have to be considered.
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to the similarity measures, by substituting the dissimilarity d with a similarity s and arg min
with arg max in Egs. (3.7) and (3.8), and by considering representative estimation functions
h satisfying:

Y s h(C) = 3 s(x (¢, wi?))

xec® xeC®

This condition indicates that the solution obtained at iteration p, h(CZ(p )), should be better
(p)

than the solution which obtained at the previous iteration, (cz(p ),Wi ). In the following, we
first give the definition of the extended time warp measures, and then under these metrics we

formalize the problem of centroid estimation in the representative update step.

3.4 Extended time warp measures

We focus in this thesis on four time warp measures that are commonly used in practice: the
Dynamic Time Warping (DTW) [KL83|, which is a dissimilarity measure, the Dynamic
Temporal Alignment Kernel (kprax) [Shi+02], the Gaussian Dynamic Time Warping
(kgprw) [BHBO02|, and the Global Alignment kernel (kga) [Cut+07]; [Cutll], which are
three similarity measures and constitute a reference in kernel machines in several domains,
such as computer vision, speech recognition or machine learning [Nom02|; [Bail2|; [ZTH13|.
To take into account both global and local temporal differences, we propose an extension
of the four measures with a weighted centroid, as discussed above. The extensions mainly
introduce a weighted warping function that guides the learned alignments according to the
representative (or centroid) elements importance to capture both global and local temporal
features [SKDCG16Db|.

3.4.1 Weighted dynamic time warping (WDTW)

Definition 3.1
The Weighted Dynamic Time Warping (WDTW) between the time series x and the weighted
time series (c,w) is defined by:

. 1
WDTW(x, (c,w)) = miz w(ﬁ%ﬁé Flwn) (e, cr) (3.10)

where A (as before) is the set of all alignments possible between two time series, f: (0,1] — RT
is a non-increasing function and ¢ : R x R — RT is a positive, real-valued, dissimilarity
Sfunction.
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The cost function C' computes the sum of the weighted dissimilarities ¢ between x and
(c,w) through the alignment 7. When the weights are uniform (or f is a constant function)
and when ¢ is the Euclidean distance, Eq. 3.10 corresponds to the well known Dynamic Time
Warping (DTW) |KL83|; [SK83]. The above definition thus generalizes the DTW to the case
where the different instants are weighted. The fact that f is non-increasing guarantees that
the most important instants (i.e. the instants with the higher weights) of the centroid ¢ should
be privileged in the optimal alignment that minimizes the cost function C'. Lastly, the optimal
alignment 7v* is obtained through the same dynamic programming procedure as the one used
for the standard dynamic time warping.

fride Jﬂwﬁ%
Fewo) By

e
Ls T ‘%
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Ty |fun far®, |

Lo |feon %, RfemlEs Ry
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wy P Wy ! W3 Wy Ws! We! W7t

Figure 3.7: Three possible alignments are displayed between x = (z1,...,27) and ¢ = (¢1,...,¢7)
and w = (wq,..,wr) in the 7 x 7 grid. The value of each cell is the weighted divergence
fwe) e = f(we) (e, c) between the aligned elements zp and ¢;. The optimal path 7* (the
green one) that minimizes the average weighted divergence is given by m = (1,2,2,3,4,5,6,7) and
mo = (1,2,3,4,4,5,6,7).

The complexity of computing the extended time warp measure WDTW is O(T?), because
the optimal alignment is obtained by dynamic programming®. However, one can speed it
up by considering instead of A, a subset of alignments usually around the diagonal [SC71];
[Ita75]; [SCTS|.

3.4.2 Weighted dynamic temporal alignment kernel (WKprak)

More recently, several DTW-based temporal kernels that allow one to process time series
with kernel machines have been introduced. The most common is the Dynamic Temporal
Alignment Kernel (kptak) [Shi+02]. Here, we propose an extension of the pseudo-positive
definite kernel KxpTak.

57 is length of each time series.
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Definition 3.2
The Weighted Dynamic Temporal Alignment Kernel (WKpraxk) between the time series x and
the weighted time series (c,w) is defined by:

1

WKDTAK(X, (C, W)) = I;lgj( m (t/tz); f(wt) K(xt’a Ct) (311)

C ()
= Cy(7")

C 1 p—yl2
where f: (0,1] — RT is a non-decreasing function and r is a Gaussian kernel (e~ 202 llz=yll )

with an associated free parameter o corresponding to the standard deviation which used to
measure the similarity between aligned elements.

When the weights are uniform (or the warping function f is a constant function) and when
Kk is the standard Gaussian kernel, the Eq. 3.11 corresponds to the Dynamic Time Alignment
Kernel (kprax) introduced in [Shi+02]. The non-decreasing property of f ensures that the
most important instants are privilaged in the optimal alignment that maximizes the cost
function Cx. The complexity of WKprak, similar to the WDTW, is quadratic in T, since the
optimal alignment is again obtained by dynamic programming.

3.4.3 Weighted Gaussian dynamic time warping (WKgprw)

Definition 3.3
The Weighted Gaussian Dynamic Time Warping Kernel (WKgprw) between the time series
x and the weighted time series (¢, w) is defined by:

-1 1
WKeprw(X, (¢, w)) = ITIrleaj( exp 5y W (t,tz)e flwe) oz, cr) (3.12)
e

Cle ()
= Cy(m™)

where f:(0,1] = RT is a non-increasing function and ¢ : Rx R — R is an Euclidean norm.

The cost function C} computes the exponential of the weighted dynamic time warping
distance between x and (¢, w) through the alignment . When the weights are uniform (or f
is a constant function), Eq. 3.11 corresponds to the Gaussian Dynamic Time Warping kernel
(kgpTw) introduced in [BHBO02].

As before, the optimal alignment 7v* is obtained through the same dynamic programming
procedure as the one used for the standard dynamic time warping.
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3.4.4 Weighted kernel global alignment (WKg,)

Similarly, the extension of the Global Alignment kernel [Cut+07], which defines a true positive
definite kernel, under fair conditions, on the basis of all of the alignments w € A, can be defined
as follows.

Definition 3.4
The Weighted Global Alignment Kernel (WKga) between the time series x and the weighted
time series (c,w) is defined by:

WKea(x, (¢, w)) =Y [ flw)rlee,c) (3.13)

weA (' t)erw

~~

Cr(m)
= Cy(m™)

where f: (0,1] — RT is a non-decreasing function and k is a local similarity kernel induced
from the divergence ¢ as k = e .

The centroid ¢, with its weight vector w, of a set of time series X corresponds to the
weighted time series that minimizes (or maximizes) a dissimilarity (or similarity) measure
with all the elements of X. Considering respectively WDTW, WKprax, WKgprw and
WKga metrics defined above as dissimilarity and similarity measures, we obtain following
optimization problems, solutions of which correspond to the weighted centroids:

wDTW Problem

N
argmin g (c,w) = argmin Z WDTW(X;, (¢, w))
c,w c,w 4
1=1
WKpTAK Problem
N
argmax g (c, w) = argmax Z WKprak (Xi, (¢, w))
c,w cw
WKaepTW Problem
N
argmax g, (c, w) = argmax Z WKGpTw (X3, (€, W))
c,w cw =
and
WKga Problem
N
{ argmax g, (c,w) = argmax Z WKaa (X4, (¢, w))
c,w c,w =1

where 7w} corresponds to the optimal alignment (i.e. the alignment of minimal cost for WDTW,
or maximal cost for WKprak, WKgprw or WKga) between the time series x; and the
weighted time series (c, w), obtained through dynamic programming, subject to:

Z?zl wy = 1 and wy > 0, Vit
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Depending on the choice of f and ¢, the restriction of g to w with ¢ and IT* fixed, denoted
here g(w/c, IT*) with IT* = (], ..., 7} ), as well as the restriction of g to ¢ with w and IT* fixed
(denoted g(c/w,II*)), are not necessarily pseudo-convex’. This makes the WDTW problem
difficult to solve and even ill-posed. The standard alternating procedure, that would amount
here for the WDTW problem to alternately minimizing g(w/c, IT*) and g(c/w,IT*), is not
guaranteed to converge and to find a local minimum. The same is true for the WKprag,
WKaprw or WKga problems, for which the pseudo-concavity of the functions g, (w/c, IT¥)
and g, (c/w, IT*) depends on the choice of f and k. We establish here a theorem, the proof of
which is given in Appendix A, that provides sufficient conditions on f and ¢ for the functions
g(w/c,IT*) and g(c/w,II*) to be pseudo-convex.

Theorem 3.1
Let f:[0,1] — R be the non-increasing function used in g, and let ¢ : R x R — R be the
positive, real-valued function used in g. Let us furthermore define:

Condition 1: Va € [-1,1], Yz € [0,1], > 72, %Tf(k)(x) >0
Condition 2: V(c,d) e REVz € R, > 72, (C/;!C)k () >0

Then:
If Condition 1 holds, then g(w/c,IT*) is pseudo-conver;
If Condition 2 holds, then g(c/w,II*) is pseudo-conver.

A similar theorem, also proven in Appendix A, can be established for f and x, with
conditions on their form so that the functions g.(w/c,II*) and g.(c/w,II*) are pseudo-
concave.

Theorem 3.2
Let f : [0,1] — R* be the non-decreasing function used in g, let k be the positive definite
symmetric kernel used in g, and let Conditions 3 and 4 be defined as:

Condition 3: Va € [~1,1], Vz € [0,1], Y3°, & f®(z) <0
0

Condition 4: V(c,d) e RZVz e R, Y 70, (C/;!C)k 8kg£f’c) <
Then:
If Condition 3 holds, then g.(w/c,II*) is pseudo-concave;
If Condition 4 holds, then g.(c/w,II*) is pseudo-concave.

These theorems allow one to choose functions that guarantee that the alternating approach
to solve the WDTW, WKprak, WKaprw or WKaa problems is well-defined and converges
towards local minima (for WDTW) and maxima (for WKprax, WKaprw or WKga). We
now proceed to the presentation of this alternating approach as well as of the functions we
have retained.

"This is typically the case if ¢ is concave. A pseudo-convex function is a function that behaves like a
convex function with respect to finding its local minima, but need not actually be convex.
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3.5 Centroid estimation formalization and solution

We describe here the general strategy followed to estimate the representatives (or centroids)
of a cluster of data points (X), prior to study the solution. This strategy leads to the four
extended time warp measures introduced above.

3.5.1 Representative update through alternative optimization

The problem given in Eq. 3.8 (and its maximization counterpart for similarity measures) can
be solved by alternatively minimizing (or maximizing) for ¢ and w, with the other one being
fixed, and by recomputing the optimal alignment warping path when necessary. This strategy
is based on the following steps:

1. Set initial values for c and w and compute for these values IT* = {#% /x € X}, where IT"
denotes the optimal alignments warping path between ¢ and the time series in X.

2. Compute: argmin Z d(x,(c,w)) (resp. argmax Z s(x, (c,w)))
¢ xex ¢ xex

3. Compute: argmin Z d(x,(c,w)) (resp. argmax Z s(x, (e, w))),

W xeX W xeX
T
subject to: Zwt =1and w; >0, Vt
t=1

4. Compute IT* for the values of ¢ and w obtained in the previous steps

5. Go back to step 2 until ¢ and w are stable.

Note that for WKga, computing IT* is not needed because this kernel is based on the sum
of all alignments. Steps 2, 3 and 4 lead to a decrease (resp. increase) in the overall dissimilarity
(resp. similarity) between the weighted centroid (c,w) considered at each iteration and the
data points in X. Indeed, each step respectively aims at finding values of ¢, w and 7 that
minimize (resp. maximize) the objective function, while the other quantities being fixed. Thus,
the above strategy defines an algorithm that converges, and the associated function, which
from X produces (c,w), is a valid representative function. The minimum (resp. maximum)
in steps 2 and 3 can be obtained by computing the partial derivatives w.r.t ¢ and w and
either setting those partial derivatives to 0 and solving for ¢ and w or using gradient descent
approaches. Depending on the convexity (resp. concavity) properties of the measures, the
minimum (resp. maximum) in step 2 and 3 may be local. This is not a problem per se
because the procedure still converges while decreasing (resp. increasing) the inertia between
the current pair (c,w) and the data points in X. Now, we study the application of this
strategy to each of the time warp measures retained by proposing the corresponding solutions.
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3.5.2 Solution for WDTW

The extended form of the dynamic time warping measure is defined as:

WDTW (x, (¢, w)) = min (;' > f(wt)cp(xt/,ct)) (3.14)
(

weA k
t't)ew

in which f(wy) is a non increasing warping function. The constraints, Zthl wy = 1 and wy > 0,
in the WDTW problem are based on quasi-concave functions (respectively an hyperplan and
identity functions). Thus provided, that the functions f and ¢ in g satisfy Conditions 1 and
2 of Theorem 3.1, the Karush-Kuhn-Tucker conditions hold and the optimization problems
in steps 2 and 3 can be solved with the method of Lagrange multipliers. At each step (2, 3
and 4), the function ¢ is thus non-increasing and the overall procedure converges to a local
minimum of g. For the function ¢, we use here the standard Euclidean distance. In this case,
Condition 2 of Theorem 3.1 amounts to

=(c—d)P?>0

i (' — o)k dFp(x,c)
Kl

Ock
k=2

as all the partial derivatives of order greater than 2 are null. ¢ thus satisfies condition 2. For
the function f, we consider here two different families:

where o € RT controls the influence of the weighting scheme. The negative exponent
guarantees that the most important instants (i.e., those highly weighted) are privileged in the
optimal alignment that minimizes the WDTW. For @ = 0, Eq. 3.14 leads to the standard
DTW.

The dominating term, for sufficiently smooth functions, in Y 77, ‘;C—]T f®)(z) used in
Condition 1 of Theorem 3.1 is obtained with the second order derivative (as a € [—1,1]).
Condition 1 thus amounts, for sufficiently smooth functions, to a convexity condition that is
satisfied by the two smooth families of functions above. The solution of step 2 can thus be
obtained by equating the partial derivative of g(c/w,II*) with respect to ¢ to 0 and solving
for c. The following proposition, the proof of which is given in Appendix B, provides the form
of the solution obtained by doing so.

Given w = (wy,...,wr) and IT* = {xw} /x € X}, the function defined in Eq. 3.14 is
convex in ¢ and the centroid (or representative) ¢ that minimizes the sum of within cluster
dissimilarities is obtained by solving the partial derivative equation, leading to, V¢, 1 <t < T
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1
2wl 2

o xeX (t't)emk
“ - 3 IN(t,x)| (3.15)
ol
xeX

where 7% denotes the optimal alignment path for x € X and |N(¢,x)| = {t' /(',t) € 7%}
denotes the number of time instants of x aligned to time ¢ of centroid c.

For step 3, the solution for weight estimation of WDTW is obtained by equating the
partial derivative of the Lagrangian of g(w/c,II*), subject to 23:1 wy = 1 and wy > 0, Vi,
with respect to w to 0 and solving for w. The following propositions, also proven in Appendix
B, provide the form of solutions obtained. Note that closed form solutions are obtained here
for both step 2 and 3. Given ¢ = (cy,...,cr) and IT* = {7% /x € X}, the weight vector w
that minimizes g(w/c, IT*), Vt, 1 <t < T is given by:

for f(x) =2~
%
+a
Wy = At
T 1
> A
t=1
for f(x) = e %,
1 Ay 1
wp=_log | ———— | + 7
(HAt)l/T
t=1

with

A=) |1| Yo (- ) (3.16)

ﬂ-x
xeX (GRS 9

The solution to Eq. 3.8, corresponding to the representative update step of the generalized
k-means clustering algorithm (Algorithm 2), is thus finally obtained through Algorithm 3.



58 Chapter 3. Generalized k-means for time series under time warp measures

Algorithm 3 Centroidwprw

1: Input: X = {x1,...,xn}
2: Output: (c,w)
3: Initialization:
e ¢© randomly selected from X

o W = (4., 3)

o IT"(?): optimal alignments between X and (c©, w()

e p=20
repeat
p—p+1

Update cgp) using Eq. 3.15, 1 <t < T

Update w§p> using Eq. 3.16, 1 <t <T

Update IT*®): optimal alignments between X and (cP), w(P)
until (C(p)7w(p)) ~ (C(p—l),w(p—l))
10: Return (c,w)

3.5.3 Solution for WKprak

The extension of the kpTak is defined as:

1
WKprak(x, (c,w)) = max il Z f(we) k(e cr) (3.17)
(t'tyemw
— 1 lz—yl? . . .
where a Gaussian kernel (e~ 202 llz=yll ) with an associated free parameter o corresponding to

the standard deviation is used to measure the similarity between aligned elements. Similarly,
the constraints, 23:1 wy = 1 and wy > 0, Vt, provided that the functions f and s in g
satisfy Conditions 3 and 4 of Theorem 3.2, the Karush-Kuhn-Tucker conditions hold and the
optimization problems in steps 2 and 3 can be solved with the method of Lagrange multipliers.
At each step (2, 3 and 4), the function g, is thus non-decreasing and the overall procedure
converges to a local maximum of g,. We consider here a simple gaussian kernel for x, that is
at the basis of several DTW kernels, as in [Shi+02]; [Cut+07]; [ZTHOS8|; [Cutll]; [ZT12].

For the function f, we consider the two families of functions, which can be seen as the
counterpart of the functions used for WDTW:

x® a<l
J(@) = { log(az) a >0

In this case, f is a non-decreasing warping function that ensures that the most important
instants are privileged in the optimal alignment. The standard kprak formulation is obtained
with o = 0. Note also that Eq. 3.17 can be viewed as a pre-image problem [HR11]| that aims
at estimating the pre-image, in the input space, of the barycenter of the data points in the
feature space induced by the WKprak kernel.

As before, the dominating term, for sufficiently smooth functions, in > 72 o %f f®) () used
in Condition 3 of Theorem 3.2 is obtained with the second order derivative (as a € [—1,1]).
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Condition 3 thus amounts, for sufficiently smooth functions, to a concavity condition that is
satisfied by the two smooth families of functions above.

Given w = (wy,...,wr) and IT* = {x} /x € X}, the function defined in Eq. 3.17 is
concave in c. The solution of step 2 can be thus be obtained by equating the partial derivative
of gx(c/w,IT*) with respect to ¢ to 0 and solving to c. We however know of no closed-form
solution in this case, and resort to a stochastics gradient ascent method based on the following
update rules at iteration p:

+1 oL
CEP ) Cgp) + n(p)w
Ocy
and
ey _ 1P o)
n =— =1
p
with the partial derivative equation V¢, 1 <t < T
L _ 5 L (e =) -G
dey Z ] Z flwy) P - (3.18)
xeX (' tyen?:

where L is given by Eq. 3.17.

For the weights estimation, for step 3, the function defined in Eq. 3.17 is concave in w as
a € [0;1]. The solution of the partial derivative equation, obtained by equating the partial
derivative of the Lagrangian, integrating the constraints on w to 0, can easily be obtained
(proof is given in Appendix C). Given ¢ = (cq,...,cr) and IT* = {xw} /x € X}, the weight
vector w that maximizes the sum of intra-cluster similarities subject to Zthl wy = 1 and
wy > 0, Vt, is defined by:

for f(z) =z
: 1
A —«
Wt = T t )
>
t=1
for f(z) = log (ax);
Ay
Wi T
> A
t=1
with
1 (zy—c)?
4= — ) (3.19)
xeX ’ X‘ (t/,t)eﬂ'*
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Algorithm 4 Centroid wk g

1: Input: X = {x1,...,xn}
2: Output: (c,w)
3: Initialization:
e c® randomly selected from X

e w =(L . 1)

o IT"(?): optimal alignments between X and (c(®, w(%)
e p=20
4: repeat
5 p—p+1
6: // Update ¢, 1<t <T:
7 qg=0,n=1
8
9

repeat
: g+ (¢g+1), n« g
10: clatl) (o) 4 n%, with % given by Eq. 3.18
11: until %—ﬁ ~0

12:  Update w” using BEq. 3.19, 1 <t < T

13:  Update IT*"): optimal alignments between X and (cP) w(P))
14: until (¢, wP) = (P~ wP-1)

15: Return (c,w)

Algorithm 4 summarizes the steps required to solve the centroid estimation problem
(Eq. 3.8) for WKprak, corresponding to the representative update step of the generalized
k-means algorithm. The gradient ascent steps for estimating centroid ¢ correspond to lines 4
to 11.

3.5.4 Solution for WKgptw

The extended form of the Gaussian dynamic time warping kernel is defined as:

-1 1

WKprak (x, (¢, W) = max | exp | —= - Z Flwy) (zp — ¢;)? (3.20)
(t't)yemw™
A(w,c)

Given w = (wy,...,wr) and IT* = {xw% /x € X}, considering f(w;) a non-increasing

function, the solution can thus be obtained with the method of Lagrange multipliers. The
solutions for both centroid and weight estimation lead however to no closed form solutions,
and resort to a stochastic gradient ascent method based on the following update rules at
iteration p, for the centroid c:

w 9L

1
= g 2L
Cy

Ui
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and
w1 _ 17 )
n =—0" =1
p
with
oL -2 1
el Z =y Z fw) (et —xpr) | - A(w,c) (3.21)
xeX t"eT,(t" t)ers
and for the weights vector w:
+1 aLw
wgp ) _ wt(p) +n(p) -
Ocy
and
(»)
) = L(n(ﬂ) ~1)
p
with
0Ly, o —(a+1) 1 2
Juy A 2 1] 2, (ow—al | Abvo
| x€X t"eT,(t" t)ers
for f(x) =2™¢, and (3.22)
OL « 1
ZZw 2 o(aw) N2
Dw; X e ¢ Z ] (xgr — ) | . A(w, c)
| x€X t"eT,(t" t)ens

The solutions, for step 2 and 3, are obtained by equating the partial derivative of the
Lagrangian (integrating the constraints) of g.(c/w,II*) with respect to ¢ to 0 and solving for
c and g, (w/c, IT*) with respect to w to 0 and solving for w. The proofs are given in Appendix
D. Algorithm 5 summarizes the steps to solve the centroid estimation problem (Eq. 3.8) for
WKeprw. Both centroid and weight estimated by a gradiant ascent method.
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Algorithm 5 Centroidwk oprw

1: Input: X = {x1,...,xn}
2: Output: (c,w)
3: Initialization:
e c® randomly selected from X

e w =(L . 1)

o II"®: optimal alignments between X and (¢(©), w(©)

e p=20
repeat
p+—p+1

// Centroid update

c§”) — Gradient—Ascent(cEp_l), wﬁp‘”, e 1<t<T
// Weight update

w « Gradient-Ascent(c!”, w®™ ", I*P-V) 1<t < T
10: /) Alignment update

11:  II*®): optimal alignments between X and (c®, w(®))

12: until g, (c® w®) = g, (cP~D wr-1)

13: Return (c,w)

3.5.5 The case of WKga

The extension of the kga, for f(w;) = wf, is defined as:

WKea(x, (ew) = 30 [ wie e (3.23)

weA (t' t)em

with

1 __1_ ,— 2
2y, cr) = T._qut/ — ci|? +log(2 — e ozl — ety

where, similar to the WKprak, a Gaussian kernel is used as the similarity measure between
aligned elements. « plays the same role as before and lies again in interval [0; 1]. The parameter
A is used to attenuate the diagonal dominance problem which arises mainly for time series
of significantly different lengths. Although diagonal dominance leads to the positive definite
Gram matrices, it reduces the performance of the measure in practice. Lastly, the complexity
of WK@a is similar to that of WDTW, WKprak and WKgprw as one can rely on a recurrence
formula to estimate the cost of a given pair (#',t) on the basis of the costs of the three previous
pairs (t' —1,t), (' —1,t—1) and (¢/,t — 1) [Cut+07]; [Cutll]. As for WKprax and WKaprw
the time computation can be reduced by considering only a subset of alignments; for WKaa,
a fastest version exists based on a pairing of Gaussian and triangular kernels [Cut11].
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Given w = (wq, ..., wr), the partial derivative of WKga for updating the centroid c is,
Vi, 1 <t <T:

oL (zv — 1) o —AD(zy )
o~ X\ X et ¢ I et

x€X weA \(t't)em O (2 - (' t)ew

where ®(zy , ¢;) and L correspond to Eq. 3.23. We know that there is no closed-form solution
to the equation g—th = 0. More importantly, the computation of the above derivative given
in Eq. 3.24 cannot benefit from the recurrence formulas of WKga, which ensure an efficient
computation of the measure (see proofs in Appendix E). Thus, if we want to use gradient
ascend methods, we need to compute the scores associated with each alignment and sum
them, which is impractical in situations where 7' is large (more than a few tens). For this

reason, we will not use WKq4 in generalized k-means.

In the remainder of this thesis, for the experiments, we thus focus on the following extended
(dis)similarity measures for time series: 1) WDTW as defined by Eq. 3.14, 2) WKprak as
defined by Eq. 3.17, and 3) WKgprw as defined by Eq. 3.20.

3.6 Conclusion

The k-means-based clustering is among the most popular clustering algorithms, because it
provides a good trade-off between the quality of solution obtained and its computational
complexity. However, the k-means clustering of temporal data under the widely used dynamic
time warping or temporal kernels is challenging, because estimating cluster centroids requires
aligning multiple temporal data simultaneously. Such alignments, become computationally
prohibitive, costly and impractical when the data size increases. For temporal data clustering,
to bypass the centroid estimation problem, the k-medoids and the kernel k-means are generally
used. But, while k-means-based clustering of linear complexity, remains a fast algorithm, the
k-medoids and kernel k-means clustering have a quadratic complexity due to the pairwise
comparisons involved.

Here, we introduced a generalized centroid-based clustering algorithm for temporal data
under time warp measures. For this, we proposed an extension of the common time warp
measures to capture both global and local differences, and a tractable, fast and efficient
estimation of the cluster centroids, under the extended time warp measures. This cluster
centroid estimation is formalized as a quadratic constrained optimization problem. Finally,
the developed solutions allow for estimating not only the temporal data centroid but also its
weight vector, which indicates the importance of centroid’s elements. The solutions generalize
the averaging problem to time series of distinct behaviors that share local characteristics,
through several warping functions.
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In this chapter, we first describe the datasets retained to conduct our experiments
to evaluate the effectiveness of the proposed approach, then specify the validation
process, prior to present and discuss about the results obtained. Later, we mainly
compare the proposed generalized k-means algorithm based on the extended time
warp measures, to the alternative k-means clustering, standard k-medoids and kernel
k-means clustering approaches. A wide range of datasets is used to evaluate the
efficiency of the proposed approach, in the context of classification. The quantitative
evaluation is finally completed by a visualization and qualitative comparison of the

centroids obtained.

4.1 Data description

Our experiments are conducted on 24 public datasets'. The classes composing the datasets
are known in advance and define the ground truth partitions. The experimentations are first
carried out on standard well-known datasets, which define a favorable case for the averaging
and clustering task as time series behave similarly within classes (e.g. CBF, CC and GUNPOINT),
as illustrated in Figure 4.1. We then consider more complex datasets (e.g. BME, UMD and
CONSSEASON). The second type of datasets is more challenging: a) it is related to time series
that have different global behaviors within classes, while still sharing local characteristics, b)
the commonly shared characteristics may appear at varying time stamps within the classes,

UMD, BME at http://ama.liglab.fr/~douzal/tools.html, the rest of the data at http://www.cs.ucr.
edu/~eamonn/time_series_data/
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and c¢) be hidden by noise (see Figure 4.2). For example, BME includes two challenging classes
BEGIN and END characterized by a small bell arising at the initial and final period respectively.
The overall behavior may be different depending on whether the large bell is pointing upward
or downward. UMD introduces more complexity with the classes UP and DOWN characterized
by a small bell that may occur at different time stamps.

Funnel Cyclic Gun

L o = N @ s

]

Figure 4.1: The time series behaviors within the classes "Funnel", "Cyclic" and "Gun" of the datasets
CBF, CC and GUNPOINT, respectively.

Begin Down Warm

o - N ® s o

40 60 80 100 1 éO ) 50 100 150

oo
3

Figure 4.2: The time series behaviors within the classes "Begin", "Down" and "Warm" of the datasets
BME, UMD and CONSSEASON, respectively.

To characterize these datasets, and because clustering methods such as k-means algorithms
are known to be more efficient when the clusters are isotropic (i.e. spherical) and well isolated,
for each dataset we computed the Bartlett’s test of sphericity? [CL71]; [Jac93] as well as the
isolation ratio. The isotropy is measured as the average of Bartlett’s p-values for each cluster,
as the p-value corresponds to the probability of being spherical. The cluster isolation ratio
corresponds to the ratio of the sum of the dynamic time warping dissimilarities within clusters
to the total DTW dissimilarities. The lower isolation ratio indicates the more isolated clusters.
Table 4.1 describes the datasets considered, with their main characteristics: number of clusters
(k), number of time series as dataset size (N), time series length (7°), p-values for the isotropy
and an isolation ratio. In particular, Bartlett’s p-values < 0.15 indicative of non-isotropic
datasets, and isolation ratio > 0.2, indicative of non-well-isolated datasets, are in bold. For
instance, TWOPATTERNS is composed of clusters that are globally non-spherical but reasonably
well-isolated, whereas YOGA clusters are relatively spherical but not well-isolated. As one can
note from the Bartlett’s p-values and isolation ratios displayed in Table 4.1, most of the
datasets considered are composed of clusters that are either non-isotropic or not well-isolated
(or both) and are thus challenging for the k-means and kernel k-means clustering algorithms
[Gir02]. In addition, to visualize the underlying structure of the datasets, we performed
a multidimensional scaling® [CCO1] on the DTW pairwise dissimilarity matrix. Figure 4.3

2 Barspher Matlab function
3mdscale Matlab function
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displays the cluster structures on the first plan; with a stress* lower than 20%, while the
representations obtained can be considered as accurate images of the underlying structures.
Finally, as one can note, the datasets retained have very diverse structures (and shapes) and
many of them are not linearly separable.
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*Stress is defined as the error between the distances induced by the first plan and the original dissimilarities.
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Class Nb. Size(Train) Size(Test) TS. length Isotropy Isolation

k N N T (p-value, std.) ratio
ADIAC 37 390 391 176 (0.34, 0.31) 0.01
BEEF 5 30 30 470 (0.30, 0.35) 0.05
BME 3 30 150 128 (0.00, 0.00) 0.25
CAR 4 60 60 577 (0.08, 0.06) 0.20
CBF 3 30 900 128 (0.00, 0.00) 0.23
cc 6 300 300 60 (0.06, 0.11) 0.05
COFFEE 2 28 28 286 (0.46, 0.18) 0.48
CONSSEASON 2 180 180 144 (0.19, 0.18) 0.48
ECG200 2 100 100 96 (0.53, 0.27) 0.50
FACEFOUR 4 24 88 350 (0.39, 0.46) 0.19
FISH 7 175 175 463 (0.32, 0.33) 0.09
GUNPOINT 2 50 150 150 (0.24, 0.34) 0.49
LIGHTING2 2 60 61 637 (0.42, 0.59) 0.52
LIGHTING7 7 70 73 319 (0.23, 0.30) 0.08
MEDICALIMAGES 10 381 760 99 (0.02, 0.03) 0.29
OLIVEOIL 4 30 30 570 (0.29, 0.30) 0.15
OSULEAF 6 200 242 427 (0.29, 0.29) 0.16
PLANE 7 105 105 144 (0.14, 0.24) 0.01
SWEDISHLEAF 15 500 625 128 (0.13, 0.28) 0.03
SYMBOLES 6 25 995 398 (0.31, 0.36) 0.01
TRACE 4 100 100 275 (0.15, 0.23) 0.00
TWOPATTERNS 4 100 400 128 (0.17, 0.26) 0.10
UMD 3 36 144 150 (0.00, 0.00) 0.20
YoGa 2 30 300 426 (0.29, 0.04) 0.50

Table 4.1: Data description

4.2 Validation process

We compare here the proposed generalized k-means-based clustering algorithm (denoted as
Gk-means) with the k-means based on the four well-known averaging methods (i.e., NLAAF,
PSA, CWRT and DBA), k-medoids (k-med) under Euclidean and the standard DTW, and
kernel k-means® (Kk-means) based on Euclidean, the standard xgprw, KDTAK, Kga and
kTga- We focus here on the above approaches because they constitute the most frequently
used variants of the k-means for time series clustering. As mentioned earlier, the k-medoids
and the kernel k-means clustering algorithms are mainly used to bypass the centroid estimation
process required by k-means with time warp measures. For our comparison, we rely on the
Rand index® [Ran71], which measures the agreement between the obtained clusters and the
ground truth ones, to evaluate each method. The Rand index lies in [0,1] and the higher
index, the better the agreement is. In particular, the maximal value of Rand index, 1, is
reached when the clusters (or partitions) are identical. For all the methods, the parameters
taken within a validation set through a standard line/grid search process, as described in
Table 4.2, and the parameters retained are the ones that maximize the Rand index on the
validation set. Finally, the results reported hereafter are averaged after 10 repetitions of the
corresponding algorithm. Because kgpTw and kpTak are not strictly definite positive kernels
[Cut-+07]; [Cutll], we systematically added a scaled identity matrix § I to the Gram matrices
with negative eigenvalues, while ¢ is the absolute value of the smallest negative eigenvalue and

Skmedoids, kernelkmeans Matlab functions
8 RandIndex Matlab function



4.3. Experimental results 69

Method Metric  Line / Grid values
Kernel Kgprw t€{0.2,0.5,1,2,5} ® med(DTW(x,y))
k-means Kptak o € {0.2,0.5,1,2,5} ©® med(||x —y|)
KGA 0 €{0.2,0.5,1,2,5} ® med(||x —y|), A € {107%,1073,1072,107%, 1,10}
Krga 0 €{0.2,0.5,1,2,5} ® med(||x —yl|), c € {0.25,0.5} ® med(||x]|)
Generelized WDTW  « € {1072,1071, 10"}
k-means  WKgprw o € {1072,1071,10%}, ¢ € {0.2,0.5,1,2,5} ® med(DTW(x,y))
WKpTak o € {1072,1071,10°}, 0 € {0.2,0.5,1,2,5} ® med(||x —y||)

Table 4.2: Parameter Line / Grid: The ® multiplication operator is element-wise (e.g. {1,2,3} ®
med = {med, 2med, 3med}). med(x) stands for the empirical median of x evaluated on the valida-
tion set and x and y are vectors sampled randomly within time series in the validation set.

I is the identity matrix. For kga method, the estimated value of the regularization parameter
A =~ 1 demonstrates that the problem of diagonal dominance has not been encountered for the
retained datasets.

4.3 Experimental results

4.3.1 Results for time series clustering

In the context of clustering, the Rand indices and time consumptions for each method, on
each dataset, are reported in Tables 4.3 and 4.4, respectively. Results in bold correspond to
the best values, while the statistically significantly lower or higher ones (two-sided t-test at
5% risk),respectively, are shown with the down or up arrows.

Based on the Rand indices displayed in Table 4.3, one can note that Gk-means clustering
method with WDTW leads to the best clustering results overall (23 datasets out of 24),
followed by Gk-means method with WKprax. Furthermore, the clustering approaches based
on Gk-means introduced here outperform k-medoids and kernel k-means clustering almost
on all datasets. Table 4.4 shows that Gk-means with WDTW leads almost to the fastest
clustering method (18 datasets out of 24).

Impact of isotropy and isolation on clustering quality

Two most challenging datasets are apparently UMD and BME, with almost the lowest Rand
indices varying in [0.52,0.62] for k-means, k-medoids and kernel k-means and in [0.60, 0.69]
for Gk-means clustering methods. In addition, UMD and BME are composed of weakly
isolated and weakly spherical classes (see Table 4.1), include time series of distinct global
behaviors within clusters [FDCG13|. Figure 4.4 shows the time series behaviors within the
three classes BEGIN, MIDDLE and END of dataset BME, and Figure 4.5 illustrates the time
series behaviors within the three classes UP, MIDDLE and DOWN of dataset UMD. Thus they
require a similarity or dissimilarity measure able to capture the commonly shared features
within clusters. Gk-means clustering method, by relying on weighted centroids, can capture
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the characteristics shared locally within the clusters and improves the performances over the
standard clustering methods, which fail to capture such local features.
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Figure 4.4: The time series behaviors within the three classes of dataset BME
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Figure 4.5: The time series behaviors within the three classes of dataset UMD

The second category of challenging datasets consists of COFFEE, ECG200 ,GUNPOINT,
LIGHTING2 and YOGA and is composed of weakly isolated but highly (or mildly) spherical
clusters (see Table 4.1). All the k-means clustering, k-medoids and kernel k-means methods
lead to weak clustering results with a Rand index lying in [0.48,0.59], where the Gk-means
clustering (with WDTW) leads to noticeably better clustering performances with a Rand
index in [0.60,0.72]. A third category of datasets is defined by CAR, CBF and MEDICALIMAGES
is composed of mildly isolated but weakly spherical (or isotropic) clusters. Although k-means
clustering, k-medoids and kernel k-means methods yield reasonable clustering performances,
with a Rand index in [0.50,0.74], the Gk-means clustering (with WDTW) yields the best
clustering results with a Rand index in [0.77,0.87]. For the remaining datasets, composed
of highly isolated and highly (or mildly) spherical clusters, good clustering results (Rand
index in [0.54,0.97]) are obtained using k-means clustering, k-medoids and kernel k-means
methods, but are improved almost significantly by using Gk-means clustering (with WDTW)
with a Rand index in [0.75,0.98]. From the above results, we can obtain that all the k-means
clustering, k-medoids and kernel k-means methods provide relatively good results even when
the clusters are non-spherical (or non-isotropic); however, they are limited when the clusters
are non-isolated. By contrast, Gk-means clustering with WDTW obtains very good clustering
performances on all datasets, particularly on challenging datasets composed of clusters that
are both non-spherical and not well-isolated.
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0.713/ 0.751, 0.748] 0.752] 0.755] 0.772] 0.744] |0.735] 0.730] 0.731]|0.716] 0.726] 0.722] 0.733] | 0.914 0.726] 0.740]
0.923] 0.886] 0.829] 0.914] 0.921] 0.909] 0.842] | 0.948 0.977 0.974 | 0.908] 0.899] 0.896] 0.967 | 0.989  0.950 0.939
0.839/ 0.892 0.890 0.892 0.892  0.841] 0.826] | 0.893 0.891 0.878 |0.822] 0.833] 0.873] 0.898 | 0.909 0.896 0.894
0.855) 0.861) 0.849] 0.886) 0.888] 0.904 0.878] |0.663] 0.853] 0.780] | 0.612] 0.660] 0.826] 0.853| | 0.927 0.845] 0.814]
0.753) 0.747] 0.713] 0.822 0.799 0.751] 0.744] |0.751] 0.840 0.832 |0.695] 0.717] 0.814 0.873 | 0.890 0.876 0.796
0.628, 0.792] 0.656] 0.696] 0.623] 0.684] 0.615] | 0.627] 0.842] 0.681] | 0.666] 0.733] 0.787] 0.841) | 0.947 0.852] 0.799,
0.614 0.610 0.552] 0.623 0.552] 0.621 0.609 | 0.600 0.606 0.586 |0.533] 0.562] 0.546] 0.574] | 0.694 0.652 0.628
0.506, 0.505] 0.538 0.507, 0.499] 0.499] 0.500] | 0.499) 0.508, 0.501) |0.499, 0.500/ 0.501] 0.500/) | 0.603 0.510] 0.505]

Table 4.3: Clustering Rand index
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Relationships between methods and datasets

To compare globally the different clustering methods, we rely on a multiple correspondence
analysis (MCAT), to analyze the 17 methods (considered as individuals) and the 24 datasets
(considered as categorical variables). — Multiple correspondence analysis is a data analysis
technique for nominal categorical data and can be viewed as an extension of correspondence
analysis (CA) which allows one to analyze the pattern of relationships of several categorical
dependent variables. It can also incorporate quantitative variables. MCA is concerned with
relationships within a set of variables, which usually are homogeneous, and allows the direct
representation of individuals as points in geometric space. To do so, each method is described
by a vector ("-", "+","++"....), with as many dimensions as there are datasets, in which the
modalities "++", "+" and "-" indicate whether the Rand index of a method on a dataset
is respectively highly greater, greater or lower than the mean Rand index obtained for that
dataset over all the methods. Distinct groups of methods, corresponding to distinct ways
to perform on the different datasets, can be distinguished. The first group is defined by
the k-means using NLAAF, k-medoids and kernel k-means (with Euclidean) and is opposed
to the other methods as it yields the lowest performances (corresponding to modality "-")
particularly on cc, FisH and SYMBOLES. The second group is defined by the k-means using
PSA and the three kernel k-means approaches (kga, KTga and kgprw,.) that yield the
lowest performances on BEEF, BME, MEDICALIMAGES, OLIVEOIL, TRACE, SWEDISHLEAF and
TWOPATTERNS.

To understand this limitation, we have studied the cluster structure induced by the
dissimilarities based on the kprax and kKga Gram matrices. Figure 4.6 shows the projection
obtained through MDS on the first plan for the dataset cc, with the dissimilarities® derived
from kpTak. As one can see, the red and blue clusters, non linearly separable with DTW
(Figure 4.3 - second row and second column), are now well separated. The situation for kKga
directly parallels the one for kpTak -
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Figure 4.6: CC clusters based on kprak dissimilarities

Lastly, the last group includes the Gk-means approaches which yield the best performances
(corresponding to modality "++") almost for all datasets. We can in particular observe
that Gk-means with WDTW outperforms the other methods particularly on LIGHTING2,
LIGHTING7, MEDICALIMAGES, OSULEAF, and YOGA.

The blue arrow in Figure 4.7 is known as the Guttman effect |[LRRO4]; it starts from

"We have used the MCA function available in the R package FactoMineR.
8The dissimilarities are defined as dptak(t,j) = kpTak (4,4) + kpTAK (f,7) — 26DTAK (%, J)-
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the upper left corner, that contains mainly datasets of modalities "-", then goes through the
lower left corner, containing mixed modalities ("-" and "+"), through the lower right corner,
again containing mixed modalities ("+" and "++") , and finally ends in the upper right
corner containing datasets of modalities "++". The blue arrow suggests a global ranking of
the methods based on their performance on all the datasets: Gk-means with WDTW is the
best method, followed by Gk-means with WKpragk, followed by Gk-means with WKaprw,
k-means using DBA, kprak and k-medoids (with DTW), which yield similar results, and
finally followed by the rest (see Figure 4.7).
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Figure 4.7: Global comparison of the clustering Rand index

Complexity and time considerations

Table 4.4 shows the time consumptions of the different clustering methods. As a reminder,
results in bold correspond to the fastest methods with lowest time consumption, while the
significantly higher ones are shown with the red up arrows. As one can note, Gk-means
clustering is the fastest approach, with a approximately constant time requirement for all of
the methods on small datasets (e.g. BEEF, COFFEE, OLIVEOIL). For large datasets (e.g. CBF,
CC, MEDICALIMAGES, SWEDISHLEAF, SYMBOLES, YOGA), both k-medoids and kernel k-means
clustering are significantly slower mainly due to the involved pairwise comparisons, whereas
the Gk-means clustering, particularly with WDTW, remains remarkably fast. The standard
k-means based on NLAAF and PSA averaging methods are highly time-consuming, largely
because of the progressive increase of the centroid length during the pairwise combination
process, which makes these approaches unusable for large time series datasets.

Figure 4.8 shows the multiple correspondence analysis of clustering time consumption to
compare globally the clustering time consumption of different methods. The blue arrow starts
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from the lower left corner, that contains mainly the fastest methods, then goes through the
upper left corner and finally ends in the lower right corner containing the lowest clustering
methods. The first group is defined by the k-means using CWRT, the standard Gaussian
kernel k-means and k-medoids (with Euclidean), while all of these methods use Euclidean and
therefore are not comparable with the other methods under time warp. Note that in clustering
time consumption, Table 4.4, we ignored these three methods. The Gk-means approaches yield
the fastest clustering results overall (18 datasets out of 24), followed by k-means with DBA.
The third group is defined by kernel k-means (kpTak, KGDTW, KGa and krga) and k-medoids
(with DTW). Lastly, as mentioned, k-means with NLAAF and PSA with huge difference yield
the lowest performances.

i 1 ADIAC
i
168_- Riteans-NLAAF — 2 BEEF
- 11%_—-‘3&}— s . i Bc::
! K
E 5 CBF
& OC
7 COFFEE
8 CONSSEASON
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=
877 10 FACEFOUR
g 11 FIsSH
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E 1 8_: ™ 13 UGHTING2
g 14 LUGHTINGT
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R = o - 28- % |- Lt ST 16 OUVEOIL
Kmeai&;"’ B++++ 17 OSULEAF
18 PLANE
19 SWEDISHLEAF
20 SYMBOLES
21 TRACE
iy 22 TWOPATTERNS
| | " 23 UMD
24 YOGA

0 1 2 3 4
Dim 1 (56.25%)

Figure 4.8: Global comparison of the clustering Time consumption

The obtained empirical results are in agreement with the theoretical complexities of each
method. Let NN be the number of time series to be clustered in k clusters, with the time
series length T', and p the complexity of the measure between aligned instants (p = 5 for
WDTW, p = 8 for WKDTAK, P = 9 for WKGDTW, and p= 18 for WKGA - see Eqs. 3.14, 3.17,
3.20 and 3.23). Therefore, the complexity of Gk-means clustering is O(pNkT?), the one of
k-medoids is O(pN (N — k)T?) and the complexity of kernel k-means clustering is O(pN?T?),
showing that kernel k-means clustering is slower than k-medoids, which is in turn slower than
the Gk-means clustering. Lastly, the difference between Gk-means clustering with WDTW
and WKprak (or WKgprw) is mainly due to the ascent gradient part, while the difference
between kernel k-means clustering with kpTak and kga is explained by the different values
of p for each method.



ADIAC

BEEF

BME

CAR

CBF

cc

COFFEE
CONSSEASON
ECcG200
FACEFOUR
FISH
GUNPOINT
LIGHTING2
LIGHTING7
MEDICALIMAGES
OLIVEOIL
OSULEAF
PLANE
SWEDISHLEAF
SYMBOLES
TRACE
TWOPATTERNS
UMD

YOGA

Kernel k-means k-medoid k-means Generalized k-means
(Kk-means) (k-med) NLAAF PSA CWRT DBA (Gk-means)

RBF kaprw kaprtws. kpTak kpTakge kaa krca ‘ DTW DTWgse DTW DTW DTW DTW | WDTW Wwkprak wkaprw
0.9 714.87 604.31 722.11 676.07 992.271 875.67 899.671 742.57 | 1998.47 4003.41 95.4 399.1 | 348.8 374.4 400.3
1.6 59.1 81.3 53.8 53.7 77.4 69.4 49.8 50.2 84.9 146.87 12.7 654 58.7 76.3 79.4
2.9 79.81 66.87 63.21 60.67 130.57 105.31 102.51 93.21 131.81 464.21 4.9 21.7 20.5 45.67 59.81
0.8 285.21 247.81 314.41  270.00  491.51"  460.11 336.31  276.71 | 591.47 1261.21 84.9 550.37 | 167.7  202.3 230.8
4.0 2482.91 2473.41 2912.21 2584.317 2874.87 2765.51 2414.91 2307.27 | 2499.47 9197.617 26.9 422.97 | 361.9 602.47 697.97
1.7 112.671 122.87 122.47 119.81 162.81 133.77 122.91 125.41 177.71 488.71 2.9 64.97 49.2 139.71 152.31
1.1 23.0 23.7 18.8 16.2 17.1 20.2 16.8 16.9 39.27 75.91 2.6 22.5 15.7 23.3 24.1
2.3 155.41 140.27 164.91  139.81 297.61 261.37 173.21  160.3T | 504.31 1700.3T 6.4  46.47 35.8 82.21 99.91
1.5 15.87 28.67 12.67 13.71 26.41 25.91 15.31 14.97 33.4 71.2 1.9 8.7 10.2 12.27 14.77
1.9 335.87 329.57 363.87 252.7 343.41 275.9 206.7 213.8 609.71 2221.617 23.2 347.41 | 292.67 320.57 341.21
3.4 1493.21 1394.417 1103.5T 1063.67T 2520.87 2125.21 1525.51 1498.61 | 2010.87 4385.17 94.2 7583 | 663.1 1007.11" 1314.57
2.2 88.11 142.57 52.11 63.57 150.57  144.51 85.67 84.77 177.67  468.31T 3.7 44.3 39.4 45.5 55.31
2.4 410.37 401.91 303.81 296.171 613.87 534.471 397.11 392.21 | 2977.71 6309.87 29.4 173.4 | 141.9 158.5 197.8
2.1 117.21 120.87 94.6 82.4 191.417  166.07 112.3 110.9 293.41 82541 16.7 142.71 | 98.4 109.5 133.47
7.3 968.61 988.41 943.61  706.21 1581.417 1616.37 940.21  927.71 | 1304.617 2897.51 21.9 321.31 | 236.2 1228.71 1538.21
1.9 74.7 66.6 54.4 53.9 116.91 115.27 67.2 65.8 100.91 22831 12.7  65.9 52.2 73.8 53.3
3.6 2414.67  1717.71  1784.71 1735217 3979.61 3456.91 1845.81 1804.71 | 2521.21 9989.8" 9042 915.6 | 787.6 921.8  1229.4}
1.1 3791 33.31 33.67 30.67 64.67 49.51 45.57 38.41 21.2 66.67 8.6 32.41 | 30.01 37.91 40.11
6.2 1139.27 1080.8F 753.61 811.517 1741.31 1763.71 1083.51 1018.41 | 2003.31 7034.41 33.8 475.37 | 8350.8 659.97  590.41
4.6 36211.27 34666.17 32623.37 28013.17 57909.91 53445.27|4.2 29320.21 28745.17|59874.3T 99999.91 487.5 6014.27|4121.1 5711.87 6151.77
1.2 258.91 244.81 250.61  232.41  310.91t 351.71 233.87  240.51 | 397.27 1298.7t 9.8 78.9 80.2 180.41  154.71
2.5  439.57 513.87 320.97 399.91 617.31 586.771 452.57 462.31 812.21 2143.417 12.8 167.817 | 110.2 172.97 288.87
2.2 93.31 82.71 91.471 81.471 165.51  137.27 105.71 99.21 124.41  503.91 5.5 33.5 29.3 55.57 74.31
2.8 3227.41 3031.617 3133.21 3028.51 4988.71 4221.31 2030.27 2958.67 | 5536.87 18694.31 &89.7 352.31 | 280.2 328.1 388.81

Table 4.4: Clustering time consumption(sec.)
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4.3.2 Results for time series classification

In this section, we evaluate the relevance of the proposed estimated centroids and weights
in a classification context. Among many algorithms to classify temporal data, the k-nearest
neighbor with the DTW is performant. However, it is very time consuming as it needs to
compare time series query with all training samples. While the idea of data reduction to
mitigate this problem has a long history, classification based on nearest centroid could be
one solution. To do so, we propose to use k-nearest weighted centroid classifier based on the
above extended time warp measures (see Algorithm 6). Using generalized k-means-based
clustering within each class, one can obtain a small number of weighted centroids per class.

Algorithm 6 Nearest weighted centroid classification (X¢rqin, Y train, Xtest k)

: Input: Xirgin = {X1, ooy XNypain |
: Input: Yyqin = labels
: Input: Xiesr = {X1, s XN,os b
Input: k = class number
: Output: class labels for Vx € Xycst
for i: 1tok do
(ci,w;) = Centroid Estimation(Xy,qin|Ytrain == ¢) using Algo. 3, 4 or 5
end for
: for Vx; € Xyesr do
Classify x; by nearest weighted centroid using Eq. 3.10, 3.11 or 3.12
: end for

— = =

: Return class labels for Vx € Xyt

For the experiment, we here rely on the classification time consumption, presented in
Table 4.7, while the main contribution is to speed up temporal classification. To verify the
accuracy of the method, we have confidence in the classification error rate (see Table 4.5 and
4.6). The lower the error rate, the better the agreement is. Lastly, we consider a goodness
criteria which is the ratio of ”fastness” to ”accuracy”. For this, we define ”fastness” as the
normalized time consumption (so that all values are in (0,1)), and (1 - error rate) is the
"accuracy”. The lower value is the better classifier. Similar to the previous tables in clustering
section, results in bold correspond to the best values, while the statistically significantly
lower or higher ones (t-test at 5% risk) are represented by the down or up arrows, respectively.

Classification error rate

Based on the classification error rate displayed in Table 4.5, for k = 1, nearest neighbor
classification methods lead to the best results in overall (23 datasets out of 24), followed
by the proposed weighted centroid estimation methods. Using a small number of weighted
centroids per class obtained by generalized k-means based clustering within each class, we
can beat the nearest neighbor classifier. For example, for dataset BEEF, if we assume k=2
and we consider two weighted centroids per class, by generalized k-means based clustering,
we outperform all the nearest neighbors classifiers by error rate = 0.433. A second example,
for dataset OSULEAF, if we assume k=2, generalized k-means based clustering in each class,
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obtains two weighted centroids per class. Thus, the classification error rate using WDTW will
be 0.295, which outperforms all the other classifiers.

The experiments show that the proposed nearest weighted centroid classification methods
significantly outperform the alternative nearest centroid classification approaches. To validate
the claim, Table 4.6 presents all the nearest centroid classification error rate results. As one can
note, classification using WDTW yields the best classification error rate overall (19 datasets
out of 24), followed by WKprax.

To compare globally the different nearest centroid classification methods, as before, we
rely on MCA?. To do so, each method is described by a vector ("-", "+","++"), in which the
modalities "++", "+" and "-" indicate whether the classification error rate of a method on a
dataset is respectively highly greater, greater or lower than the mean error rate obtained for
that dataset over all the methods. Lower error rate indicated better classification. According
to the Figure 4.9, nearest centroid classification using PSA and NLAAF (to estimate the
centroid) have the higher error rates almost for all the datasets, as they yield the lowest
classification performances (corresponding to modality "++"). The group includes the the
proposed nearest weighted centroid classification approaches which yield the best performances
(corresponding to modality "-") almost for all datasets (23 datasets out of 24), followed by
nearest neighbor classification using DBA. We can in particular observe that nearest weighted
centroid classifier based on WDTW outperforms the other methods particularly on BME,
CONSSEASON, FISH, SYMBOLES, TRACE, and YOGA.

The blue arrow suggests a global ranking of the methods based on their performance on all
the datasets: it starts from upper left corner, that contains mainly datasets of modalities "-",
then goes through the lower left corner, containing mixed modalities ("-" and "+"), through
the lower right corner, containing mixed modalities ("+" and "++") , and finally ends in the
upper right corner, again containing mixed modalities ("+" and "++"). The projection of
the methods on the blue arrow suggest a global ranking: classification with nearest weighted
centroid using WDTW is the best method, followed by WKprak, DBA and WKgpTw and

finally followed by the rest.

9MCA function in the R package FactoMineR.



ADIAC

BEEF

BME

CAR

CBF

cc

COFFEE
CONSSEASON
ECG200
FACEFOUR
FISH
GUNPOINT
LIGHTINGZ2
LIGHTING7
MEDICALIMAGES
OLIVEOIL
OSULEAF
PLANE
SWEDISHLEAF
SYMBOLES
TRACE
TWOPATTERNS
UMD
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k-NN k-NN k-nearest centroid k-nearest
kernel (standard) NLAAF PSA CWRT DBA weighted centroid

RBF  kaptw kaprwe. kprak kprakse kaa  kraa ‘ Eq DTW DTWSC‘ DTW DTW DTW DTW ‘WDTW wkprak WKapTw
0.4941 0.404 0.404 0.425 0.425 0.407 0.396 | 0.389 0.404 0.404 |0.5671 0.52717 0.5197 0.5171|0.4657 0.4711 0.4967
0.467 0.500 0.500 0.500 0.467 0.500 0.467 | 0.467 0.500 0.500 | 0.600 0.533 0.600 0.567 | 0.533  0.600 0.600

0.1731 0.1401 0.007 0.127F 0.007 0.20017 0.027 |0.1731 0.1407 0.007 [ 0.3607T 0.3607 0.3607 0.3601|0.3337 0.3537 0.3607
0.317 0.283 0.267 0.267 0.233 0.200 0.267 | 0.267 0.283 0.233 | 0.5831 0.4671 0.4001 0.3677| 0.337 0.3831 0.4001
0.0971 0.011 0.011 0.013 0.012  0.18317 0.1527|0.1481 0.011 0.011 |0.1067 0.22017 0.0361 0.03671 |0.0311 0.0387 0.0331
0.1201 0.023 0.017 0.023 0.033  0.1777 0.0831|0.1207 0.023 0.017 |0.1131 0.3771 0.037 0.027 | 0.027 0.0871 0.1101
0.250 0.179 0.179 0.179 0.179 0.179 0.214 | 0.250 0.179 0.179 |0.4641 0.46417 0.4647T 0.4647 |0.4641T 0.4641 0.4641
0.022 0.1117 0.0721 0.0897 0.056 0.022 0.022|0.022 0.1111 0.0721|0.3507 0.3891 0.1721 0.13317| 0.022 0.2447 0.3111
0.120 0.2107 0.190  0.2207 0.160 0.110 0.100 | 0.120 0.21017 0.190 |0.2601 0.2607 0.2607T 0.2607 | 0.2607 0.2607 0.2607
0.080 0.1821 0.1821 0.148 0.125 0.102 0.080 | 0.2167 0.1821 0.1821|0.5111 0.2507 0.114 0.136 | 0.148 0.2617 0.2397
0.2171t 0.1771 0.171 0.166 0.160 0.103 0.1771|0.2171 0.17717 0.171 | 0.5031T 0.4571 0.3971 0.3497 | 0.3431 0.3857 0.3941
0.047 0.0937 0.0677 0.0871 0.0677 0.020 0.040 |0.0871T 0.0937 0.0677|0.3971 0.3871 0.3931 0.2867 | 0.2131 0.2071 0.2731
0.180 0.115 0.148 0.131 0.131 0.246 0.148 | 0.246 0.115 0.148 |0.3771 0.3771 0.377T 0.37717|0.3771 0.3771 0.3771
0.356  0.315 0.247 0.274 0.233 0.274 0.288 | 0.42517 0.315 0.247 [0.3997 0.3847 0.46517 0.4101|0.38317 0.4107 0.3841
0.3161 0.275 0.261 0.275 0.266  0.259 0.284 |0.3167 0.275 0.261 | 0.6117 0.5331 0.5757 0.5647 |0.5367 0.5637 0.4867
0.133 0.133 0.133 0.133 0.133 0.133 0.133|0.133 0.133 0.133 | 0.3671 0.4331 0.167 0.167 | 0.133 0.167 0.167

0.4677 0.4307 0.4217 0.368  0.343 0.306 0.4631 | 0.4831 0.4301 0.4211 | 0.7941 0.8421 0.6367 0.5211 |0.4981 0.6031  0.5071
0.029 0.000 0.000 0.000 0.000 0.009 0.009 |0.038T 0.000 0.000 |0.1521 0.1621 0.009 0.009 | 0.009 0.029 0.029

0.2061 0.2161  0.2031 0.2221 0.2117 0.2661 0.126 | 0.2111 0.2167 0.2031 [ 0.5507 0.5117 0.3171 0.3261|0.29617 0.3097 0.3111
0.0991 0.055 0.061 0.050 0.059 0.051 0.0991|0.1007 0.055 0.061 |0.1091 0.0841 0.063 0.054 | 0.044 0.067 0.072

0.2401 0.000 0.000 0.000 0.000 0.010 0.0401|0.2407 0.000 0.000 |0.0601 0.028 0.080T 0.020 | 0.000 0.025 0.0607
0.3557 0.000 0.0257 0.000 0.078" 0.010 0.1101|0.5321 0.000 0.0731 |0.0931 0.0901 0.0607 0.0701 |0.0607 0.0301  0.0607
0.1941t 0.1181F 0.014 0.1181F 0.014 0.035 0.042 |0.1947 0.1327 0.014 | 0.4467 0.4581 0.45117 0.4307 | 0.38617 0.3471" 0.3931
0.317  0.367 0.337 0.317 0.343 0.323 0.310| 0.317 0.367 0.337 |0.4301 0.5307 0.4837T 0.4671| 0.333  0.4001 0.4331

Table 4.5: Classification

error rate (k=1)
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Dim 2 (16.60%)

1.0

0.5

0.0

-0.5

k-nearest centroid k-nearest
NLAAF PSA CWRT DBA weighted centroid
DTW DTW DTW DTW ‘ WDTW wkprak WwWkapTw
ADIAC 0.5671 0.527 0.519 0.517 | 0.465 0.471 0.496
BEEF 0.600 0.533 0.600 0.567 | 0.533 0.600 0.600
BME 0.360 0.360 0.360 0.360 | 0.333 0.353 0.360
CAR 0.5831 0.467 0.400 0.367 | 0.337 0.383 0.400
CBF 0.1067 0.2207 0.036 0.036 | 0.031 0.038 0.033
cc 0.113 0.377 0.037 0.027 | 0.027 0.087 0.110
COFFEE 0.464 0.464 0.464 0.464 | 0.464 0.464 0.464
CONSSEASON 0.3507 0.3897 0.1727 0.1331 | 0.022  0.2447 0.3111
ECG200 0.260 0.260 0.260 0.260 | 0.260 0.260 0.260
FACEFOUR 0.51117 0.2507 0.114 0.136 | 0.148 0.2617 0.2397
FISH 0.5031 0.4571 0.397 0.349 | 0.343 0.385 0.394
GUNPOINT 0.3971 0.38717 0.393T 0.286 | 0.213 0.207 0.273
LIGHTING2 0.377 0.377 0.377 0.377 | 0.377 0.377 0.377
LIGHTING7 0.399 0.384 0.465 0.410 | 0.383 0.410 0.384
MEDICALIMAGES 0.6117 0.533 0.5751 0.56471 | 0.536 0.5637 0.486
OLIVEOIL 0.3671 0.43317 0.167 0.167 | 0.133 0.167 0.167
OSULEAF 0.7941 0.84217 0.636T 0.521 | 0.498 0.6037 0.507
PLANE 0.1521 0.1627 0.009 0.009 | 0.009 0.029 0.029
SWEDISHLEAF 0.550 0.511 0.317 0.326 | 0.296 0.309 0.311
SYMBOLES 0.10917 0.0841 0.063 0.054 | 0.044 0.067 0.0721
TRACE 0.060 0.028 0.0801 0.020 | 0.000 0.025 0.0607
TWOPATTERNS 0.0931 0.09017 0.0607 0.0701 | 0.0607 0.030 0.0601
UMD 0.446 0.458 0.451 0.430 | 0.386 0.347 0.393
YOGA 0.4307 0.53017 0.4837T 0.4677 | 0.333 0.400 0.4331

Table 4.6: Nearest centroid classification error rate (k=1)
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Figure 4.9: Global comparison of the nearest centroid classification error rate (k=1)
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Complexity and time considerations

Table 4.7 shows the time consumption for different classification methods. In time comparison,
we ignore the classification methods using k-NN with standard Gaussian kernel (RBF) and the
k-NN (with Euclidean). While these methods use Euclidean, they are not comparable with
the other methods under time warp. As one can note, the nearest centroid classifier using
CWRT and DBA are the fastes classification methods, similar to the proposed nearest weighted
centroid classification methods. The slight difference is related to the weight computation for
each centroid. Whereas we significantly improve the accuracy in the proposed nearest weighted
centroid classifiers, one can ignore this non-significant difference in run time. As we mentioned
before, the main drawback of NLAAF and PSA averaging methods lie in the growth of their
resulting lengths. While nearest centroid classification methods normally should be faster
than the nearest neighbor ones, the nearest centroid classifiers using NLAAF or PSA are
highly time-consuming (particulary for large datasets), because of the progressive increase of
the centroid length during the pairwise combination process.

Figure 4.10 shows the multiple correspondence analysis of classification time consumption
to compare globally the classification time consumption of different methods. The first group
is defined by the k-NN standard Gaussian kernel (RBF) and k-NN (with Euclidean), followed
by the nearest neighbor classifiers using CWRT, DBA, WDTW, WKprak and WKgprw. As
you can see in the figure 4.10, k-NN using kernel xprtak,, is next in ranking based on the
time consumption, followed by kTga, k-NN using DTW,. and kernel kgprw,,. The third
group is contains the k-nearest neighbor classifiers using DTW and kernels. The last group,
the classification approaches which use centroid estimation with NLAAF and PSA yield the
lowest performances.
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Figure 4.10: Global comparison of the classification Time consumption (k=1)
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k-NN k-NN k-nearest centroid k-nearest
kernel (standard) NLAAF PSA CWRT DBA weighted centroid

RBF kaptw kaptwse KDTAK KDTAKC kaa kraa ‘ Eq DTW DTWSC‘ DTW DTW DTW DTW | WDTW WwWKkprax wKkaprw
ADIAC 1.43 554.81 449.81 358.67 303.317 547.67 354.81|0.23 581.417 425.17| 231.21 246.57 133.1 131.2| 142.8 144.7 147.9
BEEF 0.05 28.3T 21.9 23.71 13.4 29.57 22.9 [0.09 26.87" 21.4 79.21 88.271 13.8 13.9 15.0 15.4 16.1
BME 0.09  9.2¢ 7.07 6.27 4.57 8.17 6.07 [0.09 8.97 6.97 10.871 12.77 3.3 3.3 3.4 3.5 3.5
CAR 0.12  156.67 136.41  134.97 77.21 188.217 135.71]0.03 161.17 129.47 | 912.31 1049.81 44.9 44.7 45.9 46.0 47.2
CBF 0.54  64.11 46.77 43.67 31.81 49.81 39.71 | 0.31  55.7T  45.57 50.417 55.37 14.8 14.9 15.0 15.2 15.3
cc 0.24  51.17 37.57 41.17 29.27 46.81 33.27 | 0.11  45.87 38.87 9.71 11.67 2.4 2.4 2.6 2.7 2.7
COFFEE 0.02  8.471 6.07 5.27 3.11 7.27 6.91 |0.01  &8.17 6.91 8.27 7.9 0.7 0.7 0.7 0.8 0.9
CONSSEASON 0.17  82.37 78.97 58.67 36.57 79.91 54.37 [0.06 81.41 61.57 358.71 378.97 2.2 2.2 2.4 2.5 2.5
ECG200 0.07 12.57 8.91 9.7 5.91 11.87 791 10.03 11.57 8.87 9.471 10.41 0.2 0.2 0.2 0.2 0.2
FACEFOUR 0.06  35.87 25.37 22.41 13.2 40.91 23.91 | 0.02 33.07 24.71 49.87 54.07 15.6 15.7 16.9 17.1 17.2
FISH 0.72 898.41  786.21 584.9T 362.71 955.17 710.71]0.09 865.117 664.117| 1022.27 1107.8% 106.7 106.8 | 107.4 107.9 108.0
GUNPOINT 0.10  20.91 16.31 153t  11.61  27.3% 16.71 |0.04 2041 1587 | 39.3¢ 41.2¢ 22 2.1 2.2 2.3 2.3
LIGHTING2 0.14 228.471 187.617 191.81 108.8T 297.21 161.67|0.03 225.11 174.21| 7682.4T 9666.57 11.2 11.3 12.6 12.7 12.8
LIGHTINGT 0.11  68.17 50.27 50.91 38.81 76.81  42.71 [ 0.03 70.4T  49.87 | 132.27 155.67 16.9 16.9 | 17.2 17.8 17.7
MEDICALIMAGES 1.4 380.87 277.67 28251 197.91 448.91 250.21|0.31 375.11 271.41| 853.27 959.87 20.8 20.7 | 21.6  22.0 22.2
OLIVEOIL 0.04 47.37 37.97 32.27 20.2 45.81  32.71 | 0.01  45.27 32.07 26.2 29.37 16.2 16.2 16.4 16.5 16.5
OSULEAF 1.03 1318.3% 894.71 775.87 563.37 1244.97 845.21|0.14 1238.87 877.67 | 10877.37 20858.41 106.2 107.7 | 110.1  111.5 111.8
PLANE 0.12  37.57 21.97 29.21 22.11 37.01 27.41 |0.03 27.67 19.21 8.67 8.57 4.7 4.7 4.8 4.9 5.0
SWEDISHLEAF 1.93 687.91  496.71 470.71 293.27 737.67 487.417|0.28 640.21 503.41| 255.71 27221 409 40.8 | 41.6 41.7 41.8
SYMBOLES 0.76  581.41 411.91 328.87 292.317 590.617 420.31|0.25 555.01 410.27| 714.01 880.61 256.1 256.3 | 258.4 262.1 264.7
TRACE 0.13  94.471 72.27 74.41 50.27 95.41  61.81 | 0.04 101.21 77.87 202.31 283.97 10.3 10.3 10.4 10.5 10.5
TwopATTERNS  0.38 89.2%  63.41  67.8% 43.61 106.11 57.91 |0.13 84.2% 61.41 | 48.1¢ 4121 7.6 7.7 7.9 8.0 8.1
UMD 0.12 1517 10.87 9.87 6.27 12.67 9.21 |0.04 14.37 10.81 12.31 13.91 2.8 2.8 3.0 3.0 3.0
YOGA 0.27 196.67  161.517 137.47  95.91 224.61 158.27|0.08 230.917 168.21 | 285.91 37771 33.6 33.4 | 359 36.9 36.5

Table 4.7: Classification time consumption (k=1)
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Classification goodness criteria

Lastly, for a global comparison considering both classification error rate and run time index,
we define here a goodness criteria as a ratio of ”fastness” to "accuracy”. The ”fastness”
(normalized time consumption), should be lower and the ”accuracy” (1 - error rate), should

be higher.

fastness
CLASSIFICATION GOODNESS = ——
accuracy

normalized run time

1 — error rate

Table 4.8 presents the classification average ranking on different methods, according to
the defined goodness criteria. Note that, we ignore the k-NN classification based on Euclidean
and kernel RBF, whereas they are not comparable with the classification methods which
use time warp measures. The best performance belongs to the proposed nearest weighted
centroid classifier with WDTW with the average rank of 1.81, followed by the nearest centroid
classifier using using DBA, with the average rank of 2.48, followed by the nearest weighted
centroid classifier using WKprakx. The classifiers which use nearest centroid with NLAAF
or PSA, and nearest neighbor using kernels kgprw or kga yield the lowest performances
according to the global average ranking.

k-nearest centroid k-nearest

k-nearest neighbor k-NN
NLAAF PSA CWRT DBA weighted centroid

kernel standard

kGDTW kGDTWSC kDTAK kDTAKSC kGA kTGA‘ DTW DTWSC‘ DTW DTW DTW DTW‘WDTW WkDTAK WkGDTW

12.83 9.48 8.58 5.70 12.70 8.67 ‘11.99 8.69 [12.46 12.92 3.43 2.48[ 1.81 3.35 4.18

Table 4.8: Classification average ranking (k=1)

4.3.3 A closer look at the centroids

We finally visualize here some of the centroids obtained by the different methods and compare
their shape to the one of the time series they represent. Figures 4.14 to 4.19 display the
centroids obtained by the different methods. The first line shows some randomly selected
time series of the averaged sets, the second line the centroids provided by the alternative
methods and the last line the centroids obtained by WDTW, WKprak and WKgprw. Finally,
the estimated weights are shown below the corresponding centroids. To assess the weights
obtained, we rely on the following observation: a uniform weight distribution is expected for
time series that behave similarly within classes, as the centroid’s elements are equivalently
shared within the class, whereas a non-uniform distribution is awaited for time series that
behave differently within classes, as higher weights are assigned to shared centroid’s elements.
Thus, it is possible to assess the relevance of the estimated weights by examining in which
cases their distribution is uniform, and in which cases it is not. To do so, we perform for each
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times series collection a X2-test (at 5% risk) measuring the distance between the estimated
weights and a uniform model. A uniform weights distribution is accepted for a p-value greater
than 0.05 (e.g. cc-"Cyclic"), otherwise rejected (e.g. uMD-"Down").

As one can note, for standard datasets, almost all the approaches succeed in obtaining
centroids more or less similar to the initial time series (given at the first line). For instance,
in Figures 4.15 for the classes "Cyclic" of the cC dataset. However, we observe generally
less representative centroids for NLAAF and PSA with a drastically large centroid’s length of
about 10% elements vs. 102 for the other methods. For UMD data, Figure 4.16 shows that the
WDTW, WKprak and WKagprw provide the most representative centroid with the highest
weights successfully assigned to the begin and end regions that characterize the UMD dataset.

To have a closer look at the ability of the proposed method in centroid estimation, here we
justify our claim on two complex and completely noisy datasets. The SPIRAL data, proposed in
[ZT09], consists of 3-D spatio-temporal time series (2-D spatial and 1-D temporal) generated
from latent time series:

[ Ul z+bal)Mm;
- T

X; ¢ € R?)*ni

e;

where the canonical time series z € R* is a curve in two dimensions (z,y). U; € R**2? and
b; € R? are randomly generated projection matrix and translation vector respectively. The
binary matrix M; € {0, 1}"*™ is generated by randomly choosing n; < I columns from I; for
temporal distortion. The spatial dimension e; € R™ is generated with zero-mean Gaussian
noise. The latent time series z and three sample generated time series are visualized in Figure
4.11.

N R 'x\ . ~ ‘ //\/\)\\)

L ( (/ ///‘ \) Xa vi:»\\ \:
\ ) e e

P

z ~— \ A

Figure 4.11: Latent curve z and three induced instances x1, X2, x3 without noise (left), and with noise
e; (right) - SPIRAL dataset

SPIRAL2 extends SPIRAL data to more challenging time series that are highly noisy and
globally behave differently while sharing a 3 dimensional latent time series that may appear
randomly at different time stamps. The latent time series z and three generated time series
are visualized in Figure 4.12. Figure 4.13 shows the progression of their x,y and e dimensions
over time.
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Figure 4.12: Latent curve z and three induced instances Xi,Xs,x3 sharing local characteristics for
the SPIRAL2 dataset
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Figure 4.13: SPIRAL2: Progression of the 2-D spatial coordinates (x,y) and the noise dimension e
over time for the SPIRAL2 dataset

According to Figure 4.17, on SPIRAL data, only WDTW, WKprax and WKapTw succeed
in estimating centroids with an exact spiral shape, as well as providing an effective uniform
weighting, as SPIRAL relies on time series of a similar global behavior. For the more complex
SPIRAL2 collection, Figure 4.18 shows the ability of the proposed methods (WDTW, WKprak
and WKgprw), to circumvent the noise problem and to reveal the locally shared signature.
For example, in Figure 4.19, we can see clearly for the dimension = of SPIRAL2 that (a) the
initial hidden signature is well revealed by the estimated centroids, (b) the noise is removed,
and (c) the corresponding region is highly weighted as expected.
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Figure 4.14: cBF-"Funnel" centroids: (a) Initial time series, (b) NLAAF, (c) PSA, (d) CWRT, (e)
DBA, (f) WDTW, (g) WKprak, (h) WKaprw
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Figure 4.15: cc-"Cyclic" centroids: (a) Initial time series, (b) NLAAF, (c) PSA, (d) CWRT, (e)
DBA, (f) WDTW, (g) WKDTAKy (h) WKGDTW
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Figure 4.16: uMD-"Down" centroids: (a) Initial time series, (b) NLAAF, (¢) PSA, (d) CWRT, (e)
DBA, (f) WDTW, (g) WKprak, (h) WKaprw
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Figure 4.17: SPIRAL centroids: (a) Initial time series, (b) NLAAF, (c) PSA, (d) CWRT, (e) DBA,
(f) WDTW, (g) WKprak, (h) WKeprw
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Figure 4.18: SPIRAL2 centroids: (a) Initial time series, (b) NLAAF, (c¢) PSA, (d) CWRT, (e) DBA,
(f) WDTW, (g) WKprak, (h) WKeprw
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Figure 4.19: SPIRAL2-X centroids: (a) Initial time series, (b) NLAAF, (c) PSA, (d) CWRT, (e) DBA,
(f) WDTW, (g) WKprak, (h) WKeprw
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Figures 4.20 and 4.21 complete these results and show the progressive estimation of the
centroid and weights through the first iterations of WDTW and WKprak, respectively. These
figures show the ability of the proposed methods to remove the noise and to capture the shared
signature fastly during the first few iterations of the estimation process. The first row shows
the initial centroid (left) and the initial weights (right), which are from uniform distribution.
Each row shows one iteration, and finally, the last row, represents the estimated centroid and
its weight vector.
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Figure 4.20: SPIRAL2-X centroids: centroid (left) and weight (right) estimation through the first
iterations of WDTW



4.4. Discussion 89

001 T T T T T

0005 71

0 50 100 150 200 250 300

0.01

0.005

0 50 100 150 200 250 300

0.01 T T T
" m L
e s

1 1 1 1
0 bl 100 180 200 250 300

0.01

0.005

| | 1 1
0 a0 100 160 200 250 300

0.01
0.005
0 1 L Il 1 1
0 50 100 150 200 250 300
0.01 T T T
| H {
0 1 Il Il 1 1
0 50 100 150 200 250 300
0.0 T T T
0.005 || \:
U 1 | | 1 1
0 50 100 150 200 250 300
0.01 T T T
L] JJ_N—U_HLJ“
[
| 1 1 1 | 0 1 | | 1 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Figure 4.21: SPIRAL2-X centroids: centroid (left) and weight (right) estimation through the first
iterations of WKprak

4.4 Discussion

From Table 4.3, we can see that the generalized k-means clustering leads to the highest Rand
indexes, where the best scores (indicated in bold) are reached by WDTW for almost all
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datasets. To have a global view of clustering results, Figure 4.22 shows the average Rand
index values of all datasets, for each clustering method. The black color illustrates the best
and white color presents the worst one. From Table 4.4, the results reveal WDTW the fastest
methods under time warp and k-means using PSA the slowest one. The Generalized k-means
using WKprak and WKgprw appears slightly slower that WDTW; this is due to the gradient
ascent research part used in the former.

r-) r=

Kk-means k-med k-means Gk-means

Figure 4.22: Comparison of average Rand index values

To evaluate the relevance of the estimated weights, we performed a X%-test!? (at 5% risk,
the significance level of the hypothesis test) measuring the distance between the estimated
weights and a uniform model. The p-value is the probability of observing a test statistic
more extreme than the observed value under the null hypothesis. Table 4.9 allows one to
corroborate the characteristics of some sample datasets for WDTW, WKprak and WKagprw:
the uniform hypothesis is accepted for all standard datasets as well as for SPIRAL dataset
(i.e. on all the datasets in which time series behave similarly within the classes) as p-values
are greater than 0.05, and strongly rejected for the complex datasets like BME, UMD and
SPIRAL2, in which time series behave differently with in the classes, as p-values are lower
than 0.05.

Regarding the classification results (Table 4.8), for all datasets, the highest classification
goodness scores are obtained by a nearest centroid classifier using WDTW, followed by DBA
and WKDTAK~

10chi2gof function in Matlab 2015b, which returns the p-value of the hypothesis test
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p-values
WDTW WKDTAK WKGDTW
BME ~ 0.00 ~ 0.00 ~ 0.00
CBF 1 1 1
cc 1 1 1
UMD ~ 0.00 ~ 0.00 ~ 0.00
SPIRAL 1 1 1
SPIRALZ2 ~ 0.00 ~ 0.00 ~ 0.00

Table 4.9: p-value (X?-test: uniformity distribution test)

Lastly, the qualitative evaluations (Figures 4.14 to 4.19, consisting in the visualization
and comparison of the centroids obtained by different methods) show the effectiveness of
the proposed approaches to provide accurate time series averaging for standard and complex
datasets.






Conclusion and perspectives

The DTW and kernel-DTW are among the most frequently used metrics for time series in
several domains as signal processing, data mining or machine learning. However, for clustering
time series, approaches are generally limited to the k-medoids or kernel k-means to circumvent
centroid estimation under DTW and the tricky multiple temporal alignment problem. This
work introduces a generalized k-means-based clustering algorithm for temporal data under
extended time warp measures. For this, we propose i) an extension of the common time
warp measures and ii) an accurate, fast and efficient solution to the problem of time series
averaging, under the extended time warp measures, that captures local temporal features.
Additionally, we introduce an extension of time series averaging to kernel-DTW metric as it
constitutes a crucial metric for many kernel approaches; Yields a fast method to compute
the centroid of time series. Accordingly, we generalize the averaging problem to time series
of distinct behaviors that share local characteristics by estimating a weight vector, through
several warping function. The integration of a weight vector permits us to weigh time stamps
differently and indicate the importance of each time stamp. Lastly, we use the proposed
centroid estimation and generalized k-means clustering approach in the classification context.
In this way, to speed up the nearest neighbor classification, we suggest a fast accurate nearest
weighted centroid classifier.

The efficiency of the proposed centroid estimation solution for classification and clustering
algorithms is analyzed on a wide range of public standard and challenging datasets, which are
non-spherical, non-well-isolated and (/or) linearly non-separable. The experimental validation
is based on standard datasets in which time series share similar behaviors within classes, as
well as on more complex datasets exhibiting time series that share only local characteristics,
that are multidimensional and noisy.

The approaches are compared through several criteria. For quantitative evaluation, we
consider a Rand index, a goodness clustering criterion, and the space and time requirements,
as well as the classification error rate as a classification goodness. On the other hand, the
qualitative one consists in the visualization and comparison of the centroids obtained by
different methods, and the relevance of the weights estimated. In addition, we propose here
to investigate the performance of the different methods on the different datasets through
a multiple correspondence analysis that highlights the relationships between the methods
and the datasets, indicates which method performs well or badly on which datasets, and
suggests a global ranking of the different methods. Both the quantitative evaluation and the
qualitative one demonstrate the effectiveness of the proposed approaches to being faster and
more accurate, which outperform the other methods, in the context of averaging, classification
and clustering.

93
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In particular, the approaches introduced in this study have the following characteristics:

e The centroids obtained are more representative of the set, than the centroids obtained
by other methods;

e The weights associated to the centroids reflect the elements that are shared locally in a
set of time series;

e The estimated centroids yield better clusters in the k-means-based clustering than the
centroids obtained by other methods;

e The time and space requirements are lower in comparison with the time and space
requirements of other methods.

Perspectives

Explore new temporal metrics and warping functions In this thesis, we focus on four
temporal metrics: the dynamic time warping, the dynamic temporal alignment kernel, the
Gaussian dynamic time warping and the global alignment kernel. It could be interesting
to integrate other temporal metrics as well as different warping functions in our proposed
framework to improve the results, specially for very challenging datasets. In this work, we
consider only two different warping functions for each temporal metric. Even we are globally
best method than the rest, one can explore more warping function, specially for challenging
and noisy datasets with low values of Rand index.

Furthermore, in the context of time complexity, although we obtain the best run time in
comparison with the alternatives, but still one can investigate for new warping functions, which
leads to a suitable and closed-form solution, to circumvent the gradient-based optimization
process in weight estimation steps and in result decrease the time consumption.

Lastly, the generalized k-means-based clustering on the WKprax and WKapTw suggests
a new promising alternative approach to kernel k-means, that encourages to deepen this issue
for further temporal kernels and pre-image problem in future works.

Faster clustering/classification process by temporal segmentation For several large
and challenging datasets as CHARACTER TRAJECTORIES!!, using the proposed weight and
centroid estimation approach, one can simply distinguish the patterns of interest. Figure 4.23
shows the obtained segments of interest for some sample classes of CHARACTER TRAJECTORIES
data. Pink color shows the segment of interest (instances with higher weights) for each sample
character.

In this case, a second development is to decrease time and space complexities using a
temporal segmentation of time series. The idea is to localize segments of interest, according

1UCI Machine Learning Repository
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Figure 4.23: Three samples classes of CHARACTER TRAJECTORIES-"e", "o" and "p": the ground truth

(top), the segments of interest (down)

to the estimated weight vector. By considering these segments, instead of whole time series,
one can improve the time and space complexity in the context of comparison.

Study the potential of this thesis in other machine learning algorithms The next
advancement will be evaluating the extended temporal measures in other algorithms. In
this work, we studied time series averaging under time warp for clustering and classification.
The next step is to evaluate them in an other classifier such as a decision tree or a support
vector machine or extension of the proposed weighted temporal measures in the fuzzy c-means
clustering (i.e. soft clustering) context, while in some application (e.g. bio-informatics, image
analysis or marketing) each data point can belong to more than one cluster.

Other propositions to define the combined metric In this thesis, for each proposition, we
considered only one single metric (e.g. WDTW) to compare time series. The idea of combined
metrics can also be the other proposition to gain better results for some multidimensional
challenging data sets. Investigate the combination of some behavior-based with value-based
metrics, to deal with different dimension of data can be an interesting suggestion for future
works.






APPENDIX A

Proof of Theorems 3.1 and 3.2

Let us first recall Theorem 3.1.

Theorem 3.1 Let f : [0,1] — R be the non-increasing function used in g, and let ¢ : RxR —
R be the positive, real-valued function used in g. Let us furthermore define:
CmmMM:WGPULWGMRZ?ﬁHWH 0

Condition 2: V(¢ ) € R?,Vx € R, Z;O:Q k,) 8k8((jf )

>0

Then:

If Condition 1 holds, then g(w/ ¢, IT*) is pseudo-convex;
If Condition 2 holds, then g(c/w,IT*) is pseudo-convex.

Proof: g(w/c,IT*) is pseudo-convex iff:
Vw,w Vg(w/c,IT*) (W —w) >0 = g(w'/c,II*) > g(w/c,IT*)

Let

A(X, ¢, IT*, ) Z:* > el )
ex

Il (' t)ems

where IT* is the set of all known (and fixed) alignments for the time series x in X. As only
positive quantities are involved, A(X, c,IT*, ¢t) > 0. We have:

() glw/e, TT") = S 3 fwptere)
xeX Tx (' t)ers

dg(wr /e, TT") _

(i) f/(wt> A(X, ¢, IT", ¢),

Ow,
T
(i) Vg(w/e, )W —w) = f'(w)(w] —w) AX, ¢, 1T, ¢),
t;l
(iv) g(w'/e,T1) = g(w/c,T1") = Y (f(w}) — f(we)) AX, ¢, TT%,1)
t=1
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A Taylor expansion yields:

flwp) = f(we) + (wy — )+ Z (k)(wt)
k=2
Thus, if
— (wp —w)*
kZQ o [P w) >0
then
flwt) — flwe) = (wp — w) f'(wr)
and: .
Z(f(wé) - f(wt))'A(X7 C, H*7 t) > Z f,(wt)(wg - wt)A(Xv c, H*v t)
t=1 t=1
that is:

g(w'/e, IT") — g(w/c, 1) > Vg(w/c, IT") (W' — w)

Thus, if Vg(w/c,IT*)(w' — w) > 0, then g(w'/c,II*) > g(w/c,II*), which proves the
implication from Condition 1.[J

Proof: g(c/w,II*) is pseudo-convex iff:
Ve, Vy(e/w,IT*) (¢ —¢) >0 = g(c'/w,ITI*) > g(c/w,II")

Let

B(X,w,II*, t) Z| a Z fwy)
X(t/ *

xeX

where IT* is the set of all known (and fixed) alignments for the time series x in X. As only
positive quantities are involved, B(X, w,II*,¢) > 0. We have:

(i) gle/w,TT") = S =l Z Fw)p (e, cr),
xeX Tx tyems

y dg(ct/w, IT*) _ 890(3%',01&) *

<11) act - 8675 B(X,W,H 7t)a

PEL) (1 ) B, w0 1),
Ct

N

(iii) Vyg(c/w,IT*)(c' — c) =

#
Il
—

(p(xy, ch) — p(xy,cr)) B(X, w, IT*, t)

N

(iv) g(c'/w,IT*) = g(c/w,IT") =

I
A
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A Taylor expansion yields:

/ / $t/ Ct o0 . Ct 8k (.Tt/ Ct)
()O(xtla ct) == @(mt/7 Ct) + (Ct — Ct + Z 8kc
k=2 t
Thus, if
i C —Ct k gk (a:t/ ct) >0
8kCt
k=2
then
a Ty, C
‘P(:l?t/,CQ) —o(zy, ) > (C; — Ct)@(att)
Ct
and:
T . T xt, Ct)
Z I’t/ Ct («73'1517 Ct))B(X, W, H Z _ Ct op Ty, ¢t )

=1 =1 Ct

that is:
g(c'/w,II") — g(c/w,II*) > Vg(c/w,IT*)(c’ - c)

B(X,w,II", t)

Thus, if Vg(c/w,IT*)(c’ — ¢) > 0, then g(c’/w,II*) > g(c/w,II*), which proves the

implication from Condition 2.[]

The proof for Theorem 3.2 directly parallels the ones above, the only difference being in

the sign of the inequalities manipulated.






APPENDIX B

Proof of Solutions 3.15 and 3.16

We present here the proofs for proposed WDTW solutions 3.15 and 3.16. Let us first recall

that:
Z e Z f(we) p(ay, cr)

xeX

with:
™% a>0
e a>0

)=

and ¢ the Euclidean distance.

Given w = (wy, ..., wr) and IT* = {7 /x € X}, the function defined in Eq. 3.14 is convex
in ¢ and the centroid ¢ that minimizes the sum of cluster dissimilarities is obtained by solving
the partial derivative equation, V¢, 1 <t < T

Z‘x‘ Z Ty

X
o = = (B.1)

Z\Ntx

where 7% denotes the optimal alignment for x € X and |N(¢,x)| = {t' / (¥',t) € 7%} denotes
the number of time instants of x aligned to time t of c.

Proof: As ¢ satisfies Condition 2 of Theorem 3.1, the Karush-Kuhn-Tucker conditions are
satisfied and the solution to the minimization problem above is obtained by solving:

dg(c/w,IT¥)

Oc =0

Thus

C/WH Z Z Ct—ajt/):()
X =

(t’
then

> g, (emm =

xeX
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which leads to:

> g 2

xeX

Z| g2

xeX (t't)yemwk
and to Eq.B.1. O
The solution for weight estimation of WDTW is obtained by equating the partial derivative

of the Lagrangian of g(w/c,IT*), subject to Zthl wy = 1 and wy > 0, V¢, with respect to w
to 0 and solving for w, Vt, 1 <t <T:

for f(z) =2~
Atl+o¢

> At

t=1
for f(x) = e

1 A 1
wy = —log | — L + = (B.3)
(H At)l/T
t=1

with

=2

Z (xy — )’

Proof: As f satisfies Condition 1 of Theorem 3.1 and the constraints are pseudo-convex, the
Karush-Kuhn-Tucker conditions are satisfied. The Lagrangian of the above problem is defined

as:
T

L= Z‘ 5 Z fwy) xt/,ct)+)\(172wt)

xeX (t,t"Yemsk t=1

and the solution to the above problem is obtained by solving:

OL

—— =0
8wt

For f(x) = ™ with a > 0, one gets:
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then

which leads to:
ol/(e+1)

(_)\)1/&+1 (At)l/(oé+l)

Wt =

Summing over ¢ and equating to 1 (the constraint) yields:

T al/(a+1)
Z Z . )1/(a+1) -1
P o )Y +1
S0,
T 0%
> (Aot aflerd) |
=1 t (=A)Vert
thus
T
Z 1/(a+1) a+1
t=1
and finally:
aE
we T
ZAtH-a
t=1
O

For the case f(z) = 6_0“;

awt Z % |7 x| > —ae ™ p(mp ) — A =0

' tyem:
then _x
e(—awt) oA
which leads to: Y
Wy = TalOg(rAt) (B.4)

subject to Z;‘FZI wy = 1:
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1 < A
— 3 —1
= _a; og(_aAt)

T
1
- — Zlog)\—log(—aAt) =1
t=1

T
= T.log A — Zlog(—a Ay) = —«
t=1

T
:T.logAzZlog(—aAt)—a

t=1

T
= T.log\ =T.log (—a) + ZlogAt -«
t=1
thus

T
Z log A4
t=1

o
log A = log (— —_ = B.5
og A = log (—a) + =L — — 2 (.5)

From Eq. B.4, we have:
Wt

= —[log A —log (—a Ay)]

and considering Eq. B.5:

T
1 o
wy=— || log(—a) + = E log A; — > — (log (=) +log Ay)
@ [( = T

T
1 o
S w=— | = E log Ay — — — log A
—a | T pt T
T
1 1 1
=— |log Ay — = E log A¢| + =
o T p T
and finally
1 A 1
wy = —log 7 ! + =
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Note that, the weight w; > 0 of the element ¢ of ¢ that ensures the inertia minimization
is defined as the proportion of the divergence induced by the elements t' of the series x € X
aligned to ¢. OJ






APPENDIX C

Proof of Solutions 3.18 and 3.19

We present here the proof for proposed solutions 3.18 and 3.19. Let us first recall that:

Z Z fwt l‘zt/ Ct)

x6X| X|

with:

x® a<l
J(w) = { log(az) a>0

and x the Gaussian kernel:

(- lIx—c|?

k(z,c) =€ 22 )

(z and ¢ are two real numbers).
Given w = (wy, ..., wr) and IT* = {w} /x € X}, for the centroid c:

OL ()
C§p+1) (p) + Tl( P) - and n(p+1) _ L(U(O) —1)
Ocy D
with
Ty —¢p) (Lw—e?
8ct Z|\wat07( =7 ) (C.1)
*w H)ETL
Proof:
(x,7—ct)
C/W H* Z’ ‘ Z f’l,Ut t2g—t )
Ogk(c/w,II") 1 2(xpy — ) (*M)
ST e T S T
xeX (¢ t)emy
So,

Jgy(c 7]:[* 1 = ,M
gk (c/w ) _ Z Z Flwy) (‘rto_2 ct) A

30,5
xeX

X
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Appendix C. Proof of Solutions 3.18 and 3.19

Given ¢ = (ey,...,cr) and IT* = {7} /x € X}, the weight vector w that maximizes the sum of
intra-cluster similarities g, (c, w, II*), subject to Z;‘FZI wy = 1 and wy > 0, Vt, is defined by:

for f(z) = z%

for f(z) = log (ax);

with

1
Alfa
Wy = T t ) (02)
ZAtlfa
t=1
wy = As (C.3)

(- (0 —cp)? )

1
AP PR IP VI

xeX (t'tyemsk

Proof: As f satisfies Condition 3 of Theorem 3.2 and the constraints are pseudo-concave, the

Karush-Kuhn-Tucker conditions are satisfied. The Lagrangian of the above problem is defined

as:

T

L= Z |73 Z flwe) Kz, c) + A1 — Zwt)

*
xeX I (ttens t=1

and the solution to the above problem is obtained by solving % = 0.

For f(z) =2 (0 <a <1):

and

oL a—1

a—1 A

1 _1
ail—a Atlfa

1
>\ l—«

Wt =

(C.4)

Summing over ¢ and equating to 1 (the constraint) leads to:

T 1

Zal_laAtl_a:l

_1
=1 )\lfa



109

and

From Eq. C.4 and replacing the value for A in the previous Eq. C.5, we have:

and finally yields Eq. C.2:

0O

For f(x) = log (ax) (o > 0):

S0,

subject to Z;le wy = 1:

and

11—«

we

T
=

1
l—a
1

Al—a =

1

1 _1
ail—a Atl—a

1
AT =1
1

r 1
) — a(ﬁ) ZAlEl*a)
t=1

I
Q(E)ZAtl—a
t=1

From Eq. C.6 and C.7, one can easily obtain Eq. C.3:

Ay
T

>4

t=1

Wy =

(C.5)

(C.6)
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Proof of Solutions 3.21 and 3.22

Let us first recall that:

with:

Given w =

with

Proof:

N

gr(c,w) = Z WKgpTw (X3, (€, W))
i=1

Ze:z:p|:)\ |1 Z Flwn) (@ — cr)?

xeX X| @,

A(w,c)

™ a>0
e a>0

)= {

(w1, ...,wr) and IT* = {7} /x € X}, for the centroid c:

CEP‘H) _ CEP) + 7@ 1)

and n+1) = T (n© = 1)

oL
(p)

¢y

(D.1)

8Ct -5 |:Z |7x| ( Z f(we) (e l’t//)) . A(w,c)

t"eT,(t" t)emsk

gr(c/w, IT%) Z exp _Tl 1* Z fwe) (zp — )

xeX |7TX| (t't)yem:
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> /\_;* Yo fw) 2 (er— )| exp <_1 F(c))

xeX | X|

A
t"eT,(t" t)ers
So,:
IT -2 1
t xeX "X t"eT,(t" t)emy
O

The solution for the weights vector w, is obtained by equating the partial derivative of
the Lagrangian of g, (c/w, IT*) with respect to w to 0 and solving for w:

0Ly (»)
wPt) = @ 4 @) - and ") = DO = 1)
Ocy p
with
0Ly o _(a41) 1 2
oSS Y e el Awe| D2)
awt A x€X ‘ﬂ-x‘ t"ET,(t”,t)Eﬂ';

for f(z) =2~%, and

aLw « (—awt)
= _ ¢
awt A xeX

for f(z) =e 2"

1
ke

(D.3)

Z (.’Et// — Ct)2 . A(W, C)
t"eT,(t" t)ens

Proof:
-1 1
ge(w/c,II") = Z TP\ W Z fwr) (xp — cr)?
x€X X ent
A(w,c)
for f(z) = o~

agk(W/C, H*) O —(a+l) 1 2
= om a ™ 2 Tl >, aw—a)]. Aw.e)

xeX x t"eT,(t" t)ems
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and for f(z) = e *":

Igr(w/e, IT") o (Lo, 1 9
8—W = X e Z W Z (.fCtN Ct) . A(W, C)
xeX x t"eT. )ET

?(tll7t






APPENDIX E

Proofs for the Case of WKz

Let us first recall Theorem 3.2.

Theorem 3.2 Let f : [0,1] — R be the non-decreasing function used in g, let  be the
positive definite symmetric kernel used in g, and let Conditions 8 and 4 be defined as:

Condition 3: Va € [-1,1], Vz € [0,1], E?Q%fk()

0
Condition 4: V(c,d) e RZVz e R, > 70, G !C) dkaik 9 <

Then:

If Condition 3 holds, then g.(w/c,II*) is pseudo-concave;
If Condition 4 holds, then g.(c/w,II*) is pseudo-concave.

Proof: g(w/c,IT*) is pseudo-concave iff:

Vw,w Vg(w/c,IT*) (W —w) <0 = g(w'/c,IT*) < g(w/c,IT¥)

Let
gr(c,w) = Z WKga (X, (¢, W))
xeX
“Z|S T st e
xeX [weA (¢,
We have:

@) awe)=> > I flw)kze,c)

xeX [meA (t't)enm

(i) agkaz? Z Z gulc,w, X, m) . n(m,t) f!(wy)

xeX mweA

115



116 Appendix E. Proofs for the Case of WK

= f'(wr) Z Z ge(c,w, X, m) . n(m,t)

(iv)  gr(W'lc) — g(wlc)

Z{Z H flwy) k(zy, Ct]Z|:Z H flwe) k mt/,ct)]

xeX [mweA (¢, xeX [mweA (¢,

Z Z H flwy) k(ze,cr) H f(wy) xt/,ct)]

xeX meA |:t t)em (' t)em

where,

Thus
T T
|:wa75 (m.t) Hkxt,ct —Hf Hkxt,ct]
xE weA [t=1 t’eﬂ- (t) t=1 tem(t)
T T
:Z Z(H H k(JUt',Ct) [Hf (1) Hf wy) ﬁt]
xeX weA \{=1lt'en(t t=1
Suppose;

T 10y
A = Z j}((w;; - (wy —wy) Z Z H flwey) . n(mw,t) . k(xe,,cry)

xeX mweA (t1,t2)em

and
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T T

Ay = Z Z H k(x,,cr,) - Hf(wzlt)n(ﬂ-’t) _ Hf(wt)n(ﬂ-’t)

xeEX wEA (t1,t2)em™ t=1 —

We can not conclude if A; < 0 = As < 0. Therefore, there is no proof for the
pseudo-concavity of gx(w, c) and we can not benefit from the recurrence formulas of WKga .0
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Abstract — Temporal data naturally arise in various emerging applications, such as
sensor networks, human mobility or internet of things. Clustering is an important task,
usually applied a priori to pattern analysis tasks, for summarization, group and prototype
extraction; it is all the more crucial for dimensionality reduction in a big data context.
Clustering temporal data under time warp measures is challenging because it requires aligning
multiple temporal data simultaneously. To circumvent this problem, costly k-medoids and
kernel k-means algorithms are generally used. This work investigates a different approach to
temporal data clustering through weighted and kernel time warp measures and a tractable
and fast estimation of the representative of the clusters that captures both global and local
temporal features. A wide range of public and challenging datasets, encompassing images,
traces and ECG data that are non-isotropic (i.e., non-spherical), not well-isolated and linearly
non-separable, is used to evaluate the efficiency of the proposed temporal data clustering. The
results of this comparison illustrate the benefits of the method proposed, which outperforms
the baselines on all datasets. A deep analysis is conducted to study the impact of the data
specifications on the effectiveness of the studied clustering methods.

Keywords: Temporal data, clustering, time warp, temporal alignment kernel, k-means,
kernel k-means
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