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Abstract. Spectral data are very common in many disciplines such as chemometrics and biometrics, although
they can also be found in many other fields like biology, medicine, signal processing, etc. Despite their ubiquity,
spectral data can often have more complex forms, either because the same object is described by several spectra or
it is represented as a multi-way array, which results from a combined instrumental analysis technique. Whatever
the case, spectral data is usually analyzed in the framework of statistical pattern recognition. The connected
nature of spectral data, as well as its structural information, e.g. its shape, is often ignored because spectra
are represented as feature vectors where relations among variables is not taken into account. The dissimilarity
representation approach allows to take into account such information omitted by traditional representations, thus
improving supervised classification results. This approach has been widely studied for supervised classification
problems, however due to their relevance, unsupervised classification problems should not be left out. In this
work, a critical review is provided concerning the dissimilarity representation of simple and multi-way spectral
data, as well as clustering strategies for proximity data proposed in the literature. At last, some suggestions are
made regarding future research perspectives on these topics.

Keywords: spectral data, multi-way spectral data, dissimilarity representation, clustering.

Resumen. Los datos espectrales son muy comunes en disciplinas como la quimiometria y la biometria, aunque
también pueden estar presentes en diversos campos como la biologia, la medicina, el procesamiento de sefales,
etc. A pesar de su ubicuidad, los datos espectrales pueden a menudo tener formas mas complejas, ya sea porque
el mismo objeto es descrito mediante diversos espectros o porque es representado como un arreglo multi-via
proveniente de una técnica combinada de andlisis instrumental. En cualquiera de los casos, los datos espectrales
son comunmente analizados en el marco del reconocimiento estadistico de patrones. La naturaleza continua de
los datos espectrales, asi como la informacién de indole estructural, por ejemplo su forma, es frecuentemente
ignorada debido a que éstos son representados como vectores de rasgos donde no se tiene en cuenta la relacién
entre las variables. El enfoque de representacion por disimilitudes ofrece la oportunidad de tener en cuenta dicha
informacién omitida por las representaciones tradicionales, permitiendo mejorar los resultados en tareas de clasi-
ficacion supervisada. Este enfoque ha sido ampliamente estudiado para problemas de clasificacion supervisada,
no obstante debido a su relevancia, los problemas de clasificaciéon no supervisada no deberian ser ignorados. En
este trabajo se proporciona un analisis critico sobre la representacion por disimilitudes de datos espectrales sim-
ples y multi-vias, asi como las estrategias de agrupamiento para datos basados en proximidades propuestos en
la literatura. Finalmente, se realizan algunas sugerencias respecto a perspectivas futuras de investigacion sobre
estos temas.

Palabras clave: datos espectrales, datos espectrales multi-vias, representacion por disimilitudes, agrupamiento.
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1 Introduction

Nowadays, several instrumental techniques allow the analysis of a variety of experimental data produced
in the context of different case studies in many branches of science, including biology, medicine, material
characterization, food, environment, physics, geophysics, pharmaceutical and forensics. Spectral informa-
tion can be seen as a distinctive signature of objects and in many scenarios, spectra are often a source
of challenging supervised and unsupervised classification problems. This kind of data is collected from
a wide variety of sensors, e.g., spectroscopic equipment like NIR Spectroscopy, UV spectroscopy, Gas
chromatography (GC), NMR Spectroscopy, Mass spectroscopy, Thermal Analysis, Atomic Spectroscopy,
and others.

The instrumental techniques previously mentioned result in simpl{] spectral data for each object or
sample. Over time, progress has been achieved in fields such as spectral data acquisition and new strategies
for the analysis and computational representation of this kind of data have been developed. At first, only
the information regarding a single analytical technique was available, but lately, with the development of
new analytical techniques, each object or sample is usually analyzed by means of several techniques, i.e.,
several spectral data are acquired. Taking this fact into consideration poses the need of finding a proper
combination of such complementary information in a learning process. In this context, some advanced
tools might be required in the learning stage such as combination of classifiers[1] if data is properly
labeled, or clustering ensemble|2] if data is unlabeled.

More recently, due to the development of combined instrumental analysis techniques such as gas
chromatography-mass spectrometry and excitation-emission fluorescence, among others; objects can be
represented as a multi-dimensional array. Such structures, containing information about the relation be-
tween the different types of measurements, can be useful for a better understanding of the problem at
hand. The field dedicated to study and develop proper tools to analyze this kind of data sets is known
as multi-way data analysis[3l4]. From the existing designs of multi-way data, we will focus in profile
datal[3]], which is tailored to the combined spectral data mentioned earlier. In this design, the objects lie in
one of the modes while the features characterizing such objects can be found in the rest of the modes. This
multi-way data can then be used in subsequent learning tasks over the measured objects. It is important to
stress that for this kind of data, proper learning frameworks should be used to ensure a correct and reliable
analysis.

In practice, there are often very few samples due to the high cost of the instrumental study (equipment,
materials, etc.), the time required to generate such samples, etc. Additionally, the results of the measure-
ments are continuous spectral data that usually have a very high dimensio It is known that a classical
statistical pattern recognition (SPR) approach usually fails with this kind of data for two main reasons:
it neglects key aspects like the connected nature of the spectral data and it will almost surely face the
problem of the curse of dimensionality[36] due to high data dimension. In this work, the term curse of
dimensionality is referred to as the difficulties experienced by learning algorithms when dealing with few
high dimensional data.

Classical SPR traditionally relies on vector-based representations. If the available domain knowledge
is sufficient, then a small set of well-discriminating features can be determined. However, if no such knowl-
edge is available, a large set of suboptimal features may be selected, possibly leading to class overlap and
feature dependency. In this scenario, a probabilistic framework is employed to address the learning task
and it is conveniently assumed that real world objects or phenomena are described by (or in fact, reduced

! In this context, the term simple refers to 1D or 2D data.
2 From a few hundreds of components to several hundreds of thousands of components. This is also valid for matricized multi-
way data.
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to) a set of vectors in a suitable vector space. Although this framework is mathematically well founded, it
relies on some general assumptionsﬂ Sometimes, fixed distributions are imposed over the objects/features
even in scenarios where such information cannot be determined; for instance, the distribution of non-faces
in the task of face detection is unknown, and some classes may have to be artificially built in order to have
enough samples for training, etc. Moreover, the available training set is assumed to be representative for
the task, which is not necessarily true in all situations.

When constructing SPR systems, researchers not always (or only partially) address many key issues
to SPR like the way objects may be represented. Being pattern recognition one of the disciplines with a
very strong connection with learning, emphasis in research should be addressed to the development of
suitable representations for real world objects. In [7]], the authors proposed a more general description of
a pattern recognition system, leaving room for solutions that are not necessarily feature-based, but use
other representations. Taking all this into consideration, a conclusion could be drawn: a feature vector
representation of spectral data might not be appropriate. Hence, an alternative way to tackle the problem
might be to use a different representation that somehow incorporates specific knowledge of the problem at
hand.

For spectral data, some alternative representations such as functional data analysis (FDA)[8]] and the
dissimilarity representation (DR)[9] have been used[10]. Although both representations capture the essen-
tial characteristics of spectral data, the dissimilarity representation allows that any additional knowledge
regarding the problem can be included into the dissimilarity measure, thus allowing the expert to build
a more robust measure. It has also a major impact when dealing with a few samples represented as high
dimensional vectors, which is the case of the aforementioned spectral data, since the space complexity
is reduced to O(n?) instead of the original O(nm). This phenomenon has great implications in efficiency
because the complexity of the data set is drastically reduced. Some works have been reported regarding
the comparison of chemical spectral data by means of this approach. In [11] infrared (IR) spectrometry is
studied, in [[12]] a new dissimilarity measure for Ultraviolet Spectra (UVS) is presented and more recently,
in [13]], the dissimilarity representation was analyzed for spectral data representation and classification in
a wide range of applications.

However, this representation was mainly thought, and it has been used mostly in supervised classifica-
tion scenarios[14]. Although many procedures for cluster analysis make use of dissimilarities[15] instead
of feature spaces, to our knowledge, the problem of unsupervised classification on the dissimilarity rep-
resentation has not been as extensively explored as the supervised one. Given that cluster analysis plays
such an important role in a broad range of pattern recognition applications, we believe it is an issue of
great importance and future efforts should be devoted to its study under this representation.

The rest of this work is structured as follows: in section [2 an overview of multi-way data analysis is
provided. This is essential to achieve a proper understanding of multi-way spectral data. Next, in section[3]
the key aspects of the dissimilarity representation and the dissimilarity measures for spectral data proposed
in the literature are discussed. In section [4] several strategies and algorithms to perform unsupervised
classification based on dissimilarity information are analyzed. Finally in section [5]after a brief discussion,
some conclusions of this research are drawn and several proposals for future works are outlined.

2 Multi-way Data Analysis. An Overview

The standard way of representing objects is in a two-way structure (matrix), where a number of objects
(rows) are simply characterized by feature vectors (columns). Nevertheless, in many research areas such as

3 As the modeling of objects as vectors in a suitable vector space.
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process monitoring[16]] (specially in analytical chemistry), in the field of signal processing, environmental
studies[[17]], social network analysis[18] and neuroscience[19], objects observed by sensors are represented
by higher-order generalizations of vectors and matrices, i.e., several types of information are measured
over the objects, as for example, data collected at different times or conditions. The structure in which a
set of objects with this kind of representation are organized is called multi-way data.

Multi-way data contains information about the relation between the different types of measurements,
which can be useful for a better comprehension of the problem at hand. However, despite the ubiquity of
this kind of data, the real challenge lies in how to make a proper analysis. The field dedicated to study
and develop proper tools to analyze this kind of data sets is known as multi-way data analysis [4}3]]. This
field is an extension of multivariate analysis when the analyzed data are high-order arrays. It originated in
1952 [20], when Raymond Cattell first introduced the very important term of multi-way arrays and was
further investigated later, in 1964 [21]], when Tucker introduced the three-mode component analysis. It is
often used to capture the underlying structure of the data and explore its interrelations. On the other hand,
it has been shown that this kind of information from the data may not be accurately obtained or identified
uniquely by two-way analysis methods because they do not respect the multi-way design of the data.

2.1 General Concepts

In order to comprehend multi-way data, we must first understand simpler data and then extend the concepts
to higher-order arrays. Traditional 2-way data are represented through matrices (see figure |1f left) where
rows usually correspond to objects and columns to variables. A cube is represented by a 3-dimensional
array (see figure|[T|right). In figure[I] a cube with I objects, J variables of type 1 and K variables of type 2
can be observed.

Variables i)

Variables

/

Type 2 %

Type 1
Objects J

Objects

Fig. 1. (Source: [4]) Examples of 2-way data (left) and 3-way data (right).

Classical concepts like rows and columns of 2-way data are replaced by the concept of slice (or slab)
(see figure [2). Each horizontal slice contains the information related to an object of the 3-way data, each
vertical slice contains the information related to a variable of type 1 and finally, every frontal slice contains
the information related to a variable of type 2.

Horizontal slices Vertical slices Frontal slices
K K K_____
5 il =
i ||
I Tl I

Fig. 2. (Source: [4]) Splitting 3-way data into slices (2-way matrices).
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Nevertheless, the concepts of row, column and tube can be defined in the context of a 3-way array (see
ﬁgure@. In a 3-way array X(I x J x K) there are J x K columns x;; (I x 1); I x K rows xj (J x 1) and I x J
tubes x;; (K x 1).

Column Row Tube
K K K
N4 pa— )
=g
I I |

Fig. 3. (Source: [4]) Rows, columns and tubes defined over a 3-way array.

The process of transforming a 3-way array into a 2-way matrix is commonly known as matricizatiorﬂ
and it is described in figure 4 [22]. It is important to point out that there are, in this case, four other ways
to matricize X, i.e. matrices of dimensions: (J X IK), (J x KI), (K x IJ) and (K x JI).

JK
I T~
é XI(]XJ) xz(lxj) XKili)
I ko1 ' ‘
J
X([x]K}

Fig. 4. (Source: [4]) The matricization of a 3-way array X(I x J x K) is a 2-way matrix X(I X JK).

In many scenarios, there is the need to preprocess the data in order to correct deficiencies in the
acquisition stage. As in multivariate analysis, mean centering and scaling are the most common operations.
Both centering and scaling can be applied to the whole 3-way array, but also, they can be applied by slices
(horizontal, vertical or frontal) or by vectors (rows, columns or tubes). For a deeper analysis of these
techniques, [4] can be consulted.

2.2 Multi-way Decomposition Models

Multi-way decomposition models are an extension to multi-way data of classical multivariate decomposi-
tion models. These models are usually divided into two parts: a structural part describing the underlying
structure of the data and a residual part, which accounts for the information that could not be captured
by the structural part. Next, two families of decomposition models commonly used are discussed: the
PARAFAC family and the Tucker family.

2.2.1 The PARAFAC Family

Within this family PARAFAC is the fundamental model, since the other models in this family are simply
extensions or amendments to this model. PARAFAC [23]] in turn, is an extension for multi-way data of
bilinear factor models and it is based on the principle of Parallel Proportional Profiles [24].

4 The conversion of an object into a matrix.
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Let X € RI*/*K be a 3-way array. Then, a PARAFAC model of RE] components is mathematically
defined as in equation [T} where a;, b; and ¢; account for the i-th column of the component matrices A €
RPR B € R7R and C € RE*R respectively. E € R™/*K is a 3-way array containing the residual terms and
the operator o represents the outer product between vectors

X=) qg,0b,0oc,+E. (D)

R
=1

r=

The component matrices A, B 'y C are known as loading matrices, although in many cases the matrix

A is also known as the score matrixﬂ since it is usually associated with the samples or objects. Once
a PARAFAC decomposition model is determined, each sample could be represented by a score vector,

being this a very common strategy to deal with multi-way data using techniques of multivariate analysis.
An illustration of a PARAFAC model can be observed in figure[5]

Fig. 5. (Source: [25]) Illustration of a 3-component PARAFAC model.

Another relevant model in this family is the PARAFAC2 model [26], which is a less restrictive model
than PARAFAC. The main advantage of PARAFAC2 over the PARAFAC model, is that PARAFAC is not
able to extract oblique factors (non orthogonal factors), while PARAFAC2 performs well in both situations.
There are other important models in this family and they are briefly discussed in [25]].

2.2.2  The Tucker Family

The models from the PARAFAC family can be considered as restricted versions of models belonging to
the Tucker family. The simplest model in this family, which is the base for the rest, is the Tucker3 model
[27]]. Similar to PARAFAC, Tucker3 is also a generalization of bilinear factor models to higher-order data
sets. However, unlike a PARAFAC model, a Tucker3 model can extract a different number of components
from each mode and the factors from different modes can interact with each other.

Let X € R/*/*K be a 3-way array. Then, a Tucker3 model is mathematically defined as in equation 2]
where A € R"*F, B € R’*? and C € RK*R are the component matrices corresponding to the first, second
and third mode respectivelyﬂ G € RP*C*R is known as the core array and E € R”*/*X is a 3-way array
containing the residual terms. An illustration of a Tucker3 model can be observed in figure [§]

P O R
Xijk = Z Z ngqraipquckr+eijk . ()
p=1g=1r=1

Tucker3, as Principal Components Analysis (PCA), can always represent a data set to some extent by
including a sufficient amount of components, so Tucker3 does not suffer from the numerical and math-

5 The amount of components R (a natural number) is also denoted as F or K in the literature.
6 The scores are the loadings in the object mode.
7 Similar to PARAFAC, P, Q and R are the amount of components extracted for each mode respectively.
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ematical problems that sometimes make applications of the PARAFAC model difficult. There are other
important models in this family and they are briefly discussed in [25]].

|< ; & ‘ K/
p| G C Kk

’ X A Q I

m

Fig. 6. (Source: [25]]) lustration of a (P, Q, R)-component Tucker3 model.

2.3 Multi-way Learning Strategies

There are three main strategies used in the literature to tackle learning problems when the data has a
multi-way structure[28]]. These strategies, as well as their shortcomings and benefits are discussed next.

2.3.1 Matricization + Two-way Learning

There are still many works that instead of using the entire multi-way array, create a two-way matrix out
of it to analyze it later with two-way models. Any traditional multivariate learning technique can be used
afterwards. Sometimes this may do no harm, because it is possible to draw the conclusion that a 2-way
analysis could be sufficient, but most of the time it is inefficient. This approach might lead to overfitting
given that the lower level model does not interpret the data properly and it neglects its natural composition.
Another limitation is that the interpretation of the results obtained by a multivariate learning technique, in
terms of the original variables, can be very difficult if not impossible.

2.3.2  Multi-way Decomposition + Two-way Learning

Another approach commonly used to perform learning tasks over multi-way, data without resorting to the
previous strategy, is to decompose the data array by a multi-way decomposition technique (for example
PARAFAC or Tucker3) and then use the sample scores as a new set of variables. This new set of variables
can afterwards be subjected to two-way classification methods. The first step (data decomposition), takes
full advantage of the multi-way nature of data, while the second step of building classification rules is
disconnected from the multi-way model. Hence, it will not be possible to have a direct interpretation of
the raw data in terms of their contributions to class separation.

2.3.3  Multi-way Learning Methods

The third and last strategy is to use learning techniques that exploit the natural (multi-way) structure of
the data[4/3l29]]. This kind of techniques take advantage of the interrelations between the modes in the
complex multi-way structure for the learning task of interest, meaning that potentially better results could
be obtained from this approach.
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2.4 Multi-way Classification

In the context of multi-way classification, all the strategies discussed earlier in section [2.3] have been
applied. However, the application of truly multi-way classification methods, is still limited. In this section,
the most relevant multi-way classifiers will be discussed.

There are few multi-way classifiers developed until today and, for these classifiers, the representation
and classification are seen as two different steps. This is the case of multi-way partial least squares dis-
criminant analysis (NPLS-DA) [30] and N-SIMCA [31]] classifiers. They are both extensions to multi-way
data of the former PLS-DA and SIMCA methods developed for two-way data.

In the case of NPLS-DA, the N-PLS regression method aims at establishing a linear relationship be-
tween a set of explanatory variables, i.e., measurements performed over the objects, and response/dependent
variables, e.g., some type of properties. Although the PLS method is primarily regarded as a calibration
method, it can also be used for classification. In such case, the dependent variables are the classes, so the
regression is performed to class labels.

For the N-SIMCA classifier, like for two-way SIMCA [32], a separate classification model by means
of a component analysis is built for each of the classes and class boundaries are estimated to classify the
new objects. In this case, multi-way decomposition methods, e.g., PARAFAC or Tucker3 are applied.

Despite the capabilities of the aforementioned multi-way classifiers, it should be emphasized that they
do not consider context/background dependent information from objects into their analysis. For example,
in the particular case of multi-way spectral data or any other continuous nature data, a key feature like
shape is usually not taken into account. Therefore, discriminative context information deriving from their
original nature is not reflected in the representation, nor in the classification stage.

Recently in [13]], a new classification approach based on the dissimilarity representation was proposed.
This proposal overcomes the problems mentioned earlier because such information can be encoded in the
dissimilarity measure. The classification is accomplished on the dissimilarity space, where a wide variety
of learning techniques can be applied. In spite of the remarkable classification performance, this proposal
does not allow model interpretation in terms of the set of variables/spectral features used to characterize
the samples. Therefore, one might say that among current multi-way classifiers, there is a trade off between
classification performance and model interpretation.

3 The Dissimilarity Representation. An Overview

The dissimilarity representation aims at treating objects as a whol avoiding the use of absolute features.
It can be regarded as an alternative approach to the use of feature-based representations in the recognition
of real world objects like images, spectra and time-signal data. Instead of a feature-based characterization,
a measure that estimates the dissimilarity between pairs of objects is defined. The similarity/dissimilarity
measure can be defined over any kind of objects like images, feature vectors and even structural repre-
sentations, e.g., graphs, strings, etc. This ability to effectively represent structural data is the reason why
the dissimilarity representation is said to potentially being able to bridge the gap between structural and
statistical pattern recognition.

Under this framework, proper knowledge of class densities is not needed and the training set is only
required to be representative for the domain of the classes. Some authors[33l34/35] believe that the under-
lying concept behind the dissimilarity representation, the notion of similarity, is more fundamental than
that of a feature or of a class, since it is the similarity which groups the objects together and, thereby, it

8 By means of a characterization in terms of proximities/dissimilarities to other objects.
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should play a crucial role in the class description. Using the notion of proximity (instead of features) as a
core concept, the dissimilarity representation renews the area of statistical learning in one of its founda-
tions: the representation of objects[36].

This representation has been successfully applied in several disciplines like face recognition[37/38I39]],
video surveillance[40/41]], chemometrics[10/13] (particularly in the classification of spectral data), and
many others. Next, the fundamental aspects of this representation are discussed.

3.1 General Concepts

As already mentioned, the notion of proximity might play a key role in class formation. Essentially, similar
objects can be grouped together to form a class, and consequently a class is a set of similar objects. A
similarity can be modeled by a similarity measure and also by a dissimilarity measure. Both are closely
related; a small dissimilarity and a large similarity both imply a close resemblance of objects. In this work
our attention will be centered on dissimilarities, which focus on class and object differences.

In SPR, objects are usually analyzed by means of a feature representation. A feature could be described
as the combination of measured characteristics of an object: for instance, the weight is an attribute for
the class of apples, then a feature consists of the measured weights for a number of apples. For a set
T of N objects, a feature-based representation relying on a set F' of m features is encoded as an N X m
matrix A(T,F), where each row is a vector describing the feature values for a particular object. Instead,
a dissimilarity representation of objects is based on pairwise comparisons and is expressed as an N X N
matrix D(7T,T). Each cell of D corresponds to a dissimilarity value computed between pairs of objects.
Hence, each object x is represented by a vector of proximities D(x,T) to the objects in T In figure both
approaches to object representation can be observed.

OBJECTS

Nt/
'sensor measurements

‘W .
- -o;"i

f
.
.

fei,V meranty measure

ABSOLUTE REPRESENTATION RELATIVE REPRESENTATION

A(T,F)  feature 3 (PR = & D(T,T)
'y 0 . @
o|lu"

,/!--*‘. . = 6 O P, @ .

feature 2 feature 1

Fig. 7. (Source: [9]) Feature-based (absolute) representation vs. dissimilarity-based (relative) representation.
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In the context of dissimilarity representations, two main types of representations are considered: the
ones which are learned and the ones which are optimized (or fixed). In this work, special attention is
devoted to the second typ which will be denoted simply as proximity representations from now on.
Proximity representations can be further divided in two types: relative and conceptual. In a relative rep-
resentation, each object is described by a set of proximities to other objects. On the other hand, in a
conceptual representation, each object is described by the proximity to a model (or conceptﬂ In this
work, our main focus is on relative dissimilarity representations. Next, a definition of such dissimilarity
representation is given.

Definition 1 (Dissimilarity representation). Ler T = {p1,p2,---,pn} be a collection of N objects and
let d be a dissimilarity measure computed or derived from the objects directly, their sensor represen-
tations, string representations or other intermediate representations. A dissimilarity representation of
an object x is a set of dissimilarities/proximities between x and the objects in T denoted by a vector
D(x,T)=[d(x,p1),d(x,p2),- - ,d(x, pn)]; and the set of objects T will be represented by the dissimilar-
ity matrix D(T,T). Usually, a relatively small set of representative objects for the domain considered is
used for representation. Given a representation set R = {pi,p2,---,pm}, an object x is now represented
as D(x,R) = [d(x,p1),d(x,p2), -+ ,d(x, pm)], where x is related to each prototype in the representation
set. Therefore, instead of the dissimilarity matrix D(T,T), the set of objects T is now represented by a
dissimilarity matrix D(T,R) computed over the representation set R.

R
Set T ={p1,p2,...p7} PL p2 P2 _
PL 10 x «x
p2 1x 0 «x
p3 ix x 0
T P4 X x X
p5[x x X
po | xwx x
BT [ x x x|
ps D(TR)

Representation set R = {p1,p2,p3}

dip6,p2)

Fig. 8. (Source: [9]) Dissimilarity representation D(T, R). The representation objects are elements of the set 7.

Two important aspects should be taken into consideration. First, as can be seen in figure [§] the repre-
sentation set R might be a subset of 7(R C T') or they might be completely distinct sets. If computationally
tractable, one may also use the complete representation D(7,T) and try to select R to optimize a particular
classifier on D(T,R). And second, one should be very careful not to confuse resemblance between dissim-
ilarity and feature-based representations regarding their matrix notation, because the meaning is different
(see figure ).

3.2 Learning Frameworks

Once we have a dissimilarity representation D(T,R) of our objects as a starting point, a proper interpre-
tation of the dissimilarity information is needed for supervised and unsupervised learning tasks. In the

9 The learned proximity representations are still an open issue.
10 Ror example, the similarity of an object to the class of all kinds of apples.
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Feature—based representation A(T,F) Dissimilarity representation D{T,R)
f f; fm Py P D
£ f; :
t EEEEERE R Ot R)
t; At F) £
- : P
A(ti 'tj) T d(tivpj) _“ i
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Fig. 9. (Source: [9])) Feature-based representation A(T, F) (left). Dissimilarity representation D(T,R) (right). Let T = {¢1,--- ,t, }
be a set of training objects and F = {f1,--, fim} be the features. An object 7, is represented as a vector of its feature values
a(ti, fj) ie. A(t;,F) = [a(t;, f1),--- ,a(t;, fin)] and the feature f; is represented as a vector A(7, f;). A dissimilarity representation
describes the relations between objects, hence additionally, a collection of representatives R = {py,-- -, p,} is needed. An object
t; is represented by a vector of its dissimilarities d(#;, p;) to the objects from R, i.e. D(t;,R) = [d(t;, p1),---,d(t;,p;)]. D(T,p;) =
[d(t1,p}),,d(tn, p;)T refers to dissimilarities to a particular object p;.

literature, three learning frameworks have been studied for the dissimilarity representation: the pretopo-
logical approach, the embedding approach and the dissimilarity space approach.

3.2.1 Pretopological Approach

The pretopological approach makes a direct interpretation of dissimilarities between the objects making
use, directly or not, of pretopological spaces. This means that a dissimilarity representation in this case
describes a space where the notion of a norm or a distance is not yet available and therefore, the basic
neighborhoods play a key role. These neighborhoods are defined by the use of dissimilarities to the objects
from R[9], and they can be considered as basic concepts to build a space that can effectively express the
relations between the objects in 7.

The traditional way of classifying a new object x represented by D(x,R) is by means of the nearest
neighbor rule[42)5]]. The object x is classified into the class of its nearest neighbor, that is the class of the
representation object p; given by p; = argmin,,,crd(x, p;). Moreover, a more refined strategy could be to
assign x to the class that most occurs among its k nearest neighbors, by interpreting the dissimilarities
directly. The information stored in D(T,R) is not used by the classification procedure (in fact, there is
no training), that is why if R = T is used, the classification is the most reliable that can be achieved as
it is based on the entire training set. However, several approaches exist to select a smaller representation
set R (|R| < |T|) to speed up the classification. Under some circumstances, the recognition may even be
improved by this reduction.

3.2.2  Embedding Approach
Embeddings are a useful approach in practical problems where finite dissimilarity representations are
considered, that is, finite metric spaces (X,d) defined by the corresponding dissimilarity matrix D. The
main goal with this strategy is to find an alternative representation space suitable for learning, where the
notion of closeness between objects is somehow preserved.

The embedding approach computes a spatial representation of a symmetric D(R,R)El, i.e., a vector
space V, where the objects are mapped as points such that their distances reflect the actual dissimilarities.

! This approach requires a symmetric dissimilarity measure.
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Then, the remaining objects T \ R, if any, are projected to the computed space. Next, the learning process
takes place in this embedded vector space (see figure[T0), which is possible because the embedded vector
space is equipped with desirable propertie if needed.

Find a spatial representation

D in the underlying space E
R g

R A D(R.R)
TRAIN T (777
\ Project the remaining
e data T-R onto E
D(T.R)
D(T-R,R) *
R
Project the test data D(S,R)
TEST 8] - onto E and apply the classifier
D(S.R)

Fig. 10. (Source: [9]]) Classification in a embedded space.

Many representation spaces have been investigated for this purpose such as Hilbert and Euclidean
spaces. However, a Euclidean space is not always capable to accommodate such a dissimilarity-preserving
mapping, but a pseudo-Euclidean space is[43]. Due to their properties, a probabilistic framework and
many theoretical models exist, which are used to solve pattern recognition problems formulated in such
spaces.

3.2.3 Dissimilarity Space Approach

The dissimilarity space approach considers the dissimilarities as the features of the objects instead of the
distances between them. In this context, the dissimilarity representation is regarded as a data-dependent
mapping specified by the representation set R. Such mapping ¢(-,R) : T — R" is defined as:

¢(x,R) = [d(x,pl),d(x,pz),- e ,d(x,pn)] . (3)

Note that T denotes either the objects themselves or a feature-based vector representation of them.
Once again, R can be T itself or a set of representative objects (prototypes) R C T, which can be found by
a prototype selection method [9/44]. The learning task can now take place as in a traditional vector space,
in which each dimension corresponds to a dissimilarity to a representation object d(-, p;) (see figure .

The assumption that dissimilarities should be small for similar objects belonging to the same class and
large for objects belonging to different classes, gives a possibility for discrimination. Besides, a dissimilar-
ity vector space is assumed to be endowed with the traditional inner product and the associated norm and
Euclidean metric, thus allowing for the traditional learning to take place. In this space, supervised learn-
ing techniques usually achieve outstanding results while maintaining at the same time a low computational
cost determined by the number of objects in R.

3.2.4 Choosing a Learning Framework
In spite of the many advantages provided by the three learning framework@ mentioned earlier, there are
some shortcomings that should not be ignored. The main reason for such limitations is in many cases, a

12 For example like an inner product, additional algebraic structures, etc.
13 Also referred to as learning paradigms.
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ad d(p))
Interpret D(+,R) as
TRAIN T! - a dissimilarity vector space
and design a classifier there
D(T.B) d(-p)
R
TEST s| Apply the classifier to D(S,R)
D(S.R) d( ‘.Pi)

Fig. 11. (Source: [9]]) Classification in a dissimilarity space.

result of the same assumptions made by such learning paradigms. With the exception of the pretopological
approach, which does not assume much, the other two approaches assume that the target vector spaces are
endowed with traditional favorable properties. The geometry is simply imposed beforehand by the nature
of the Euclidean distance between reduced descriptions of objects, i.e., between vectors in a Euclidean
space. The existence of a well-established theory for Euclidean metric spaces made researchers place
the learning paradigm in that context[9], but sometimes, the fact that reality is not modeled properly is
neglected.

In the particular case of the pretopological approach, the nearest neighbor rule does not use the dis-
similarities between objects of the training set when classifying new objects, hence discarding the chance
of gaining knowledge from them. As a consequence, this approach is usually outperformed by the other
two approaches[4519]. Also, this rule relies on the fact that the representation set is properly chosen and a
poor selection of elements in R might lead to unreliable results.

The embedding approach, as mentioned before, has its learning paradigms established in vector spaces
were certain properties are met. It also requires the symmetry of the dissimilarity measure and, even though
any asymmetric dissimilarity measure can be transformed into a symmetric one [9]], there are scenarios
where non-Euclidean dissimilarities could be relevant [46/47/48|]. Moreover, usually an eigendecompo-
sition problem must be solved[36], which could be numerically unstable and expensive for large data
sets. Next, the dominan eigenvalues must be selected, thus determining the dimension of the embedded
space. This procedure allows for a dimensionality reduction but some relevant information could be lost
in the process. It is important to emphasize that in many cases this selection of meaningful eigenvalues is
often assessed by the user[9].

The dissimilarity space approach, just like the embedding approach interprets the dissimilarities in
the context of vector spaces. In this approach, a proper selection of the representation set R induces a
compact space where any traditional classifier that works in vector spaces can be used. Moreover, due to
the selection of a small and representative set of prototypes, the problem of the curse of dimensionality is
usually avoided. Nonetheless, the construction of classifiers in the dissimilarity space does not use the fact
that they deal with dissimilarities instead of features or attributes[36]. Therefore, the dissimilarity space
approach might not be making the most out of the dissimilarity data either, although it is the most widely
used approach in the literature.

In many practical applications, the domain of real world objects might not follow the rules of the
previously mentioned spaces. For instance, graphs are usually compared by user defined distance measures
that are sometimes optimized over the training set in the nearest neighbor scenario [36]. In this context,

14 Usually the largest p positive and the smallest ¢ negative eigenvalues are chosen.
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it might be worth analyzing the suitability of alternative representations for the dissimilarity information
that make no further assumptions: for instance, structural representations like graphs or tree models[9].

Most of the arguments given so far have been analyzed in the context of supervised classification.
However, not all of them might be valid in an unsupervised environment. Regarding the pretopological
approach, several successful unsupervised classification algorithms have been proposed. Within an em-
bedding approach, the computation of the whole embedding (one of the drawbacks of this approach) with
the arrival of every new sample for classification might not be needed in unsupervised classification tasks.
Therefore, the consideration of alternative representations and the proper selection of the learning frame-
work for unsupervised classification tasks are still topics yet to be studied in greater depth.

3.3 Dissimilarity Measures for Spectral Data

Due to the richness and wide variety of real world objects, there is no dissimilarity measure that fits
them all. For each problem at hand, and particularly for spectral data, a dissimilarity measure specifically
designed for that type of data is preferred. In the case of spectral data, for example, the shape of peaks may
be taken into account. In this section, some of the most relevant studies carried out concerning dissimilarity
measures for the dissimilarity representation of spectral data are presented.

3.3.1 Measures for ID Spectral Data

As mentioned before, 1D spectra are usually represented in a feature space spanned by the spectral bands
(see figure [12)). A significant drawback of this approach is that it usually faces the problem of the curse
of dimensionality due to the high feature space dimensionality induced by the high resolution of spectral
data. Hence, an exponential amount of training data is often required to design proper classifiers.

feature space

band 3

individual spectrum

fiband)

build

—=| preprocessing ——= a classifier

band 2 band 1

Fig. 12. (Source: [49]) Feature-based representation of spectral data.

Another approach is to represent spectra by dissimilarities to other spectra. A dissimilarity measure
specifically designed for spectral data could be able to highlight relevant characteristics like their struc-
tures (shape changes) and/or concentration or intensity changes. An important difference between both
approaches is that the former represents each spectrum in an absolute way while the later relates the
observations to each other (see figure[I3).

Some dissimilarity measures are more commonly used in the comparison of spectral dat like the
very well known Manhattan (L1-norm) and Euclidean distances. However, these measures somehow ne-
glect the key aspects of spectral data. There are several proposals in the literature addressing particularly
spectral data.

15 Mostly for chemical spectral data.
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measure
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Fig. 13. (Source: [49]) Relative representation of spectral data using dissimilarities.

Let H and K be two spectra with N spectral bands each, ® = 1,--- | N. In [50], the Spectral Angle
Mapper (SAM) measure (see equation ) was proposed for spectral data, which is computed as follows:

dsam(H,K) —arccos< Lo-1 Foko > . “4)
\/Zlo\)/ lh2 w:lkg)

Another dissimilarity measure (see equation [3)) that also takes into consideration the angle between
the two vectors has been proposed. This measure is based on the Pearson Correlation Coefficient (PCC).
The PCC can also be seen as the cosine of the angle between two mean-centered spectra. Although SAM
and PCC are among the most used measures in the comparison of chemical spectral data, the connectiv-
ity/ordering of variables is not taken into account in either of them. For the particular case of spectral data,
encoding such connectivity existing among variables is key, otherwise significant shape changes in one of
the spectra might not be properly reflected in the dissimilarity measure

dm(HK_l_< zmh A) (ko — K) ) )
VIS (ho— ) EN_, (ko — K)?

Another commonly used measure is the Minkowski distance (see equation [6)). This measure is com-
puted on a band-to-band basis, neglecting the connectivity in the spectral domain[S1]]. Minkowski distance
between two spectra, as well as SAM and PCC, yields the same dissimilarity value even if all the bands
are randomly permuted

1

din(H.K) = (Dh@ k@|’> . (©)

If spectra are normalized to a unit area, they could be compared using dissimilarity measures developed
for probability distributions like the Kolmogorov-Smirnov distance (KS):

dis(H,K) = max(|ho — Kol) ™)

where hA(D and kAm are cumulative distribution functions, ﬁ,- =) j<ihj, similarly for k. This measure takes
into account the distribution shape as it compares the areas under original spectral51]].
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In [49], the authors propose to compute the Manhattan measure on the first Gaussian derivatives of
the curves{f], to take into account the shape information that can be obtained from the derivatives. Shape
information is obtained by computing the first Gaussian derivative:

d
H®° = —G(o,0)*H , (8)
de
where * denotes the convolution operator and ¢ stands for a smoothing parameter. The proposed Shape
dissimilarity measure is then a sum of absolute differences between spectra derivatives H® and K° (see
equation [9). Good performances have been obtained for chemical spectral data with this measure[45/10]

ds(HaK>:Z(‘hg)_ng . )]

@

3.3.2  Measures for 2D Spectral Data
In many scenarios, particularly in multi-way analysis, the objects are often described as 2D signal
For 2D or any-dimensional continuous dat their continuous (functional) nature or shape changes in
the surface could be relevant aspects in the analysis. Some 2D measures have been proposed for image
compariso however most of them are just based on the pairwise comparison of objects, ignoring the
continuous nature of images like Assembled Matrix Distance (AMD)[52]], Frobenius[53]], and others.
With the goal of maintaining the notation, H and K are considered now as 2D signals with/=1,--- |L
rows and m = 1,--- ;M columns. The AMD distance can be computed as:

1
L M

P\ P

duma(H,K) = (Z ( Y (him —kzm)z) 2) 7 (10)
=1 m=1

where the weight p is used to emphasize either small or large differences between the elements. If p < 1

the largest differences will be reduced. On the other hand, if p > 1, the larger differences will be more

pronounced.

Later in [54], the 2DShape dissimilarity measure was proposed, which incorporates the use of first
Gaussian derivatives into the AMD measure. In that way, the authors can take the ordering information
into account as well as the shape of the Spectr The 2DShape it defined in three stages: (1) compute
the matrix D' (see equation , (2) compute the matrix D? (see equation and (3) combine both
dissimilarity matrices (see equation [13))

P1L\ P d d
h‘f,;—kgf;n)z)2> LB = Gk, K= Glon) <k, (D)

M:

(5

1

m

P2

L 7\ d d
Z (Z (2, — K2 ) 1 = S Gk,02) kh, K% = L G(k,00) xk,  (12)
’ dy ’ ’ dy ’

16 Known as Shape measure.

17 And even in some cases by higher order signals.

18 For example, aligned images, spectroscopic data, etc.

19 In particular for face and palm-print recognition.

20 This measure takes into account the information on both directions of the array
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D=a,D'+a,D* . (13)

The variables 4;. and k;. stand for the /-th rows of the spectra H and K respectively. In the same
way, the variables h. ,, and k. ,,, correspond to the m-th columns of the spectra H and K. Their expressions
correspond to the computation of the first Gaussian (that is what G stands for) derivatives of spectra. The
dissimilarities in step 1 and step 2 correspond to the first and second directions respectively. This measure
has a higher computational complexity and a trade off might be needed between computational complexity
and classification accuracy][13]].

Nonetheless, the 2DShape measure is based on the combination of 1D dissimilarities; meaning it does
not analyzes the combined 2D shape changes. It was originally designed for data sets with features of
different nature in the different directions, e.g., data with a continuous and a non-continuous direction.
Recently in [55]], a new dissimilarity measure named continuous multi-way shape (CMS) was proposed,
which exploits the information on the whole structure of multi-dimensional continuous data. It is based
on the differences between the gradients of objects, thus the shape changes of the surfaces are considered.
Moreover, the CMS measure could be used in data with a small amount of missing values[35]].

4 Clustering on Dissimilarity Representations

Cluster analysis (or simply clustering) plays an important role in a broad range of applications, from
information retrieval to image segmentation. The clustering task can be considered as a division/partition
of data into groups of simila;E] objects. Each group is called a cluster and it consists of objects that are
somehow similar between themselves and dissimilar to objects belonging to other group@

A clustering@ is basically a set of the aforementioned clusters, usually containing all objects in the
data set. Additionally, it may specify the relationship between the different groups or clusters. But, what
is an optimal data partition and how to find it? How to decide whether a data partition is better or worse?.
Although several criteria to evaluate a partition have been proposed[56], it is usually the user who must
supply this criterion in such a way that the result of the clustering will fulfill specific application needs.
For example, the user could be interested in finding representatives for homogeneous groups (prototype
selection), in finding useful and suitable groupings (useful data classes) or in finding unusual data objects
(outlier detection).

There is a very extensive material concerning cluster analysis among which we can mention works
like [157058159160161162163164], etc. According to [63]], the notion of a cluster can not be precisely defined
in itself, which is one of the reasons why there are so many clustering algorithms. Different researchers
employ different cluster models, and for each of these cluster models again different algorithms have
been proposed. Clustering algorithms can be further categorized according to several criteria: partitional
clustering (exclusive clusters) vs. hierarchical clustering (nested clusters), hard clustering (each object
belongs to a cluster or not) vs. fuzzy clustering (each object belongs to each cluster to a certain degree),
strict partitioning clustering (each object belongs to exactly one cluster) vs. strict partitioning clustering
with outliers (objects can also belong to no cluster, and are therefore considered outliers), and more. An
extensive review can be found, for instance, in [63]] and [66]].

In spite of the great amount of strategies used in the literature to define the clusters, they all have some-
thing in common (a common factor): the underlying concept of data and cluster similarity/dissimilarity|67].

21 The concept of similar is a relative concept depending on the application.
22 This could be interpreted as labeling the objects of the data set.
23 Also called partition in many scenarios. Both terms will be used interchangeably in this work.
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An alternative approach to data clustering is referred to as pairwise data clusterin68], and it focuses
precisely on clustering data characterized by its pairwise comparisons instead of the original objects. It
is worth noting that the characteristics of the data set are hidden in these pairwise relations or proximity
Valueﬁ69], and it provides the ideal framework to cope with the clustering task in the context of the
dissimilarity representation. Therefore, most of our efforts will be centered in the analysis of this kind of
clustering algorithms.

On the other hand, some additional tasks could be tackled by means of a clustering task in the dis-
similarity representation, for instance, tasks like anomaly detection|[70] and prototype selection|44]. In
the case of prototype selection, recent proposals[71J39]] have shown the feasibility of incorporating the
concept of entropy into this scenario. This selection of representative prototypes has a great impact in the
performance and accuracy of classifiers under this representation, although these advantages might also
apply to clustering. In light of this, incorporating information theoretic knowledge into this tasks seems
beneficial and it might be worthwhile to do some research regarding this topic.

4.1 Adaptations from Traditional Clustering

In this section, clustering techniques derived for dissimilarity representation will be discussed. As usual,
dissimilarity representations will be interpreted in three frameworks: pretopological approach, embedding
approach and dissimilarity space approachl|9].

4.1.1 Pretopological Approach Adaptations

Under this paradigm, an intuitive idea is to assign objects with small dissimilarities to other objects or
which are in close neighborhoods of the selected representative to the same cluster. This is in fact
the core idea behind the adaptation of classical clustering algorithms for dissimilarity representations
presented here. The proposals discussed here are divided into two groups: hierarchical methods and par-
titioning methods.

Hierarchical methods

In the context of hierarchical clustering, agglomerative methods are very popula@ Initially, every object
is considered as a single cluster. The closest two clusters, according to a conceptual dissimilarity measure
p are merged until all objects belong to one cluster or a specified number of clusters k is reached.

The key difference between the different versions of agglomerative algorithms relies in the linkage
function, which determines how clusters are combined. Adaptations of existing linkage functions for
dissimilarity representations will be discussed next. Let C; and C; be two clusters where |Cy| = ny and
|Ci| = ny. Let py; be a measure of dissimilarity between clusters Cy and C;. The clusters can be combined
by one of the following criteria [9]:

— Single Linkage (SL). The dissimilarity py; between two clusters is the dissimilarity between their
nearest neighbors computed as py; = miny,ec, p,ec, d (pi, pj)- This rule emphasizes cluster connected-
ness, resulting in elongated, chain-like clusters.

24 Also referred in the literature as proximity based clustering.

25 They often violate the requirements of a distance measure, i.e., the triangular inequality does not necessarily hold, the self-
dissimilarity may not vanish, etc.

26 And in general for pairwise proximity data.

27 Prototypes of the representation set.

28 Divisive ones are not too popular probably due to their high computational burden, which is o2").
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— Complete Linkage (CL). The dissimilarity py; is defined by the dissimilarity of furthest neighbors
of the two clusters computed as py = max,cc,.p;ec, d(pi, pj). This usually performs well when the
objects form naturally distinct clouds, since it emphasizes the compactness. It is inappropriate if the
clusters are somehow elongated or of a chain type.

— Average Linkage (AL). The dissimilarity py; is the average between-cluster dissimilarity computed
as Py = ﬁ):pieck Y,ecd (pi,pj). This performs well in both cases, when the objects form natural
distinct clouds and when they form elongated clusters. It tends to produce clusters of a similar spread
(or variance in a vector space).

— Density Linkage. This criterion derives a new dissimilarity dg.,s based on the density estimates and
adjacencies, which is then used by the single linkage clustering. For instance, in the k-nearest neighbor
approach, the estimated density f(p;) at p; is the number of objects within the k-nearest neighbor ball
divided by its volume. The new dy,s is computed as dgens(pi, pj) = %(ﬁ + #P/)) if d(pi,pj) <
max{dx_nn(pi),dr—nn(pj)} and oo, otherwise.

So far, the previously discussed methods work directly on dissimilarities. Two other popular criteria re-
quire a Euclidean vector space representation, since they work with the estimated cluster means[72/73]]:

— Centroid Linkage. The dissimilarity py; between two clusters is the square (Euclidean) distance be-
tween their estimated mean vectors, X and X, py; = d* (%, %) = Hx'k — X H;

— Ward’s Linkage. The two clusters selected to be merged are the ones that give the smallest increase in

the intra-cluster sum of squares, which is the sum of the squared Euclidean distances between vectors
ngn;
ng+n;

. _ _ _ 112 . ..
and their cluster means, py; = ey g2 (xijl) = ka — X H2 This tends to create clusters of similar

. ng+n;
S1Zes.

The centroid linkage and Ward’s linkage can be generalized to the case when only dissimilarity represen-
tations are provided. This can be done in the three interpretation frameworks:

— Generalized centroid linkage (GCL). The extension of the centroid linkage may refer to:

(a) neighborhood relation. Cluster centers are used instead of the vectors means. The centers ¢; and
c; of the two clusters are defined as objects for which the maximum distance to all other objects
within the clusters is minimurr@ The conceptual dissimilarity becomes then py; = dz(ck, cr).

(b) embedded space. The square distance between the cluster means can be approximated as py; =
Pavg(Cr, Cr) — %pan(Ck,Ck) — %Pavg(C[,Cl) where g, is the average square dissimilarity pg,, =
ﬁ Y e Lpjec; d*(pi, p;). This is the merging criterion.

(¢) dissimilarity space. The centroid linkage is applied in a dissimilarity space. The dissimilarity be-
2
2

tween the clusters is computed as Py = Hd_k — &1| , where dy and dj are the mean vectors of the
two classes computed in a dissimilarity space D(+,R).

— Generalized ward’s linkage (GWL). The extension of the Ward’s linkage may refer to:

(a) neighborhood relation. Cluster centers are used instead of the vectors means. Then, the dissimi-
larity between the clusters is computed as py; = ,Z’Z"—J:';”dz(ck, cr).
(b) embedded space. The distance of a single point to the mean of the cluster C; in an embedded

space is determined as d*(p;,mey) = i Ypec dz(pi,pj) - 271125. The term § is computed as S =
k

Y .cc Xpec, d*(p.,p:) and the GWL criterion relies now on the estimated within-cluster sum

ZP[ECk d2 (pia mek) = ﬁS[g]
(c) dissimilarity space. The Ward’s linkage is applied in a dissimilarity space.

29 Clusters centers could have also be chosen as the objects which minimize the average square dissimilarity within the clusters.
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Partitioning methods

Regarding the extensions of classical partition methods, the k-centers|[74] (an extension of k-means[75])
and the mode-seeking|[76]] algorithms will be described in this section.

k-centers
The k-centers technique works directly on a dissimilarity representation D(R, R). First, k objects evenly
distributed with respect to the dissimilarity information are drawn from R. Next, the algorithm proceeds
as follows: . ‘ ‘
1. Select an initial J = { pgj ), pg] oo p,(f )} of k objects chosen from R (for example, performing random
selection).
2. Find the nearest neighbor in J for each p, € R. Let J; be a subset of R consisting of objects that yield
the same nearest neighbor pl(j) inJ, wherei=1,2,--- k. Hence, R = Uf.‘zlJi.
3. For each J; find its center c;, i.e., an object in J, for which the maximum distance to all other objects
inJ; is minimurrfﬂ _
4. For each center c¢;, if ¢; # pl(j
step 2, otherwise STOP.
Except for step 3, this routine is identical to the k-means algorithm performed in a vector space. The result
of the k-centers procedure heavily depends on initialization. To determine the initial set J of k objects, we
start from a chosen center for the entire set and then, gradually, more centers are added until &k centers are
determined by means of splitting existing group The entire procedure is repeated M times, resulting in
M potential sets from which one yielding the minimum of the largest final subset radius is selected.

) ()

, then replace p;”’ by ¢; in J. If any replacement is done, then return to

mode-seeking
This technique focuses on modes in dissimilarity data, which are determined by focusing on a specified
neighborhood size s. The algorithm proceeds as follows:

1. Set a relative neighborhood size to an integer s > 1.

2. For each object p; € R find the dissimilarity d(p;, nny(p;)) to its s-th nearest neighbor.

3. Find a set J consisting of all p; € R for which d(p;,nny(p;)) is minimum within its set of s nearest

neighbors.

The objects in J are the estimated modes of the class distribution in terms of the given dissimilarities. They
are used to constitute the modes. The final number of clusters k depends on the choice of being the
choice of this parameter s a drawback of mode-seeking.

Concerning the k-centers, hierarchical clustering and mode-seeking algorithms, a larger number of
clusters is sometimes retrieved, as these methods suffer either from the presence of outliers (objects with
large dissimilarities) or have difficulties to accommodate sparse clusters. Moreover, all these adaptations
of traditional clustering algorithms suffer from the same problems as the original proposals. Therefore,
some alternative strategies might be needed in order to overcome these problems.

4.1.2 Embedding Approach Adaptations

Symmetric dissimilarity representations can be embedded in complete (or approximated) Euclidean or
pseudo-Euclidean spaces, where standard partition methods, such as the k-means and classifier-clustering
can be used. By performing an approximate embedding, some information, possibly reflecting the noise
in the dat is neglected. It is also possible to re-compute the dissimilarity representation derived from

30 This value is called the radius of J.

3L 1f the splitting continues until each group has one element, this procedure might become a divisive algorithm.
32 The larger s, the smaller k.

33 However, relevant information could be discarded.
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the approximate embedding, dealing now with a more discriminative dissimilarity representation, which
can be further used by neighborhood-based clustering approaches.

4.1.3 Dissimilarity Space Approach Adaptations

Due to the fact that dissimilarity representations in this approach are interpreted in a dissimilarity vector
space, traditional clustering algorithms designed for vector spaces can be applied. It is often recommended
to use a reduced representation D(7,R) of the data set both from an efficiency (time complexity) and a
representational (using only informative objects as representatives) point of view.

The representation set R can be selected randomly or by using procedures like k-centers or mode-
seeking. Alternatively, principal components could be retrieved from the dissimilarity space (treating it
as a usual vector space). The resulting space is referred to as a PCA-dissimilarity space. However, if the
dissimilarity between objects does not capture the cluster characteristics, the dissimilarity space will not be
able to retrieve appropriate clusters. An alternative solution is to consider a flexible non-linear monotonic
transformation of the given dissimilarities aiming to emphasize the importance of local neighborhoods
and diminish the influence of outliers.

4.2 Alternative Strategies

There are a number of approaches in the literature to cope with the task of pairwise data clustering or
proximity based clustering. However, none of them is perfect and thus, it is necessary to compromise
between their pros and cons. Next, some of the most relevant strategies will be discussed.

4.2.1 Optimization-based Clustering

A systematic approach to pairwise clustering by objective functions is based on an axiomatization of in-
variance properties and robustness for data grouping. As a consequence of this axiomatic approach the
discussion is usually restricted to intra-cluster criteria. In [[77078l69/79], an interesting approach to a gen-
eral proximity-based (neighborhood-based) partitioning (both hierarchical and partitioning) is proposed,
where the clustering task is formulated as a combinatorial optimization problem. In these works, an ob-
jective function is specified, incorporating a suitably weighted average of the within-cluster and between-
cluster dissimilarities.

In [[77], the pairwise clustering task is modeled as a combinatorial optimization problem depending
on boolean assignments M;, € {0,1} of sample i to cluster v (this is an NP-Hard[80] combinatorial op-
timization problem). The cost function for pairwise clustering is defined where only pairs of data points
assigned to the same cluster contribute to the total cost and dissimilarities between data which belong to
different clusters are not counted.

The discovery of structure in data sets can be achieved by embedding the data in a d-dimensional space
where the dissimilarities of pairs of data points are approximated by distances in a Euclidean space, forcing
the symmetry of the dissimilarity measure, which is not always appropriate. An approximate solution is
formulated in the maximum entropy framework using a variational principle to derive corresponding data
partitionings in the Euclidean space. This approximation solves the embedding problem and the grouping
of these data into clusters simultaneously and in a self consistent fashion. However, the learning framework
is still the embedding approach and the analysis performed earlier also apply in this case.

In [[78]], an extension of the idea in [[/7] is proposed to perform hierarchical clustering. The algorithm
proposed in this work belongs to the class of deterministic annealing algorithms, a deterministic variant of
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the well-known meta-heuristic simulated annealing[81]]. Deterministic annealing algorithms favor parallel
implementations and they are scalable with respect to the quality of the solution and complexity trade off.

In [69], as in [[/8]], the proposal is based on a deterministic annealing approach that simultaneously
embeds data in a Euclidean vector space, which can be used for dimensionality reduction and data visual-
ization. Here, the dependencies between the clustering procedure and the Euclidean representation are still
reflected. However, a modified cost function is proposed with the advantage of not enforcing the symmetry
of the dissimilarity measure. In addition, the characteristics of the original cluster structure are preserved
much better than the classical Multidimensional Scaling (MDS) techniques[68/82] with subsequent central
clustering.

An approach that covers the case of sparse proximity matrices, and is extended to nested partitionings
for hierarchical data clustering is proposed in [79]. As the aforementioned works, it is based on a rigorous
mathematical framework for solving the associated optimization problem and this solution is reached by
means of heuristic procedures. The objective functions proposed so far for data grouping focus on intra
cluster criteria. However there are situations, where the exclusive focus on compactness fails to capture
essential properties of the data and these approaches are not well suited for the detection of elongated
structures in the object domain[83]].

Another idea, proposed in [83]], discusses a path-based pairwise clustering, which emphasizes the
within-cluster connectivity by the use of graph methods. Intuitively, two objects are considered as similar
if there exists a within-cluster path between them without any edge of a large dissimilarity. In fact, the
effective dissimilarity between objects is defined as the largest edge cost on the minimal intra-cluster
path connecting both objects. As a result, a new dissimilarity emphasizing connectedness rather than
compactness is developed that is further used for grouping using a cost function. In addition, a new multi-
scale optimization scheme for the new clustering approach has been developed. Nonetheless, there is a
large design freedom in this new multi-scale optimization scheme, given the fact that new concepts like
the one for dissimilarity matrix of a coarser level[83] and a mapping[83]] for objects between levels must
be defined.

In spite of the fact that there is a well grounded theory supporting the optimization based proposals,
such models could be very complex. They are not guaranteed to find the global minimum, although the
solutions found by approximation algorithms[80] are often acceptable.

4.2.2 Evidential Clustering

Another proximity-based algorithm, called evidential clustering (EVCLUS) is proposed in [84] and relies
on the evidence theory@ In this approach, a basic belief assignment (bba) is assigned to each object over
a given set of groups, in such a way that the degree of conflict between two bbas reflects the dissimilarity
between the corresponding objects. The set of bbas forms a credal partition, which contains a lot of
information, so that it may be useful to summarize it in the form of a fuzzy or crisp partition. The credal
partition may also be viewed as a rich and general model of partitioning, from which fuzzy and hard
partitions can be computed as by-products.

This approach allows for an additional flexibility, resulting both in greater expressive power and in
improved robustness with respect to atypical data. It also allows us to combine clustering results obtained
from several dissimilarity matrices provided by different experts or measurement devices. In conjunction
with dissimilarity increment it could be used for clustering ensemble tasks in the context of dissimilar-
ity representations as proposed in [85]].

34 The theory of belief functions.
35 Concept that will be discussed later in this work.
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It is known that EVCLUS performs well[84], provided that a suitable trade off parameter is chosen.
However, if the parameter A deviates from the optimal value, very bad results are found. Also, EVCLUS
is initialization-sensitive and is characterized by a high computational burden. The number of parame-
ters to be optimized is linear in the number of objects but exponential in the number of clusters. Hence,
computational problems may quickly arise when the number of clusters increases.

4.2.3 Spectral Clustering

A promising alternative that has been applied in a number of fields is to use spectral methods for clustering.
In these methods, the fop eigenvectors of a matrix derived from the distance measure (which could also be
a dissimilarity measure) between points are used. A couple of works are briefly discussed next.

In [86], an algorithm based on Laplacian Eigenmaps is proposed, whose locality preserving charac-
teristics make it relatively insensitive to outliers and noise. A by-product of this is that the algorithm
implicitly emphasizes the natural clusters in the data. In [87], the concept of the eigenvector is seen as the
solution of a relaxation of an NP-Hard discrete graph partitioning problem[88]]. The second eigenvector
is used to give a guaranteed approximation of the optimal cut in a graph[8988]]. The analysis is extended
to clustering by building a weighted graph in which the nodes correspond to data points and edges are
related to the distance between the points.

Despite many empirical successes of spectral clustering methods{ﬂ there are several unresolved is-
sues. There are a wide variety of algorithms that use the eigenvectors in slightly different ways and there
has been a disagreement on exactly which eigenvectors to use and how to derive clusters from them[90].
One must not forget that solving an eigendecomposion problem could be computationally expensive and
some numerical problems might arise. Moreover, there is no proof that many of these algorithms will
actually compute a reasonable clustering.

4.2.4  Clustering by Means of Dissimilarity Increments

As seen in the clustering methods discussed before, patterns (or elements) are usually assigned to a cluster
according to some proximity measure. The choice of such measure can be difficult, since no prior informa-
tion about cluster shapes or structure is available. Most of the clustering techniques found in the literature
use pairwise dissimilarities between patterns to perform that assignment, however, a high-order dissimi-
larity measure has been proposed[91]]: the dissimilarity increments. The use of this measure gives different
information than the use of pairwise dissimilarities. Since a cluster is a set of patterns sharing some charac-
teristics, the dissimilarity increments between neighboring patterns should not occur with abrupt changes
and the dissimilarity increments between well separated clusters will have higher values[92].

In [93 the proposed procedure is a partitional procedure that intrinsically identifies the number of
clusters without necessity of a priori knowledge of design parameters. Although it provides a dendro-
gram type graph describing the structure of data, an isolation criterion is proposed to determine when a
cluster is correctly defined. Nonetheless, the structure of the resulting dendrogram is conditioned by the
cluster isolation criterion[67] and thus, it should be interpreted differently than traditional dendrograms.
For instance, a cut in the dendrogram does not correspond to a data partition. Also, the isolation criterion
depends on the correct choice of certain parameters and if this choice is not adequate, some issues might
arise like merging very different clusters, spurious clusters could be detected and one might face the phe-
nomenon of premature isolation. A premature isolation of a cluster means that it is prematurely decided

36 The purpose of A is twofold: to control both the hardness of the resulting partition and the number of free parameters of the
method.

37 Algorithms that cluster points using eigenvectors of matrices derived from the data.

38 This is the first work, to our knowledge, that used the concept of dissimilarity increments.
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that this cluster can not be merged anymore, phenomenon that usually arises when clusters have a few
(usually 10 or less) samples.

A major difficulty with hierarchical methods concerns its complexity, both in terms of time and space,
limiting its range of applicability. The hierarchical agglomerative framework combined with dissimilarity
increments proposed in [93] is extended in [94] to be able to handle large data sets by proposing the
integration of sampling techniques into the clustering process. The high dimensional data set is mapped
into a reasonable small number of prototypes, easily handled by the hierarchical clustering method. The
whole data set is partitioned into a large number of small and compact clusters, representing each cluster
by its centroid; centroids are then clustered using the hierarchical clustering technique. The final data
partition is obtained by joining all the patterns represented by the prototypes gathered in the same cluster.
However, in this procedure small natural clusters could be merged and thus, each formed cluster should go
through a more detailed analysis in order to detect finer grained clusters. In spite of the gain in efficiency,
this proposal suffers from the rest of the limitations of the previous one. Moreover, this new proposal
depends on the initialization procedure and minor degradations of clustering results could be observed.

The approach in [[67] somehow mitigates the limitation of previous works of having a weak estimate
characterizing cluster statistics in the presence of few samples. The problem of unreliable estimates of
dissimilarity increments is addressed by proposing a more adequate dynamic threshold that compensates
the effect of under-estimation of gaps statistics in the early stages of the clustering algorithm. However,
this strategy is still sensitive to noise[91] and may lead to drastic changes in pattern associations, which
could be reflected in distinct topology dendrograms.

In another work, [93]], a new algorithm is proposed based on Gaussian Mixture Decomposition[96]
(GMD) as a starting point for the hierarchical framework discussed before. A new statistical model for
the dissimilarity increments distribution for 2-dimensional data (2—DID is also proposed, which was
assumed by the authors to follow an exponential distributioﬂ Another contribution of this work is a
strategy to choose the parameter that guides the merge of clusters relying on the Graph-based Dissimilarity
Increments Distribution index[97]]. However, there are some drawbacks of this proposal. The initialization
procedure based on GMD presents some problems, it is unable to detect clusters of arbitrary shapes and
has the tendency to capture more than one cluster into one gaussian component if they are located near
each other, even if they are separable[92].

In order to overcome the difficulties caused by the gaussian mixture decomposition, a hierarchical
algorithm combined with the concept of dissimilarity increments, named SL-DID, is proposed in [92]. The
proposed algorithm, based on the single linkage method, is parameter-free and can identify classes as the
union of clusters following the dissimilarity increments distribution. The key difference with single linkage
is that using single linkage the most similar pair of clusters at each iteration is always merged, while in
SL-DID some tests are made using the dissimilarity increments distribution, whose results determine
whether that pair of clusters is merged or not. Due to this merge strategy, SL-DID can adequately identify
well separated clusters with arbitrary shape and densities, and it offers a deeper insight into the structure
of touching clusters[92]]. However, we believe that the merging criterion is based on specific empirical
knowledge derived from experiments and a more profound analysis should be carried out.

In [98]], a statistical model for dissimilarity increments for d-dimensional data is deriveﬂ assuming
that the objects follow a multivariate gaussian distribution (d—DIDfEl By means of experiments, empirical
evidence show that the derived distributions 2-DID and d-DID are a better approximation to the empirical

39 All this under mild approximations.

40 This assumption was made by means of visual inspection in previous works.
41 Also under mild approximations.

42 This type of distribution imposed on the data is not always true.
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distribution than the exponential distribution considered in [91]. Even though d-DID can be well approx-
imated by 2—Dllffl, it is very computationally expensive and numerically unstable for large values of d.
Still an unresolved issue of the method proposed, is that it still relies on an initial partition, which was
generated by GMD or by k-means in this case.

Recently in [99]], a family of agglomerative hierarchical methods, called Hierarchical Clustering based
on Dissimilarity Increments Distribution (HCDID) was proposed. This family of agglomerative hierarchi-
cal methods integrate the concept of dissimilarity increments in traditional linkage algorithms. These
algorithms are able to find the number of clusters and experimental results showed that any algorithm
from the proposed family outperforms the corresponding traditional one[99]]. In spite of the advantages
offered by these algorithms over the traditional ones, the algorithms from the HCDID family have some
parameters that need to be set, which is still an open issue.

4.3 Clustering Ensemble on the Dissimilarity Representation

In a wide variety of fields, several measurements are often performed over the same set of objects with
the goal of achieving a more comprehensive and robust understanding of the problem at hand. Real world
objects could be represented in a variety of ways and several learning techniques could be applied. With
the evolution of fields like spectral data acquisition each object is usually analyzed by means of several
techniques (several spectral data are acquired) offering complementary information. If the dissimilarity
representation is the representation method of choice, we might end up with several dissimilarity matrices
(one for each kind of technique) describing the same data set. However, all this information might not be
fully exploited if no proper way can be found to combine the results obtained for each technique.

In the context of unsupervised classification, it is commonly desired to fuse the different clustering
results obtained for the same data set. This process of combining different clustering results is usually
known as clustering ensemble and this idea emerged as an alternative approach for improving the results
of individual clustering algorithms. Every clustering ensemble method consists of two main steps: the
generation step (the creation of a set of partitions of the objects) and a fusion step (computation of a new
partition integrating the partitions obtained in the generation step)[2]]. A peculiarity of clustering ensemble
methods is that they should take into account the peculiarities of the problem at hand. Moreover, it can
not be stated that clustering results obtained by a clustering ensemble method are betfer than the ones that
were originally combined, it can only be ensured that the new clustering is a consensus of all the previous
ones.

In our particular scenario with several dissimilarity representations, the combination of unsupervised
classification results could be addressed by traditional clustering ensemble techniques. The key difference
in this approach is the application of clustering algorithms designed specifically to deal with dissimilarity
information. In the same way, traditional generation mechanisms and consensus functions could be used
once the clustering results are provided. However, as traditional clustering ensemble techniques usually
require specific application knowledge, we believe that some relevant information somehow encoded in
the dissimilarity representations might be neglected in the ensemble process.

To our knowledge, practically no works have been reported concerning clustering ensemble methods
in the context of the dissimilarity representation. However, due to the close relation existing between the
combination of dissimilarity measures[[100] (or their transformed versions) and the area of combining
classifiers[36], a feasible strategy could be to find a suitable combination of such dissimilarity represen-
tations. Several criteria could be applied here, from stacking the dissimilarity matrices, to find a proper

43 Which is in fact done.



26 Victor Mendiola-Lau, Isneri Talavera Bustamante, and Maria De Marsico

combination of such matrices by means of techniques like a weighted combination, information theoretic
based criteria, and more. It is important to mention that this strategy of combining the dissimilarity infor-
mation has the advantage of taking into account specific domain knowledge of the problem at hand in the
ensemble process.

4.4 Multi-way Clustering

As stated before in this work, clustering is a well-studied problem. However, most clustering algorithms
are based on the assumption that the data set is represented as a two-way array. This problem arises in
many scenarios in the context of multi-way data and usually the goal is to obtain meaningful clusters in
one of the modes based on all the chosen variables. To our knowledge, not too much attention has been
paid to this subject, although there are some works concerning the clustering task in multi-way data. The
relevant works regarding this subject in the literature are discussed next.

Some schemes have been proposed for cluster analysis in three-way data sets. The underlying principle
in these techniques is to cluster all modes of the data array simultaneously. It is important to stress that most
of these proposals have been designed and tested in specific domains and it is not always straightforward
(or even possible in some cases) to extend them to any higher-order array.

In [101], an algorithm named TriCluster combines subspace clustering with graph-based approaches to
capture coherent clusters in three-way arrays{ﬂ Fixing one of the modes (preferably the smallest one), the
algorithm constructs a range multigraph{ZE] and then it searches for constrained maximal cliques (maximal
cliques under some constraints) in this multigraph to yield a set of biclusters[[102] for that particular slice.
Then, another graph is built using the biclusters (as vertices) obtained for each slice and the final set
of triclusters is obtained by finding cliques in this last graph. Depending on different parameter values,
TriCluster can find arbitrarily positioned and overlapping clusters. However, biclustering is known to
be a NP-Hard problem[102], and thus many proposed algorithms use heuristic methods or probabilistic
approximations, which could affect the accuracy of the final clustering results.

Multi-way distributional clustering (MDC)[103] relies on subspace clustering and introduces an exten-
sion of two-way clustering to multi-way arrays. The proposed algorithm focuses on document clustering
and interleaves top-down clustering of some variables and bottom-up clustering of the other variables,
with a local optimization correction routine.

The clustering method proposed in [104] makes use of an exploratory visualization approach on three-
way arrays. The cluster of samples in the object mode is achieved by clustering the scores (sample load-
ings) obtained from a multi-way decomposition model, for example, a Tucker 3 or a PARAFAC model.
However, hierarchical clustering techniques are applied based on standard similarity measures over the
score@ which are not always the best choice. This approach is particularly appropriate in situations
where these models convey a meaningful description of the data, therefore the guality of the model should
be assessed first. Moreover, it generalizes straightforwardly to higher-order data and also to two-way data.
In spite of all that, this proposal relies on the approach of learning through the scores computed by a
multi-way decomposition model (multi-way decomposition + two-way learning), which means it still has
its same limitations.

As previously discussed, there are many procedures for unsupervised classification in the case of two-
way data, but there is a limited number of techniques for clustering multi-way profile data. However,
if the dissimilarity representations for multi-way data proposed in [[13] are employed, a new alternative

4 It was designed particularly for (and tested in) microarray data sets.
45 A compact representation of all similar value ranges between any two sample columns.
46 For example, Euclidean, Mahalanobis, and others.
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methodology for clustering multi-way objects can be derived. Once the multi-way array is represented
by means of dissimilarity information, traditional clustering algorithms for such proximity representation
could be applied. This new approach has all the advantages of the dissimilarity representation and we
believe it is worth analyzing.

5 Conclusions

In this work, relevant aspects regarding the task of clustering spectral data have been carefully analyzed.
Due to the many theoretical and practical reasons addressed here, the dissimilarity representation emerged
as an alternative, and very suitable strategy to represent spectral data (few high dimensional data in gen-
eral) for further supervised and unsupervised learning tasks.

As already described, in the context of the dissimilarity representation some attention has been paid in
order to find a proper representation of spectral data by means of proximity data. Dissimilarity measures
proposed in the literature have been mainly studied in supervised classification tasks, although they can
also be used in unsupervised classification environments. However, we believe that some progress can
still be made in this sense. In the process of designing a good dissimilarity measure there is still an open
question: what makes two spectra similar/dissimilar? According to our research, there could be some
room for improvement in topics like dealing with abrupt shape changes in the spectra, variable amounts
of missing data, spectral misalignment, and more.

In our review of key aspects of the dissimilarity representation two issues were identified for unsu-
pervised environments: the proper selection of the learning framework and the possibility of exploring
alternative representations of dissimilarity information. In the case of alternative representations of struc-
tural nature like graphs and more specifically trees, they have not been completely exploited for learning
tasks under the dissimilarity representation. Besides the fact that this particular representation does not im-
pose any geometry on the data, relevant information can still be extracted, not to mention the improvement
on the spatial complexity of the representation.

Concerning the status of clustering methods developed for proximity representations, it could be ob-
served that even though there are several methods proposed in the literature, not too many classical clus-
tering procedures have been extended to work with objects represented by pairwise characterizations. In
our opinion, clustering methods defined for classical vector representations could be extended to work
with this kind of data. Moreover, the concept of high-order dissimilarities could be further explored since
it could offer a better characterization of the space were the samples lie in. This could be advantageous
given the fact that pairwise data clustering algorithms do not fully exploit the fact that they are dealing
with dissimilarity information. We also recommend to do some research concerning the application of
these (and also new) pairwise clustering algorithms in related tasks such as cluster-based outlier detection
and cluster-based prototype selection for the dissimilarity representation.

Another open issue detected in our investigation is the subject of clustering ensemble in the context of
the dissimilarity representation. In our opinion, this area has not been explored and we think good results
could be obtained from a proper combination of different dissimilarity information. We also propose to
analyze with greater depth the relation between this subject and the combination of classifiers.

Regarding the clustering of multi-way spectral data, we reached the conclusion that this topic is prac-
tically unexplored. In view of its importance, we believe that this topic should not be neglected. In view of
the very recent and promising findings in the area of multi-way classification by means of the dissimilarity
representation(13]], we propose to begin with the application of these results in the context of clustering.
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