Giorgio Valentini - Research activity

The research activity may be set out in two main areas, bioinformatics and machine learning.

General scheme of the main research lines.

I. Bioinformatics
A) Analysis, development and application of unsupervised machine learning methods in
bioinformatics:
Al. Stability-based methods for the assessment of the reliability of clusters
discovered in complex bio-molecular data.
A2. Ensemble clustering methods for the analysis of patterns in bio-molecular data
B) Analysis, development and application of supervised machine learning methods in
bioinformatics:
B1. Analysis and design of supervised ensemble methods to support bio-molecular
diagnosis.
B2. Integration of complex bio-molecular data and integration of feature extraction
and feature selection methods for the supervised classification of co-expressed genes.
B3. Ontology-based hierarchical classification of genes and proteins.
B4. Integration of multiple sources of bio-molecular data for gene function
prediction.
BS5. Machine learning methods for lung nodule detection in x-ray images
C) Other bioinformatics research activities:
C1. Biologically motivated modelling of gene expression profiles
C2. Ontology driven gene selection methods for the discovery of functional classes of
genes related to a specific phenotype
C3. DNA microarray data analysis for the discovery of gene networks related to Human
Acute Myeloid Leukaemia stem cells.
II. Machine learning
A) Analysis and design of ensembles of learning machines:
Al. Error Correcting Output Coding ensemble methods for multiclass classification.
A2. Ensemble methods based on the bias-variance decomposition of the error.
A3. Supervised ensemble methods based on random projections
Ad4. Hierarchical ensembles for multi-class, multi-label and multi-path classification
problems.
AS. Ensemble clustering methods
B) Development of machine learning software libraries

Description of the main research lines.

Numbers in square brackets refer to publications listed at the end of this document. Cited papers are
on-line available from: http://homes.dsi.unimi.it/~valenti/pub.html

I. Bioinformatics

Bioinformatics research activities of Giorgio Valentini are characterized by the development and
application of machine learning methods and algorithms to extract biological knowledge from bio-
molecular data generated through high throughput biotechnologies.

The main research lines in this area are described below.



A. Analysis, development and application of unsupervised machine learning methods in
bioinformatics

This research line is articulated across two related directions:

Al. Stability-based methods for the assessment of the reliability of clusters discovered in complex
bio-molecular data.

A2. Ensemble clustering methods for the analysis of patterns in bio-molecular data

Al Stability-based methods for the assessment of the reliability of clusters discovered in complex
bio-molecular data.

The validation of clusters discovered by clustering algorithms is a central problem in
bioinformatics: in both genomics and proteomics several problems require assessing the reliability
of structures and patterns discovered in complex biomolecular data.

The research activity is set out in the development of algorithms for the analysis of the clusters
reliability and for the model order selection in an unsupervised setting of the problem
[12,16,15,54,56,89], and in the development of algorithms to analyze the reliability of single clusters
inside a clustering [17,19,61], using a novel approach based on the analysis of the stability of the
obtained clusters.

New statistical tests based on the chi® distribution [16,56] and on the classical Bernstein inequality
[12,54] have been developed, in order to search for multiple structures present at the same time in
complex data.

The new methods have been applied to the analysis and validation of subclasses of pathologies
characterized at bio-molecular level and to the discovery of multiple structures in complex bio-
molecular data (e.g. hierarchical structures), using data generated through high-throughput
biotechnologies [12,16,18,17,90].

We are now studying new stability-based methods for the discovery and statistical validation of
clusterings characterized by a high number o clusters and examples, targeted to the unsupervised
search and validation of functional classes of genes [8,47].

A2. Ensemble clustering methods for the analysis of patterns in bio-molecular data

The search for patterns in high dimensional data (e.g. DNA microarray or mass spectrometry data)
require the development of clustering methods targeted to these type of biomolecular data.

In particular we developed unsupervised ensemble methods based on random projections to analyze
data characterized by a high dimensionality [57]; these methods have been successively applied to
the analysis of gene expression data [55]. In the context of a PhD thesis at DSI, new ensemble
methods based on random projections, using a fuzzy approach for both the base clusterings of the
ensemble and to combine the clusterings obtained from multiple instances of the projected data
have been developed.

From an initial algorithm [52], a more general algorithmic scheme has been developed, from which
different fuzzy ensemble clustering algorithms can be derived [50]. Some of these fuzzy ensemble
algorithms have been applied to the analysis of gene expression data to discover subclasses of
pathologies at bio-molecular level [10]. A novel on going research line tries to embed stability based
algorithms within the unsupervised ensemble methods, in order to integrate the cluster validation
process with the ensemble clustering algorithms.

B. Analysis, development and application of supervised machine learning methods in
bioinformatics

The research activity focuses on the development of bioinformatics methods based o ensembles of



learning machines.

In particular 4 research lines can be distinguished:

B1. Analysis and design of supervised ensemble methods to support bio-molecular diagnosis.

B2. Integration of complex bio-molecular data and integration of feature extraction and feature
selection methods for the supervised classification of co-expressed genes.

B3. Ontology-based hierarchical classification of genes and proteins.

B4. Integration of heterogeneous biomolecular data for gene function prediction.

BS5. Machine learning methods for lung nodule detection in x-ray images

B1. Analysis and design of supervised ensemble methods to support bio-molecular diagnosis.

The biomolecular classification of pathologic phenotypes requires methods targeted to the
characteristics of the biomolecular data. In this context we explored several supervised ensemble
methods ranging from methods based on correcting codes, to methods based on dimensionality
reduction by random projections and to data complexity-based ensemble methods.

Error Correcting Output Coding (ECOC) methods allow to classify multiple phenotypes through the
decomposition of a complex multiclass classification problem in a set of dichotomic simpler
problems, introducing also auto-correction capabilities by means of ECOC codes, This approach
can also reduce the noise underlying data obtained from biotechnologies (e.g. gene expression data)
by introducing automatic error correction procedures.

In particular, ECOC ensembles of neural networks permitted to obtain state-of-the-art predictions to
support bio-molecular diagnosis of tumoral diseases [27,71,75].

We explored also other possibilities, considering the low cardinality of available data, using bagged
ensembles of SVMs to support the diagnosis of malignancies based on DNA microarray data
analysis [24,68]. A variant of bagging, based on bias-variance analysis, showed very interesting
results [67].

Another research line extend Ho's random subspace ensembles to more general ensembles based on
random projections obeying the Johnson-Lindestrauss lemma: in this way data dimensionality can
be reduced without introducing relevant metric distortion into the data. This approach allows us to
deal with the curse of dimensionality problem that plagues methods supporting bio-molecular
diagnosis using high dimensional data such as gene expression or mass spectrometry data
[21,62,64].

To improve the accuracy of the base learners of the ensemble, we started a new research line to join
data generation of compress data through random projections with selection procedures of the base
learners by an analysis of the complexity of the available data: applications to DNA microarray and
SAGE data analysis for bio-medical diagnosis show preliminary very encouraging results [43,49].

B2. Integration of complex bio-molecular data and integration of feature extraction and feature
selection methods for the supervised classification of co-expressed genes.

The predictability of classes of co-expressed genes of non coding regulatory DNA regions, is an
interesting problem that can indirectly provide information on transcription factor binding sites and
on regulatory motifs of non coding DNA regions.

From a machine learning standpoint, this classification and feature selection problem is particularly
relevant for the complexity of the regulatory regions and for the ambiguity of the regulatory motifs,
as well as for the need for integrating sequence data (non coding regulatory DNA regions) with gene
expression data (to predict classes of co-expressed genes).

To this end we developed methods that combine combinatorial algorithms, feature selection and
machine learning classification algorithms to predict classes of coexpressed genes, using non
coding DNA sequence data. We obtained results comparable with state-of-the-art in the prediction



of classes of co-expressed genes in the yeast [11,88,89]. This ongoing research line includes the
application of the developed methods to other model organisms (comprising humans) for the
discovery of regulatory motifs and transcription factor binding sites at the level of the entire
genome.

We developed also new methods for the predictions of co-expressed genes by integrating mutliple
sources of data through ensemble methods [39].

B3. Ontology-based hierarchical classification of genes and proteins.

In the context of the prediction of genes/proteins functions with computational methods, the
analysis of graphs of the Gene Ontology (GO) and of the trees of FunCat (Functional Categories),
by which the relationships between functional classes of genes are structured, is very relevant.
Moreover the structured classification of functional classes of genes requires automatic procedures
to associate genes to functional classes and to the different types of bimolecular data.

To this end we developed methods and algorithms to select functional classes of genes/proteins to
specific biological problems, to analyze and process the graphs of GO and FunCat, and to perform
pre-processing of complex and multi-view bio-molecular data, in order to support the development
of hierarchical classification methods based on the taxonomy of FunCat and on the Gene Ontology
[13].

Gene function prediction is a complex multi-class and multi-label classification problem
characterized by a hierarchical structure of the classes. We developed hierarchical classification
methods for gene/protein function prediction based on tree-structured ensembles of learning
machines. In particular we developed methods based on the “true path rule” (TPR) that governs
both FunCat and the GO [2,38,42] and cost-sensitive bayesian methods for the probabilistic
“reconciliation” of the probabilistic output of the base learners [5,36]. Both methods, despite the
fact that comes from different theoretical and heuristic approaches, showed comparable results, at
least when a single source of biomolecular data is used to classify genes at genome and ontology
wide level with the FunCat taxonomy [35]. The extension of the PTR method to DAG-based
taxonomies (i.e. the GO) is under development.

In perspective, by integrating the research lines on hierarchical ensemble methods with those for the
integration of multiple sources of data, we foresee applications to the prediction of gene functions in
yeast, C. elegans, A. thaliana e M. musculus. Preliminary results (not just published at this time)
obtained with S.cerevisiae (yeast) are very encouraging.

B4. Integration of heterogeneous biomolecular data for gene function prediction.

Single sources of biomolecular data are usually predictive only for some functional classes, while
can be uninformative for others, because each source of data can capture only a subset of the
functional characteristics of genes and gene products.

For this reason the integration of different sources plays a central role in bioinformatics.

To this end we developed methods based on ensembles of learning machines [6,40,41,45], showing
that also relatively simple methods such as weighted majority voting or decision template ensemble
may achieve results comparable with those obtained with state-of-the-art methods [4,37]. Moreover
we showed that ensemble methods can tolerate relatively high levels of noise in the data without
significantly worsening their performances [1]. We studied also problems related to the
biomolecular data base management using XML to integrate heterogeneous biological data [7,46].

BS5. Machine learning methods for lung nodule detection in x-ray images

In this research activity, we applied classical machine learning methods (e.g. SVMs) to the
classification of lung nodules in radiographic images. In particular, the application of univariate
feature selection methods and cost-sensitive SVMs, to balance between positive and negative



examples, provided results comparable with best ones available in the literature [22,63].
C. Other bioinformatics research activities

Other bioinformatics research activities are not directly attributable to the previous research areas
previously described:

C1. Biologically motivated modelling of gene expression profiles

C2. Ontology driven gene selection methods for the discovery of functional classes of genes related
to a specific phenotype

C3. DNA microarray data analysis for the discovery of gene networks related to Human Acute
Myeloid Leukaemia stem cells.

C1. Biologically motivated modelling of gene expression profiles.

The evaluation of gene selection methods is an open problem in bioinformatics. Indeed, in most
cases the genes related to a given phenotype are not known in advance, and hence the estimate of
the effectiveness of gene selection methods is difficult and only indirectly evaluated through
classification results. For these reasons we developed a biologically motivated mathematical model
to simulate gene expression data, based on the biological notions of expression profile and
expression signature.

The mathematical modelling of these biological concepts have been realized by positive boolean
functions and leaded to a model by which we can generate biologically plausible gene expression
data, if we know in advance the expression signatures and the genes associated to a specific
phenotype [3,14,58,60]. We are working to statistically validate the proposed model w.r.t. real gene
expression data, and to better motivate both the biological background and the mathematical
properties of the proposed model.

The main aim of this model consists in generating synthetic gene expression data to compare
different gene selection methods, and preliminary results with a limited set of gene selection
methods have been provided [44,91].

We plan to provide an extended experimental comparison between different gene selection and
gene clustering methods, using “gold standard” data generated by the model.

C2. Ontology driven gene selection methods for the discovery of functional classes of genes related
to a specific phenotype

The main idea behind this novel research line consists in the embedding of “a priori” biological
knowledge in gene selection methods, exploiting the hierarchical structure of the Gene Ontology to
select groups of genes related to a given pathology. in this context, the basic selection unit is not a
single gene, but an entire class of genes. This approach from one hand reduces the complexity of the
gene selection problem, on the other hand provides a direct biological interpretation of the selection
results. In this context, classical algorithms form feature selection literature can be adapted to work
on groups of functionally correlated genes, instead of on single genes, exploiting “a priori”
biological knowledge on genes (e.g. membership to the same pathway or to the same functional
class).

C3. DNA microarray data analysis for the discovery of gene networks related to Human Acute
Mpyeloid Leukaemia stem cells.

This research activity is in the context of a collaboration between Universita degli Studi di Milano



(Dept. of Biology and Genetics, Faculty of Medicine and Dept. of Computer Science, Faculty of
Sciences) and the Niguarda Hospital of Milano. The main goal of the project consists in
characterizing the gene networks activated in Human Acute Myeloid Leukaemia (AML) stem cells,
in order to discover target genes for bio-molecular therapies at the earliest stage of development of
AML.

From a more general standpoint we will apply to real gene expression data, obtained from the
Affymetrix platform of the Niguarda Hospital, computational methods for the pre-processing and
quality control of gene expression data, for the analysis and detection of differentially expressed
genes, for the discovery of genes related to tumoral diseases in general and for the analysis of gene
networks related to AML in particular, with relevant applications in the bio-medical field.

In this context we developed computational methods to estimate the reliability of clusters discovered
by hierarchical clustering algorithms [8,47].

I1. Machine learning

Research activity in machine learning, even if related to bioinformatics research, has its own
research lines. They can be summarized in research activities related to the analysis and design of
ensembles of learning machines, and the design, development and implementation of machine
learning software libraries.

A. Analysis and design of ensembles of learning machines

In this research area we can distinguish between four main research lines for the analysis, design and
development of different ensemble methods [32,33,34,69]:

Al Error Correcting Output Coding ensemble methods for multiclass classification.

A2. Ensemble methods based on the bias-variance decomposition of the error.

A3. Supervised ensemble methods based on random projections.

A4. Hierarchical ensembles for multi-class, multi-label and multi-path classification problems.
AS. Ensemble clustering methods.

Al. Error Correcting Output Coding ensemble methods for multiclass classification.

Error Correcting Output Coding (ECOC) ensemble methods allow us to improve the reliability of
predictions for multiclass classification problems, through the redundant coding of class labels
realized by the decomposition of a multiclass classification problem in a set of dichotomic problems
delivered to an ensemble of classifiers.

In this framework we analyzed the effectiveness of ECOC methods in ensembles and single learning
machines [26,83], developing also new ECOC ensemble approaches [82]. We also evaluated the
dependence between bit-level errors of ECOC codewords using an information theoretic approach
[25], in order to compare different typologies of ECOC codes and different architectures of learning
machines based on ECOC [77,78,81].

Besides applications in bioinformatics [27,31,74,75], ECOC ensembles (and boosting ensembles)
have been successfully applied to multi-class classification problems with electronic noses
[29,72,76].

A2. Ensemble methods based on the bias-variance decomposition of the error.

We used the bias-variance decomposition of the error to analyze the properties and the



characteristics of learning algorithms. On the basis of the Domingos theory that generalizes to the
0/1 loss the classical boas-variance analysis based on quadratic losses, we analyzed the relationships
between learning processes and the bias-variance decomposition of the error in Support Vector
Machines [23].

The characterization of the learning behaviour of SVMs in terms of the bias-variance
decomposition of the error offers also a rationale for the development of new ensemble methods
[23,70].

From this perspective we proposed a new ensemble method, named Lobag (Low Bias Bagging), that
estimates the bias of the base learner SVMs, then selects SVMs with the lowest bias and then it
combines them by means of bootstrap aggregation. This approach reduces jointly both the bias and
variance components of the error, and it may be interpreted as a “low-bias” variant of bagging [66].
This ensemble method has been successfully applied to the classification of tumoral diseases on
bio-molecular basis [67].

The bias-variance analysis of the error has been successively extended to resampling-based
ensembles, showing the relationships and explaining the different learning behaviour of bagging,
random aggregation and lobag [20,65].

A3. Supervised ensemble methods based on random projections.

To support the diagnosis of tumoral diseases based on biomolecular data, we developed ensemble
methods based on Ho’s random subspaces, using SVMs as base learner [21,64]

An extension of the Ho’s model, that adds a feature selection stage to eliminate the less relevant
features, followed to the classical random subspace approach applied to the remaining features,
showed results comparable with the best ones in the field of computer-aided diagnosis of tumors
[62].

We are working on an extension of the random subspace ensemble method to more general random
projection supervised ensemble methods, following an approach similar to those proposed for
unsupervised problems [57,50,10].

Ad4. Hierarchical ensembles for multi-class, multi-label and multi-path classification problems.

The gene function classification problem stimulated the research and the development of multiclass
(gene functional classes are hundreds or thousands too), multilabel (a gene may belong to multiple
classes), multi-path (classes are structured according to trees or DAGs) classification algorithms.
These algorithms, originally developed to solve a bioinformatics problem, raise interesting problems
also from a machine learning standpoint, when multiple interrelated hierarchically structured
classification problems need to be considered at the same time [2,5].

AS. Ensemble clustering methods.

Unsupervised ensemble methods based on random projections, originally motivated by clustering
problems in high dimensional spaces in bioinformatics, represent an unsupervised extension of Ho's
random subspace methods [57].

In [61] we showed that random projections obtained by classical random subspace methods may
induce significant distortions in high-dimensional gene expression data, while using random
projections that obey the Johnson-Lindenstrauss lemma, we can generate with high probability
lower-dimensional projected data, whose metric characteristics are similar to that of the data in the
original space [18].

On the basis of this analysis we proposed clustering ensemble methods based on random projections
[57] that have been applied to the analysis of DNA microarray data [55].



A fuzzy extension of the methods developed in [57] have been proposed in [50]: from the
combination of different “crispization” techniques of the base fuzzy clustering, and different
typologies of fuzzy aggregation of the base clusterings, we obtained an algorithmic scheme from
which 9 different fuzzy ensemble clustering algorithms can be derived [50,53]. These algorithms
have been applied to the analysis of gene expression data [10,52].

B. Development of machine learning software libraries

Research activity in machine learning have been always associated with the design and
implementation of corresponding software libraries: in particular the new ensemble methods
realized during the research activities, together with other methods published in literature, have
been developed and implemented in a C++ library, NEURObjects, initially conceived for the
software design of neural networks [28,85].

Symmetrically to the growing interest in bioinformatics research, we designed and implemented
open source R libraries, available on-line, to analyze and process complex bio-molecular data.

In particular the clusterv library permits to analyze the reliability of single clusters in high
dimensional biomolecular data [19]; the mosclust library allows us to select the “optimal” number
of clusters and to discover multiple structures present at the same time in complex biomolecular
data [15]; the hcgene library permits to analyze the direct acyclic graphs of the Gene Ontology and
the trees of FunCat to support the hierarchical classification of genes and gene products [13].

We are also developing software libraries for the hierarchical classification e for the integration of
heterogeneous data based on ensemble methods.
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