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Preface

We are proud to present the set of final accepted papers for the eleventh edition
of the IWANN conference “International Work-Conference on Artificial Neural
Networks” held in Torremolinos (Spain) during June 8–10, 2011.

IWANN is a biennial conference that seeks to provide a discussion forum
for scientists, engineers, educators and students about the latest ideas and real-
izations in the foundations, theory, models and applications of hybrid systems
inspired by nature (neural networks, fuzzy logic and evolutionary systems) as
well as in emerging areas related to the above items. As in previous editions
of IWANN, this year’s event also aimed to create a friendly environment that
could lead to the establishment of scientific collaborations and exchanges among
attendees. Since the first edition in Granada (LNCS 540, 1991), the conference
has evolved and matured. The list of topics in the successive Call for Papers has
also evolved, resulting in the following list for the present edition:

1. Mathematical and theoretical methods in computational intelli-
gence: Mathematics for neural networks; RBF structures; Self-organizing
networks and methods; Support vector machines and kernel methods; Fuzzy
logic; Evolutionary and genetic algorithms

2. Neurocomputational formulations: Single-neuron modelling; Perceptual
modelling; System-level neural modelling; Spiking neurons; Models of bio-
logical learning

3. Learning and adaptation: Adaptive systems; Imitation learning; Recon-
figurable systems; Supervised, non-supervised, reinforcement and statistical
algorithms

4. Emulation of cognitive functions: Decision making; Multi-agent systems;
Sensor mesh; Natural language; Pattern recognition; Perceptual and motor
functions (visual, auditory, tactile, virtual reality, etc.); Robotics; Planning
motor control

5. Bio-inspired systems and neuro-engineering: Embedded intelligent sys-
tems; Evolvable computing; Evolving hardware; Microelectronics for neural,
fuzzy and bioinspired systems; Neural prostheses; Retinomorphic systems;
Brain–computer interfaces (BCI) nanosystems; Nanocognitive systems

6. Hybrid intelligent systems: Soft computing; Neuro-fuzzy systems; Neuro-
evolutionary systems; Neuro-swarm; Hybridization with novel computing
paradigms: Qantum computing, DNA computing, membrane computing;
Neural dynamic logic and other methods; etc.

7. Applications: Image and signal processing; Ambient intelligence; Biomimetic
applications; System identification, process control, and manufacturing; Com-
putational biology and bioinformatics; Internet modeling, communication
and networking; Intelligent systems in education; Human–robot interaction.
Multi-agent systems; Time series analysis and prediction; Data mining and
knowledge discovery



VI Preface

At the end of the submission process, we had 202 papers on the above topics.
After a careful peer-review and evaluation process (each submission was reviewed
by at least 2, and on average 2.4, Program Committee members or additional
reviewer), 154 papers were accepted for oral or poster presentation, according
to the recommendations of reviewers and the authors’ preferences.

It is important to note that for the sake of consistency and readability of
the book, the presented papers are not organized as they were presented in the
IWANN 2011 sessions, but classified under 21 chapters and with one chapter
on the associated satellite workshop. The organization of the papers is in two
volumes and arranged following the topics list included in the call for papers.
The first volume (LNCS 6691), entitled Advances in Computational Intelligence.
Part I is divided into ten main parts and includes the contributions on:

1. Mathematical and theoretical methods in computational intelligence
2. Learning and adaptation
3. Bio-inspired systems and neuro-engineering
4. Hybrid intelligent systems
5. Applications of computational intelligence
6. New applications of brain–computer interfaces
7. Optimization algorithms in graphic processing units
8. Computing languages with bio-inspired devices and multi-agent systems
9. Computational intelligence in multimedia processing

10. Biologically plausible spiking neural processing

In the second volume (LNCS 6692), with the same title as the previous vol-
ume, we have included the contributions dealing with topics of IWANN and
also the contributions to the associated satellite workshop (ISCIF 2011). These
contributions are grouped into 11 chapters with one chapter on the satellite
workshop:

1. Video and image processing
2. Hybrid artificial neural networks: models, algorithms and data
3. Advances in machine learning for bioinformatics and computational

biomedicine
4. Biometric systems for human–machine interaction
5. Data mining in biomedicine
6. Bio-inspired combinatorial optimization
7. Applying evolutionary computation and nature-inspired algorithms to for-

mal methods
8. Recent advances on fuzzy logic and soft computing applications
9. New advances in theory and applications of ICA-based algorithms

10. Biological and bio-inspired dynamical systems
11. Interactive and cognitive environments
12. International Workshop of Intelligent Systems for Context-Based Informa-

tion Fusion (ISCIF 2011)



Preface VII

During the present edition, the following associated satellite workshops were
organized:

1. 4th International Conference on Computational Intelligence in Se-
curity for Information Systems (CISIS 2011). CISIS aims to offer a
meeting opportunity for academic and industry-related researchers belonging
to the various vast communities of computational intelligence, information
security, and data mining. The corresponding selected papers are published
in an independent volume (LNCS 6694).

2. International Workshop of Intelligent Systems for Context-Based
Information Fusion (ISCIF 2011). This workshop provides an interna-
tional forum to present and discuss the latest scientific developments and
their effective applications, to assess the impact of the approach, and to fa-
cilitate technology transfer. The selected papers are published as a separate
chapter in the second volume (LNCS 6692).

3. Third International Workshop on Ambient-Assisted Living
(IWAAL). IWAAL promotes the collaboration among researchers in this
area, concentrating efforts on the quality of life, safety and health problems of
elderly people at home. IWAAL papers are published in LNCS volume 6693.

The 11th edition of IWANN was organized by the Universidad de Malaga,
Universidad de Granada and Universitat Politecnica de Catalunya, together with
the Spanish Chapter of the IEEE Computational Intelligence Society. We wish
to thank to the Spanish Ministerio de Ciencia e Innovacion and the University
of Malaga for their support and grants.

We would also like to express our gratitude to the members of the different
committees for their support, collaboration and good work. We specially thank
the organizers of the associated satellite workshops and special session organiz-
ers. Finally, we want to thank Springer, and especially Alfred Hofmann, Anna
Kramer and Erika Siebert-Cole, for their continuous support and cooperation.

June 2011 Joan Cabestany
Ignacio Rojas
Gonzalo Joya



Organization

IWANN 2011 Organizing Committee

Honorary Chairs

Alberto Prieto University of Granada
Francisco Sandoval University of Malaga

Conference Chairs
Joan Cabestany Polytechnic University of Catalonia
Ignacio Rojas University of Granada
Gonzalo Joya University of Malaga

Technical Program Chairs

Francisco Garcia University of Malaga
Miguel Atencia University of Malaga

Satellite Worshops Chairs

Juan M. Corchado University of Salamanca
Jose Bravo University of Castilla la Mancha

Publicity and Publication Chairs

Pedro Castillo University of Granada
Alberto Guillen University of Granada
Beatriz Prieto University of Granada

IWANN 2011 Program Committee

Plamen Angelov University of Lancaster
Cecilio Angulo Polytechnic University of Catalonia
A. Artes Rodriguez University of Carlos III, Madrid
Antonio Bahamonde University of Oviedo
R. Babuska Delft University of Technology
Sergi Bermejo Polytechnic University of Catalonia
Piero P. Bonissone GE Global Research
Andreu Catala Polytechnic University of Catalonia
Gert Cauwenberghs University of California, San Diego
Jesus Cid-Sueiro University of Carlos III, Madrid
Rafael Corchuelo University of Seville



X Organization

Óscar Cordón European Centre for Soft Computing
Carlos Cotta University of Malaga
Marie Cottrell University of Paris I
Alicia D’Anjou University of the Basque Country
Luiza De Macedo Mourelle State University of Rio de Janeiro (UERJ)
Dante Del Corso Polytechnic of Turin
Angel P. del Pobil University of Jaume I, Castellon
Richard Duro University of A Coruña
Marcos Faundez-Zanuy Polytechnic University of Mataro
J. Manuel Ferrández Polytechnic University of Cartagena
Kunihiko Fukushima Takatsuki, Osaka
Chistian Gamrat CEA, Gif sur Yvette
Patrik Garda University Paris Sud, Orsay
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Jelena Milojković, Vančo Litovski, Octavio Nieto-Taladriz, and
Slobodan Bojanić
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David Moreno, Sandra Gómez, and Juan Castellanos

Aeration Control and Parameter Soft Estimation for a Wastewater
Treatment Plant Using a Neurogenetic Design . . . . . . . . . . . . . . . . . . . . . . . 315

Javier Fernandez de Canete, Pablo del Saz-Orozco, and
Inmaculada Garcia-Moral



Table of Contents – Part I XXV

Pulse Component Modification Detection in Spino Cerebellar Ataxia 2
Using ICA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323
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L. Diez Dolinski, R. Núñez Hervás, M. Cruz Echeand́ıa, and
A. Ortega

Hierarchy Results on Stateless Multicounter 5′ → 3′ Watson-Crick
Automata . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 465

Benedek Nagy, László Hegedüs, and Ömer Eğecioğlu
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Table of Contents – Part I XXVII

Computational Intelligence in Multimedia Processing

A Novel Strategy for Improving the Quality of Embedded Zerotree
Wavelet Images Transmitted over Alamouti Coding Systems . . . . . . . . . . . 489

Josmary Labrador, Paula M. Castro, Héctor J. Pérez–Iglesias, and
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Rafaela Beńıtez-Rochel
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Jesús Pérez-Garćıa, and Rafael Morales-Bueno

Processing Acyclic Data Structures Using Modified Self-Organizing
Maps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

Gabriela Andrejková and Jozef Oravec
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Elena Garćıa, Sara Rodŕıguez, Juan F. De Paz, and
Juan M. Corchado

A Dynamic Context-Aware Architecture for Ambient Intelligence . . . . . . 637
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Abstract. Eye movements can be consciously controlled by humans to
the extent of performing sequences of predefined movement patterns, or
’gaze gestures’. Gaze gestures can be tracked non-invasively employing
a video-based eye tracking system. Gaze gestures hold great potential
in the context of Human Computer Interaction as low-cost gaze trackers
become more ubiquitous. In this work, we build an original set of 50 gaze
gestures and evaluate the recognition performance of a Bayesian inference
algorithm known as Hierarchical Temporal Memory, HTM. HTM uses a
neocortically inspired hierarchical architecture and spatio-temporal cod-
ing to perform inference on multi-dimensional time series. Here, we show
how an appropiate temporal codification is critical for good inference
results. Our results highlight the potential of gaze gestures for the fields
of accessibility and interaction with smartphones, projected displays and
desktop computers.

Keywords: Neural Network Architecture, Soft Computing, Pattern
Recognition, Time series analysis and prediction.

1 Introduction

The usage of predefined gestures in human-computer interaction, HCI, often
employs the hands, head or mouse [1]. The arrival of smartphones and tabletop
computers with often touch sensitive surfaces as their only input modality has
prompted recent interest in the subject of gestures for HCI purposes. In this
work, we explore the feasibility of using predefined, recognisable and repeatable
paths of gaze movements, i.e. gaze gestures, as an input modality in HCI.

Video-based gaze tracking systems can determine where a user is looking at
on a screen. Gaze tracking is a very convenient technology for pointing but
problematic when trying to distinguish whether the user looks at an object to
examine it or to interact with it. This is known as the Midas touch problem,
and it highlights the need for additional gaze interaction methods beyond dwell
time selections [2]. Gaze gestures hold great potential in HCI due to the fast
nature of eye saccadic movements, and its robustness to inaccuracy problems,
calibration shifts and the Midas problem. The main concern with gaze gestures
is the accidental detection of a gaze gesture during normal gaze activity.

J. Cabestany, I. Rojas, and G. Joya (Eds.): IWANN 2011, Part I, LNCS 6691, pp. 1–8, 2011.
c© Springer-Verlag Berlin Heidelberg 2011
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The use of gaze gestures in HCI is a relatively new concept and the amount
of research done on it is rather limited [3]. Gaze gestures can be employed by
people with severe disabilities, who use gaze as a mono-modal input in their
HCI. Gaze gestures can also provide an additional input channel in multi-modal
interaction paradigms providing a new venue of interaction with small screen de-
vices such as smartphones or in scenarios where traditional interaction methods
are out of reach such as media center devices or surgery rooms. In this work, we
have created an in-house data set of 50 gaze gestures and used a neuroinspired
bayesian pattern recognition paradigm known as Hierarchical Temporal Mem-
ory, HTM, to learn them. HTMs are appropriate for this problem due to their
robustness to noise and ability to analyze patterns with a multi-dimensional
temporal structure. The temporal structure of gaze gestures that unfolds over
time requires an appropriate temporal codification for HTMs to properly per-
form inference, hence, we analyze the impact of different temporal codifications
on performance. We also carry out a user study to elucidate time requirements,
training constraints and specificity, learning effects, and users perceived satis-
faction with gaze gestures.

2 Eye Tracking, Gaze Gestures and the HTM Formalism

Gaze tracking video-oculography determines a person Point of Regard or PoR
(i.e. where a person is looking at) by gathering information from eye position
and movements [4]. Infrared illumination is used to improve iris to pupil contrast
and to create a reflection on the cornea, or glint. Due to the spherical shape of
the eyeball, this glint remains stationary as the eye moves in its orbit and it is
used as a reference point from which to estimate gaze direction. This is done by
calculating the vector distance from the corneal reflection and the center of the
pupil. Video-oculography is limited by some optical and anatomical constraints
and as of yet its maximum accuracy is limited to about 0.5◦.

We define a gaze gesture as an ordered sequence of gaze positions over time.
Different conceptualizations of gaze gestures exist. Gaze gestures can be relative,
i.e. they can be performed anywhere on the screen, or absolute, requiring the
user to direct gaze to a sequence of absolute positions on the screen. Due to the
limited accuracy of eye tracking technology, fine discrimination between close
points on the screen is often not possible. This limitation and the discomfort
that continuous micro-movements generate on users, advocates the merits of
absolute gaze gestures. Here, we consider a modality of gaze gesture consisting
on gliding the gaze along a predefined path on the screen using microsaccadic
gaze movements and employing the cursor position as feedback to ensure that
the path is followed correctly, Figure 1(a).

Hierarchical Temporal Memory, HTM, is a computational model of cortical
micro-circuits based on Bayesian belief propagation. HTMs incorporate the hi-
erarchical organization of the mammalian neocortex into their topology and use
spatio-temporal codification to encapsulate the structure of problems’ spaces [5].
Conceptually, HTM uses a a set of nodes organized in a tree-like structure,
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Figure 1(a), a generative model, Figure 1(b) and Bayesian belief propagation,
Table 1. Each node contains a set of coincidence patterns or CPs: c1, c2, .., cn ∈
C and a set of Markov chains or MCs: g1, g2, .., gn ∈ G. CPs represent co-
occurrences of sequences from their children nodes. Each MC is defined as a
subset of the set of CPs in a node. CP capture the spatial structure of nodes or
sensors underneath in the hierarchy by representing vectorially the co-activation
of MC in a node’s children. A MC activated in a parent node concurrently acti-
vates its constituent MC in the node’s children. The MCs capture the temporal
structure of a set of CP, i.e., the likelihood of temporal transitions among them.
The incoming vectors to an HTM node encapsulate the degree of certainty over
the child MCs. With this information the node calculates its own degree of cer-
tainty over its CPs. Based on the history of messages received, it also computes
a degree of certainty in each of its MCs. This information is then passed to the
parent node. Feedback information from parent nodes toward children nodes
takes place by parent nodes sending to children nodes their degree of certainty
over the children node’s MCs, Table 1.

(a) (b)

Fig. 1. In Panel a, the HTM topology employed during experiments. The bottom level
nodes are fed with a spatio-temporal codification of a gaze gesture. Nodes in upper
layers receive input vectors from the receptive field formed by its children nodes and
emit output vectors encapsulating the spatio-temporal properties of their receptive
field towards their parent node. Panel b illustrates the inner-workings of HTM nodes
as a Generative Model. A simple two level hierarchy consisting of 3 nodes is shown.
Each node contains a set of CPs, c’s and a set of MCs, g’s, defined over the set of CPs.
A CP in a node represents a co-activation of a subset of MCs in its children nodes.

3 Experimental Setup

Gaze data acquisition was carried out using the ITU Gaze Tracker [4] software
in a remote setup. We used a Sandberg webcam with no infrared filter, a 16mm
lens and two infrared lamps. Image resolution was set to 640 × 480 pixels,
and the frame rate was 30 fps. The distance from the eye to the camera was
approximately 60 cm. A filter algorithm was employed on the raw gaze data to
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Table 1. Belief propagation equations for HTM nodes. The reader is encouraged
to take the Node2,1 from Fig. 1(b) as reference. Node2,1 contains 6 CPs and two MCs.
Each MC is composed of 3 CP. In this table ci is ith coincidence in node. gr is rth MC
in node. −et indicates the bottom up evidence at instant t. −et

0 indicates the evidence
sequence from time 0...t. +e stands for Top-down evidence. λ is the feed-forward output
of the node. λmi represents Feed-forward input to node from child node mi. π is the
feedback input to node. πmi is feedback output of node to child node mi. y is the
bottom-up likelihood over CPs in a node. α is a bottom-up state variable for the MCs
in a node. β is a state that combines bottom-up and top-down evidence for MC in
node. Bci represents belief in the ith CP in a node.

Likelihood
over CPs:

yt(i) = P (−et | ci(t)) ∝ ∏M
j=1 λ

mj
t (r

mj

i )

where CP ci is the co-occurrence of r
m1
j ’th MC from child 1, rm2

i ’th MC
from child 2,. . . , and rmM

i ’th MC from child M.

Feed-forward
likelihood of
MCs

λt(gr) = P (−et
0 | gr(t)) ∝ ∑

ci(t)∈Ck αt(ci, gr)

α(ci, gr) = P (−et | ci(t))
∑

cj(t−1)∈Ck P (ci(t) | cj(t − 1), gr)αt−1(cj , gr)

α0(ci, gr) = P (−e0 | ci(t = 0))P (ci(t = 0) | gr)

Belief
distribution
over CP

Belt(ci) ∝ ∑
gr∈Gk βt(ci, gr)

βt(ci, gr) = P (−et | ci(t))
∑

ej (t−1)∈Ck P (ci(t) | cj(t− 1), gr)βt−1(cj , gr)

β0(ci, gr) = P (−e0 | ci(t = 0))P (ci | gr)π0(gr)

Mesasage to
be sent to
children nodes

πmi(gr) ∝ ∑
i I(ci)Bel(ci), where

I(ci) =

{
1 if gmi

r is even
0 otherwise

smooth out microsaccades and involuntary jerks while maintaining an acceptable
real-time latency. The gaze accuracy achieved with the setup was about 1.5◦.

Gaze gestures data for training the HTM networks was generated with no
black or special purpose background, nor markers to attract or better position
the gaze in specific coordinates of the screen. The data set was designed trying
to minimize the spatial overlap by maximizing orthogonality. Yet, some gestures
were intentionally designed with complete overlap, but different start/end points,
to illustrate the importance of temporal coding. 30 instances for each of the 50
categories in the data set, Figure 2(a), were generated by a user experienced
with eye-tracking. Test data to measure the performance of HTM inference was
gathered by 5 test subjects. All of them were male, regular computer users, not
familiar with eye tracking and with ages ranging from 25 to 59 years. Participants
were instructed to perform the data set in Figure 2(a) as fast and accurately as
possible. One participant with no prior experience on eye-tracking repeated the
task over 5 blocks to study learning effects. After completing the experiments,
participants filled out a short questionnaire rating speed, accuracy, fatigue and
ease of use of their experience with gaze gesture as a form of HCI.

We used Numenta’s Nupic package (v1.7.1) [5] to construct and train the HTM
networks. The raw gaze data, consisting on a time series of x, y coordinates, was
transformed into a m x n matrix representing the screen on which the gaze
gesture was performed. The matrix was initially filled with 0s but those areas
of the screen/matrix scanned by the gaze during the performance of a gaze
gesture were assigned a number codifying its temporal structure, Figure 1(a).
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We used three types of temporal codification: No temporal codification: by
storing in the corresponding matrix elements only the spatial representation of
a gaze gesture, i.e. a 1, Temporal codification in seconds by storing in the
corresponding matrix element the second in which the gaze passed over that
particular area of the screen and Three Temporal Stages codification: by
dividing the total time employed during performance of a gesture in 3 slices
(beginning, middle, end) and assign correspondingly to the matrix the numbers
1, 2 3 depending when the gaze hovered over the corresponding area.

(a) (b)

Fig. 2. Panel a shows the set of gestures employed in the user study to evaluate per-
formance. Arrowheads indicate the start of a gesture. Panel b shows the histogram of
times per gesture employed by users while performing the gaze gesture set.

4 Results

We studied the amount of time needed to complete a gaze gesture by plotting
on a histogram the distribution of time lengths per gesture required by users
while performing the set of 50 gaze gestures, Figure 2(b). Inference accuracy for
gaze gestures recognition varied for different network topologies with a two layer
network showing the best performance, Figure 3(a).

Several data representations of the gaze gestures where tried out, Figure 3(b),
on the optimal 2-Layer HTM network determined above. Namely, no temporal
codification, a finely grained temporal codification in terms of seconds and a
simpler temporal codification with just three temporal stages that turned out to
be the optimal one with up to 96% recognition accuracy.

Experiments were carried out to determine HTM decreasing performance with
larger gaze gestures vocabularies, Figure 4(a). The 3 temporal stages data rep-
resentation proved to be the most resistant to increasing vocabulary size.

HTM performance improved markedly with increasing number of training
instances, Figure 4(b). The 3 temporal stages data representation proved to per-
form better than the others for the whole range of training instances availability.

A user with no prior experience in gaze tracking repeated the 50 gaze gestures
data set over five blocks in order to determine learning effects, Figure 5(a). Upon
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(a) (b)

Fig. 3. Panel a shows accuracy performance for different network topologies using 3
stages temporal codification. The bars show the percentage of correct classifications
achieved by 1, 2, 3 and 4 layer networks. Panel b shows the accuracy performance
of different data representations on the optimal 2 layer HTM network: no temporal
codification, temporal codification in seconds and 3 stages temporal codification.

completing the experiments, participants filled up a questionnaire to provide
feedback about gaze gestures as an input modality in HCI. On a score scale from
0 to 5 ranging from strongly disagree to strongly agree, participants reported the
averages 4.5, 4.5, 2.5, and 4 for the respective categories: ’Easy to use’, ’Fast’,
’Tiring’, and ’Accurate’.

To study gaze gesture recognition in real time, we measured HTM inference
scores obtained on gaze data during normal computer use and scores obtained
when specifically performing inferences over gaze gestures data, Figure 5(b).

5 Discussion

For optimal performance, HTMs require training instances to be composed of
a complete spatial structure at any time instant. This creates a challenge for
data structures with a temporal component unfolding over time. To address this
issue, data representation and coding become key when designing and training
an HTM network.

Gaze gestures patterns as existing in the original data set are not fit to be
learned by a traditional HTM network since at any moment in time the com-
plete spatial representation of the pattern is not complete. The original data set
consisted of just a temporal series of (x,y) coordinate pairs. The original time-
series were transformed into a 2 dimensional matrix containing the on-screen
path performed by the gaze during the performance of a sign 1(a). This data
structure captured the complete spatial structure of a gaze gesture. However, a
gaze gesture possesses a temporal structure as well. This aspect is critical since
the temporal order of a gaze gesture differentiated several gestures with com-
plete overlap in their 2D spatial representation such as the gaze gesture in the
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(a) (b)

Fig. 4. Panel a shows the decreasing performance of the optimal 2-layer HTM network
using different data representations as the vocabulary size of the gaze gestures set to
be learnt increases. Panel b shows the improving performance of HTM networks using
different data representations as the number of training instances increases.

first row, 2nd column and the gaze gesture in the last column of the same row
in Figure 2(a). In order to codify the temporal information of a gesture, several
approaches were explored, Figure 3(b).

Time needed to complete gaze gestures is an important design and con-
straint parameter for gaze-computer interaction. Our experiments show that gaze

(a) (b)

Fig. 5. Panel a shows the recognition accuracy of the 2-layer HTM network using
different data representations over 5 blocks for a single user. Panel b shows the HTM
inference scores during normal gaze activity while using a computer and the HTM
scores obtained on consciously performed gaze gestures. The area of overlap between
both types of inference scores is shown in light grey.
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gestures are fast to complete, Figure 2(b), easy to learn, Figure 5(a), and they
do not occupy screen-real state since no visual markers to aid in gaze trajec-
tory were used. Furthermore, in our user study, participants showed through
questionnaires satisfaction with this innovative input modality.

Gaze gestures however present problems of their own, the main one being ac-
cidental gesture completion during normal gaze activity. As Figure 5(b) shows,
it is a challenge for the HTM algorithm to perfectly partition consciously per-
formed gaze gestures from unintended gaze gestures completed during normal
gaze activity while using a computer. Furthermore, gaze gestures also generate
a cognitive load on the user who is forced to memorize and reproduce sequences
of eye movements to recreate a gesture without an immediate feedback.

Our results suggest that our system can be expanded to a larger vocabulary set
with still acceptable recognition performance, Figure 4(a). Figure 4(b) illustrates
the importance of having a large number of training instances for the HTMs to
achieve good recognition performance.

A trade-off emerges from our study between complex gaze gestures and simpler
ones. Simpler gaze gestures are easy on the user, yet the possibilities of accidental
gesture completion are high. Complex gaze gestures decrease the possibility of
accidental recognition during normal gaze activity and augment the interaction
vocabulary space, imposing however, a cognitive load on the end user.

Our work shows that humans adapt quickly and comfortably to this innovative
modality of HCI. The good recognition results achieved by the HTM algorithm
and the positive feedback from users, illustrate that using gaze gestures recog-
nized through HTMs constitutes an innovative, robust, easy-to-learn and viable
approach to HCI for several environments and device combinations.
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Abstract. This paper proposes the use of mutual information for fea-
ture selection in multi-label classification, a surprisingly almost not stud-
ied problem. A pruned problem transformation method is first applied,
transforming the multi-label problem into a single-label one. A greedy
feature selection procedure based on multidimensional mutual informa-
tion is then conducted. Results on three databases clearly demonstrate
the interest of the approach which allows one to sharply reduce the di-
mension of the problem and to enhance the performance of classifiers.

Keywords: Feature selection, Multi-Label, Problem Transformation,
Mutual Information.

1 Introduction

Multi-label Classification is the task of assigning data points to a set of classes
or categories which are not mutually exclusive, meaning that a point can belong
simultaneously to different classes. This problem is thus more general than the
traditional single-label classification which assumes each point belongs to exactly
one category; it is therefore often encountered in practice. As an example, in text
categorization problems, an article about the Kyoto Protocol can be labelled with
both politics and ecology categories. In scene classification, a picture could as
well belong to different classes such as beach and mountain [1]. Other domains
for which multi-label classification has proved useful also include protein function
classification [2] and classification of music into emotions [3].

Due to its importance, multi-label classification has been studied quite exten-
sively since a few years, leading to the development of numerous classification
algorithms. Some of them are extensions of existing single-label classification
methods such as AdaBoost [4], support vector machines (SVM) [5] or K nearest
neighbors [6] among others.

Another popular approach to multi-label classification consists in transform-
ing the problem into one or more single-label classification tasks. State of the art
algorithms such as SVM can then be used directly. The most popular transfor-
mation method is the binary relevance (BR) which consists in learning a different
� Gauthier Doquire is funded by a Belgian FRIA grant.

J. Cabestany, I. Rojas, and G. Joya (Eds.): IWANN 2011, Part I, LNCS 6691, pp. 9–16, 2011.
c© Springer-Verlag Berlin Heidelberg 2011

http://www.ucl.ac.be/mlg


10 G. Doquire and M. Verleysen

classifier for each label. In other words, the original problem is transformed into
C two classes single-label classification problems, where C is the number of pos-
sible labels. The ith (i = 1 . . . l) classifier decides whether or not a point belongs
to the ith class. The union of predicted labels for each point is the final output.
One of the major drawbacks of BR is that it does not take into account the
dependence which could exist between labels.

Label powerset (LP) is a different problem transformation method which does
consider this dependence. It treats each unique set of labels in the training set as
a possible class of a single-label classifier. The number of classes created this way
being potentially huge, Read et al. [7] recently proposed to prune the problem,
by considering only classes represented by a minimum number of data points.
Points with a too rare label are either removed from the training set or are given
a new label and kept. They called this approach pruned problem transformation
(PPT). See [7] for details.

Surprisingly, feature selection for multi-label classification has not received
much attention yet. Indeed, to the best of our knowledge, one of the few proposed
approach is the one by Trohidis et al. [3] which consists in transforming the
problem with the LP method, before using the χ2 statistic to rank the features.
However, feature selection is an important task in machine learning and pattern
recognition, as it can improve the interpretability of the problems, together with
performances and learning time of prediction algorithms [8].

This paper proposes to use mutual information (MI) to achieve feature selec-
tion in multi-label classification problems. More precisely, the problem is first
transformed with the PPT method and a greedy forward search strategy is then
conducted with multidimensional MI as the search criterion. This approach thus
considers dependencies between labels as well as dependencies between features,
which ranking approaches such as [3] do not.

The remaining of the paper is organized as follows. Section 2 briefly recalls
some basic concepts about MI, and introduces the estimator used. The method-
ology is described in Section 3, and the interest of the approach is experimentaly
shown in section 4. Section 5 concludes the work and gives some future work
perspectives.

2 Mutual Information

2.1 Definitions

MI [9] is a measure of the quantity of information two variables contain about
each other. It has been widely used for feature selection [10] mainly because of
its ability to detect non-linear relationships between variables. This not the case,
as an example, for the correlation coefficient. Moreover, MI is naturally defined
for groups of variables, which allows one to take feature dependence into account
during the feature selection process.
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MI of a couple of random variables X and Y is formally defined in terms of the
probability density functions (PDF) of X , Y and (X, Y ), respectively denoted
as fX , fY and fX,Y :

I(X ; Y ) =
∫ ∫

fX,Y (ζX , ζY ) log
fX,Y (ζX , ζY )

fX(ζX)fY (ζY )
dζX dζY . (1)

In practice none of the PDF’s are known for real-world problems, and MI has
to be estimated from the dataset.

2.2 Estimation

In this paper, an MI estimator introduced by Gomez et al. [11] is used. It is
based on the Kozachenko-Leonenko estimator of entropy [12]:

Ĥ(X) = −ψ(K) + ψ(N) + log(cd) +
d

N

N∑
n=1

log(ε(n, K)) (2)

where ψ is the digamma function, K the number of nearest neighbors considered,
N the number of samples in X , d the dimensionality of these samples, cd the
volume of a unitary ball of dimension d and ε(n, K) twice the distance from the
nth observation in X to its Kth nearest neighbor. Throughout this paper, the
metric used in the X space is the Euclidean distance.

Basing their developments on (2), Kraskov et al. previously proposed two
estimators for regression problems. See [13] for details.

For classification problems, the probability distribution of the (discrete) class
vector Y is p(y = yl) = nl/N , whith nl the number of points whose class value
is yl. Rewriting MI in terms of entropies:

I(X ; Y ) = H(Y )−H(Y |X), (3)

it is possible to derive the following estimator:

Îcat(X ; Y ) = ψ(N)− 1
N

nlψ(nl)+

d

N

[
N∑

n=1

log(ε(n, K))−
L∑

l=1

∑
n∈yl

log(εl(n, K))

] (4)

where L is the total number of classes. εl(n, K) has the same meaning as ε(n, K)
but the set of possible neighbors for the nth observation is limited to the points
whose class label is yl.

This estimator has the crucial advantage that it does not require directly the
estimation of any PDF which is a particularly hard task when the dimension
of the data increases, due to the so-called curse of dimensionality. This curse
reflects the fact that the number of points needed to sample a space increases
exponentially with the dimension of the space. Histograms or kernel density esti-
mators [14] are thus not likely to work well in high dimensional spaces. Because
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it avoids such unreliable estimations, (4) is expected to be less sensitive to the di-
mension of the data; this family of estimators has already been used successfully
for feature selection [11,15].

3 Methodology

This section describes the methodology followed to achieve feature selection.
First, the multi-label problem is transformed using the PPT method defined
above [7], and the data points with a class label encountered less than t times
in the training set are discarded. The result of this transformation is thus a
multi-class single-label classification problem. The pruning has a double interest
here; it leads to a simplified version of the problem and ensures that all classes
are represented by at least t points. This last observation is crucial since the
MI estimator (4) requires the distance between each point and its Kth nearest
neighbor from the same class. It is thus needed that K < t.

Once the problem has been transformed, traditional feature selection tech-
niques can be used. In this paper, a greedy forward feature selection algorithm
based on MI is employed. It begins with an empty set of features and first selects
the feature whose MI with the class vector is the highest. Then, sequentially, the
algorithm selects the feature not yet selected whose addition to the current sub-
set of selected features leads to the set having the highest MI with the output.
This choice is never questionned again, hence the name forward. Of course, other
search strategies could also be considered such as backward elimination, which
starts with the set of all features and recursively removes them one at a time.

The procedure can be ended when a predefined number of features have been
chosen. Another strategy is to rank all the features and then to choose the
optimal number to keep on a validation set.

4 Experiments and Results

This section begins by introducing the performance criterias considered since
they differ from those used for single-label classification. The databases used in
the experiments are then briefly described and the results are eventually shown.

4.1 Evaluation Criteria

Two very popular evaluation criterias are considered in this study: the Hamming
loss and the accuracy. Let |M | be the number of points in a test set M , Yi,
i = 1 . . . |M |, the sets of true class labels and Ŷi the sets of labels predicted by
a multi-label classifier h.

The Hamming loss is then defined as:

HL(h, M) =
1
|M |

|M|∑
i=1

1
|C| |Yi Δ Ŷi| (5)
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where Δ denotes the the symmetric difference between two sets, i.e. the difference
between the union and the intersection of the two sets. |C| is the number of
possible labels.

The accuracy is defined as:

Accuracy(h, M) =
1
|M |

|M|∑
i=1

|Yi ∩ Ŷi|
|Yi ∪ Ŷi|

. (6)

Of course, the smaller the Hamming loss and the higher the accuracy, the better
the classifier’s performances. It is important to note that all data points are
assumed to belong to at least one class. If it was not the case, the accuracy as
defined above (6) would be infinite.

4.2 Datasets

Three datasets are used for experiments in this paper.
The first one is the Yeast dataset. It is concerned with associating each gene

a set of functional classes. For the sake of simplicity, the data have been pre-
processed by Elisseeff and Weston [5] to consider only the known structure of
the functionnal classes. Eventually, the sample sizes of the training set and the
test set are 1500 and 917 respectively. There are 103 features and 14 possible
labels. The Scene dataset is also considered [1]. The goal here is the semantic
indexing of scenes. The number of samples is 1211 for the training set and 1196
for the test set. There are 294 features and 6 labels. The last dataset is called
Emotions and is about the classification of music into emotions [3]. Among the
593 samples, 391 are used as the training set and the 202 other as the test set.
The number of features and of labels is 72 and 6 respectively. The proposed
training set/testing set splittings are the ones traditionally used in the multi
label classification litterature.

The three datasets are available for download in ARFF format at the web
page of the Mulan project1 .

4.3 Experimental Results

The k nearest neighbors based multi-label classification algorithm introduced by
Zhang and Zhou [6] is used to illustrate the interest of the proposed approach.
To determine the set of labels of a new instance, the algorithm first identifies
its k nearest neighbors. Then, based on their labels, the maximum a posteriori
principle is used to predict the label set of the new instance. As suggested by
the authors, the value of the parameter k has been set to 7.

The problem transformation is only used to achieve feature selection. Once the
features have been ranked, the original multi-label problem is considered again
with all the samples. The number of neighbors considered in the MI estimator
(4) is K = 4 and the t parameter for the PPT is fixed to 6. These values have been

1 http://mulan.sourceforge.net/datasets.html
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Fig. 1. Accuracy (left) and Hamming loss (right) of the k nearest neighbors classifier
as a function of the number of selected features for the Emotions dataset

Fig. 2. Accuracy (left) and Hamming loss (right) of the k nearest neighbors classifier
as a function of the number of selected features for the Emotions dataset

Fig. 3. Accuracy (left) and Hamming loss (right) of the k nearest neighbors classifier
as a function of the number of selected features for the Emotions dataset
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chosen as a compromise between the need to consider a sufficiently large number
of neighbors in the MI estimator and the fact that in [7], better performances
are usually obtained with a small value of t.

Figures 1 to 3 show the Hamming loss and the accuracy of the classifier on
the test set of the three datasets with the MI based feature selection (denoted
as MI). For comparison, the results obtained with the approach by Trohidis et
al. [3] are also presented (and are denoted as χ2).

The results clearly demonstrate the interest of the MI based approach and its
advantage over the method based on the χ2 statistic. Particularly, the proposed
approach always leads to an increase in performance both for the Hamming
loss and the accuracy compared with the case no feature selection is considered.
This is not the case for the Hamming loss with the χ2 based approach on the
Yeast and Scene datasets and the differences between the two approach perfor-
mances are particularly obvious for those two datasets. The results are much
more comparable for the Emotions dataset for which both methods result in a
large improvement of the classifier performances.

As already stated, the good behaviour of the proposed methodology can be
explained by the use of a powerful criterion combined with an approach taking
relations between features into account. Indeed, the forward selection procedure
described above is expected to better handle redundancy between features than
simple ranking methods do. This is fundamental since a feature, even with a high
predictive power, is useless if it carries the same information about the output
than another selected feature; it should therefore not be selected.

The same experiments have been carried out with a SVM classifier working
directly on the transformed and pruned problem. The results obtained confirm
those presented in this paper. However, due to space limitations, they are not
presented here.

5 Conclusions

This paper is concerned with feature selection for multi-label classification, a
problem which has up to now received little attention despite its great impor-
tance and the amount of work recently proposed on multi-label classification.

It is suggested to use multidimensional mutual information after the trans-
formation of the multi-label problem to a single-label one through the pruned
problem transformation method. To this end, a nearest neighbors based MI esti-
mator is used, as it is believed to behave well when dealing with high-dimensional
data. The estimator is combined with a simple greedy forward search strategy
to achieve feature selection.

Results on three real-world datasets coming from different domains show the
interest of this new approach compared with a strategy based on the χ2 statistic
in terms of the Hamming loss and the accuracy of a classifier.

Future work should include the study of the influence of the pruning param-
eter; it could be possible to tune this parameter to maximise the performances of
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the classifiers. A trade-off should then be found between the increase in perfor-
mances and the computation load of validation procedures such as k-fold cross
validation.

Besides the basic stopping criteria proposed in Section 3, much sophisticated
strategies can be thought of. As an example, Damien et al. proposed a stopping
criterion based on resampling and the permutation test [16]. The basic idea is
to halt the procedure when the addition of a new feature does not improve
significantly the MI between the selected features an the output. This approach
could be applied to the problem considered in this paper.
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Abstract. This manuscript proposes a novel iterative approach for the
so-called Switch Location Problem (SLP) based on the hybridization of
a group-encoded Harmony Search combinatorial heuristic (GHS) with
local search and repair methods. Our contribution over other avantgarde
techniques lies on the dual application of the GHS operators over both
the assignment and the grouping parts of the encoded solutions. Further-
more, the aforementioned local search and repair procedures account for
the compliancy of the iteratively refined candidate solutions with respect
to the capacity constraints imposed in the SLP problem. Extensive sim-
ulation results done for a wide range of network instances verify that
statistically our proposed dual algorithm outperforms all existing evo-
lutionary approaches in the literature for the specific SLP problem at
hand. Furthermore, it is shown that by properly selecting different yet
optimized values for the operational GHS parameters to the two parts
comprising the group-encoded solutions, the algorithm can trade statisti-
cal stability (i.e. lower standard deviation of the metric) for accuracy (i.e.
lower minimum value of the metric) in the set of performed simulations.

Keywords: Switch Location Problem, Genetic Algorithm, Harmony
Search, grouping encoding.

1 Introduction

Due to its massive deployment, sharply-increasing number of users, and wide
expansion in the Telecommunications market, most of the communication tech-
nologies emerging in the last decade (e.g. wireless sensor networks (WSN), In-
ternet access networks or mobile telephony) have encountered a common de-
sign problem: to derive network topologies that ensure a resilient connection
among interconnected nodes while optimizing the number and cost of the net-
work resources deployed thereon. This problem can be exemplified by a typical
network planning problem, where a dense deployment of access nodes embodies
a communication-efficient albeit cost-inefficient topology. In summary: a well-
balanced trade-off must be met between 1) the economical cost associated with
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the deployment and maintenance of network resources, and 2) the allocated com-
munication resources necessary for serving the traffic generated by the nodes.

This article emphasizes on network planning problems; however, all the deriva-
tions herein can be easily extrapolated to any other problem of similar nature.
Among the variety of related planning paradigms, it is worth mentioning the
design of fixed network topologies [1], the optimum positioning of base stations
[2] and the Terminal Assignment (TA) problem [3], all of which render by them-
selves NP-complete optimization problems. Let us concentrate on the Switch
Location Problem (SLP), which is based on assigning a set of N nodes with dis-
tinct rate demands to a set of M concentrators subject to capacity constraints.
The N −M nodes that are not chosen as concentrators are defined as termi-
nals, each of which can be assigned to only one concentrator. The assignment
must be performed such that the sum of distances between each terminal and
its concentrator is minimized, whereas the overall rate demanded from each con-
centrator must be kept below its maximum capacity. To efficiently solve the
SLP problem, a large amount of exact, heuristic and meta-heuristic algorithms
have been presented in the literature, such as those proposed by Ceselli et al. in
[4,5,6], Simulated Annealing and Tabu Search by Osman and Christofides in [7],
a bionomic approach by Maniezzo et al. in [8], and a Set Partitioning Algorithm
was proposed in [9]. Analogously, Lorena et al. proposed a Constructive Genetic
Algorithm (CGA) for grouping problems [10], which can also be adapted to the
SLP paradigm herein considered. In a similar approach, Lorena et al. presented
a Column Generation Algorithm in [11]. Also, Scatter Search approaches have
been applied to solve this problem, such as the works by Scheuerer et al. in [12]
and Diaz et al. in [13], the latter incorporating path relinking to further enhance
the performance of the algorithm. Likewise, a guided construction search heuris-
tic was introduced by Osman et al. in [14]. Finally, Santos-Correa et al. [15]
proposed an evolutionary algorithm with novel operators specifically designed
for the SLP scenario. In a more recent approach this problem was also tackled
by means of hybrid evolutionary approaches, mixing global search techniques
with local techniques, such as those proposed in [16], [3] and [17].

This manuscript advances over this upsurge of research on the SLP by propos-
ing an improved version of the Grouping Harmony Search (GHS) algorithm first
published in [17]. Specifically, as opposed to [17] our novel approach applies
the operators to the two compounding parts of the grouping-encoded solutions,
hence the algorithm is coined as Dual Grouping Harmony Search (DGHS). Sec-
ondly, we present an exhaustive comparative study of the aforementioned DGHS
scheme with 1) a hybrid GGA and GHS with similar encoding and local search
methods; and with 2) all alternative existing evolutionary techniques reported so
far for this particular optimization scenario. As the obtained results will clearly
show, our approach dominates – in terms of accuracy – the aforementioned evo-
lutionary techniques, thus producing network topologies with a better balance
between rate service and cost of deployment.
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The rest of the paper is structured as follows: first, Section 2 formally poses
the SLP, whereas Section 3 elucidates the proposed DGHS technique. Next, an
exhaustive simulation-based comparison among all existing evolutionary tech-
niques for the SLP problem is presented in Section 4 and, finally, Section 5
summarizes the paper by drawing some conclusions.

2 Problem Statement

The SLP can be formulated as: given N nodes (terminals) denoted with the set
of indices T � {1, · · · , N}, select M nodes out of the N terminals to perform as
concentrators. Based on the widely-utilized mathematical definition of Revelle
and Swain [18], let us define a 1 × N binary vector y such that yi = 1 (i ∈
{1, · · · , N}) if node i is set as a concentrator, and yi = 0 otherwise. In addition,
let X denote a N ×M binary matrix, where xim = 1 means that terminal i is
assigned to concentrator m, and xim = 0 otherwise. For the sake of mathematical
completion, linear indices m ∈ {1, . . . , M} are mapped to node indices Λ(m) ∈
{1, . . . , N} by means of an injective mapping Λ : 1×M � 1×N , e.g. Λ(1) = 12
will denote that the first concentrator is node index 12. Obviously, Λ(m) will
equal n for some m iff (if and only if ) yn = 1. We further define a 1×N capacity
vector c, whose element ci (i ∈ {1, . . . , N}) establishes the total capacity of
node i when acting as a concentrator. Similarly, a 1 × N weight vector w �
{w1, . . . , wN} is further assumed to account for the rate demanded by node i
when it acts as a terminal. A N ×M matrix D can also be constructed so as
to account for the distance between nodes and concentrators, i.e. each element
dim represents the Euclidean distance from node i to concentrator m, with m ∈
{1, . . . , M}. Therefore, given a vector y one can arbitrarily sort the selected
concentrators and construct the mapping Λ(·) accordingly, but this mapping
must be set before arranging the distance and assignment matrices D and X.
With the above definitions, the SLP can be then stated as

min
y,X

(
N∑

i=1

M∑
m=1

dim · xim

)
, (1)

subject to

xim ∈ {0, 1}, i = 1, . . . , N, m = 1, . . . , M, (2)

yi ∈ {0, 1}, i = 1, . . . , N,
N∑

i=1

yi = M, (3)

N∑
i=1

wi · xim ≤ cΛ(m), m = 1, . . . , M. (4)

Expression (1) represents the metric or fitness function for quantifying the cost
of each network configuration, whereas Expression (4) stands for the capacity
constraint, i.e. the sum of rate requirements of the terminals associated with a
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given concentrator cannot exceed its corresponding capacity. The addition of this
constraint to the distance-based minimization problem grounds the rationale for
combining a global search technique with a local yet exhaustive restricted search
method dealing with such a constraint in a computationally-efficient manner. We
delve into such a hybrid approach in next section.

3 Proposed Hybrid Dual Grouping Harmony Search
(DGHS) Algorithm

The SLP problem comprises by itself a grouping problem, in the sense that
different groups of elements belonging to a set must be split into several subsets
subject to certain constrains. In this context, Falkenauer in [19,20] first showed
that the concept of grouping should be included in the problem encoding, since it
significantly reduces the redundancy, thus the dimensions of the solution space
and, ultimately, the complexity of the underlying NP-hard problem. As such,
the grouping encoding procedure divides each proposed solution into two parts,
namely S = (sx|sy). The assignment part sx indicates to which concentrator is
assigned each of the N terminals; therefore, it consists of N integer indices drawn
from the set {1, . . . , M}. On the other hand, the grouping part sy denotes the
node indices which act as concentrators in the current solution; consequently, it
is furnished by M integer indices from the set {1, . . . , N}. Encouraged by the
results of [19,20], Alonso-Garrido et al. in [3], and more recently Gil-Lopez et
al. in [17] applied the grouping encoding strategy to the SLP problem by using
a Genetic and Harmony Search Algorithm, respectively.

Let us elaborate further on the Harmony Search (HS) algorithm, which is
a meta-heuristic population-based algorithm mimicking the behavior of a music
orchestra when aiming at composing the most harmonious melody. Assuming the
classical notation related to HS, we hereafter denote each possible candidate for
a solution as melody, whereas we will refer to each of its compounding elements
as note. The algorithm essentially iterates on a set of ϕ possible candidates or
melodies (Harmony Memory), which are refined – in terms of their metric – by
means of a double improvisation procedure applied note-wise. The process is
repeated until a maximum assumed complexity is reached or until the quality of
the best proposed harmony falls below a certain threshold. Having said this, it is
important to note that the novel Grouping Harmony Search approach in [17] –
specially tailored to solve the SLP – only executes the improvisation procedure
to the sx part of the grouping-encoded set of melodies, whereas the sy part is
deterministically built based on the minimization of the sum-distance between
clustered nodes.

On the contrary, in this manuscript we propose to apply the Harmony Search
operators not only to the assignment part sx, but also to the grouping part sy. In
this scheme the algorithm works sequentially, at each iteration, by first operating
on all notes conforming the assignment part of the ϕ stored melodies, followed
by the same process on the grouping part sy. Once both grouping parts sx and
sy have been improvised (i.e. refined), and right before the metric of the newly
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improvised melodies is evaluated, the node selected to perform as concentrator
for a given group is the one minimizing the total distance between itself and all
the other nodes belonging to the group. The algorithm can be summarized by
the following four steps:

1. The initialization process is only considered at the first iteration. At this
point, and since no a priori knowledge of the solution is assumed, the set
of ϕ harmonies in the Harmony Memory is filled randomly with N integer
indices from the set {1, . . . , M} in the sx.

2. The improvisation process is applied sequentially to each note of the com-
plete set of harmonies, first in sx, and second in sy. The proposed method
is controlled by three different parameters:
– The Harmony Memory Considering Rate, HMCR∈ [0, 1], which sets the

probability that the new value for a note is drawn uniformly from the
values of the same note in all the other ϕ− 1 harmonies in the Harmony
Memory.

– The Pitch Adjusting Rate, PAR∈ [0, 1], establishes the probability that
the new value for a given note is taken from its neighboring value in the
respective alphabet, i.e. {1, . . . , M} for sx and {1, . . . , N} in sy.

– The uniformly random selection of the new value for a note based on the
corresponding alphabet is controlled by another probabilistic parameter
RSR (Random Selection Rate), different than the complementary HMCR
probability used in the näive implementation of the Harmony Search
algorithm.

3. The repair criterion in [3] is hybridized with the previous global search
dual method and applied to the stored melodies when the capacity con-
straints in expression (4) are not satisfied. This procedure is executed until
all the compounding groups satisfy the capacity constraint, or until a num-
ber of evaluations are done. In the latter case, the capacity constrains are
not satisfied, and thus the repair of the harmony is delegated to the next de-
scribed local search method. If this local search does not succeed, the metric
value of the solution is penalized.

4. The local search method hinges on the GreedyExp algorithm proposed by
Salcedo-Sanz et al. in [3], which reduces to an optimized version of the Greedy
algorithm [21]. The local search is only applied to the sx part.

5. The evaluation of the new generated candidate solutions and the update of
the Harmony Memory is made at each iteration based on the fitness function
(1). At each iteration ϕ new harmonies are improvised and evaluated, but
they will be included in the Harmony Memory iff they improve the quality
of the harmonies remaining from the previous iteration.

6. The algorithm stops when a fixed number of iterations I is reached.

4 Computational Experiments and Results

Extensive computer simulations have been done by considering 7 networks of
different size, number of nodes N and of concentrators M randomly deployed
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over a 400 × 400 grid (see Table 1). The novel hybrid DGHS scheme is com-
pared with other published evolutionary schemes based on Genetic Algorithms
[3,15,11] and on the Harmony Search heuristic on which the present work is
built [17]. For the sake of fairness, several parameters are fixed for all simulated
schemes: the physical locations of all nodes, rate demands w (drawn from a
normal distribution with mean 10 and standard deviation 5), concentrator mod-
els, maximum capacities of the nodes p and maximum number of iterations I.
Feasibility in the scenarios (i.e.

∑N
i=1 wi <

∑M
j=1 cj) is guaranteed by setting

ci = 1.1
∑N

n=1 wn/M . Statistical results for all approaches are obtained for the
same number of fitness evaluations per execution (104) and by averaging over
20 realizations of each algorithm. The operator values used in the case of the
proposed hybrid DGHS are based on an exhaustive optimization study for a
total of 177 combinations of the parameter set

λ � [PAR(sx), HMCR(sx), RSR(sx), HMCR(sy), PAR(sy), RSR(sy)], (5)

based on which two parameter sets are selected: λ1 = [0.01, 0.1, 0.1, 0.1, 0, 0] and
λ2 = [0.2, 0.2, 0.01, 0.01, 0.1, 0.1]. Note that these operators always refer to a
probability for every note (i.e. not for the whole solution). Thereby, although
their values are smaller than those of the GGA operators, it does not mean that
they act fewer times.

Table 1. Parameters of the considered SLP instances, and results from previous works

ID N M I CGA [10] GA [15] GA+LP [3] GA+Greedy Exp [3]

1 60 5 200 3841/3856/18 3800/3812/12 3800/3816/17 3841/3877/30
2 80 8 200 3819/3822/4 3860/3874/29 3806/3831/26 3819/3842/27
3 90 9 200 3883/3914/21 3792/3845/66 3792/3837/39 3891/3931/38
4 100 10 200 4452/4567/75 4452/4508/29 4532/4637/90 4455/4464/13
5 110 10 200 4776/4785/25 4744/4794/53 4727/4768/53 4772/4835/55
6 150 15 200 5216/5296/57 5210/5383/81 5059/5210/114 5258/5414/106
7 200 15 200 No data No data No data No data

The obtained results are presented in the format rnd(best/mean/std) value of
the metric in Tables 1 and 2. Two sets of results can be identified in such tables:
the first compiles all evolutionary yet non-grouping approaches for the SLP (Ta-
ble 1), and the second corresponding to the grouping approaches published by the
authors in [3,17], along with the hybrid DGHS herein proposed (Table 2). In the
simulated scenarios the second result set clearly outperforms the first one, whereas
thebestperformance in termsof statistical stability (i.e. lowest standarddeviation)
is attained by the proposed DGHS scheme. This fact evidences that the proposed
dual technique is more exploitative than previous approaches, conclusion that is
further buttressed by two particular observations: 1) in the fourth scenario, DGHS
with parameter set λ1 yields a higher mean but smaller standard deviation than
their non-dual counterparts, whereas DGHS with λ2 trades a higher standard de-
viation for a slightly lower mean; and 2) in the sixth simulated network instance,
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the minimum value achieved by HGGA and GHS (namely, 5059) is not reached
by the proposed scheme with neither λ1 nor λ2, but the mean and standard devia-
tion values are significantly outperformed by DGHS with both parameter sets. As
a matter of fact, DGHS with λ2 renders a more explorative behavior – lower min
value and higher mean and std – with respect to DGHS with λ1.

Table 2. Comparison between the proposed DGHS and other evolutionary algorithms

ID HGGA [3] GHS [17] DGHS, λ1 DGHS, λ2

1 3800/3813/17 3800/3800/0 3800/3800/0 3800/3800/0
2 3806/3819/18 3806/3807/1 3806/3806/0 3806/3806/0
3 3792/3807/16 3792/3795/10 3792/3792/0 3792/3792/0
4 4455/4498/26 4455/4464/13 4455/4468/4 4455/4464/11
5 4724/4745/28 4724/4728/4 4724/4724/0 4724/4724/0
6 5059/5127/47 5059/5080/19 5062/5067/6 5061/5070/11
7 7054/7058/10 7054/7057/14 7054/7054/0 7054/7054/0

5 Conclusions

In this paper a novel Dual Grouping Harmony Search (DGHS) algorithm has
been presented for dealing with the so-called Switch Location Problem (SLP).
The main difference of this work with respect to previous GHS approaches in the
literature is the duality characterizing the application of the GHS refining pro-
cedures, which operate not only on the assignment part but also on the grouping
part comprising the grouping-encoded solutions. In addition, local search and re-
pair methods are inserted into the algorithm thread so as to allow improving the
search capability of the proposed algorithm. The statistical performance of our
proposal is analyzed in 7 instances of the SLP problem, with different network
sizes and densities. The obtained results are compared to different evolution-
ary schemes found in the literature related to the SLP paradigm. Based on this
simulation-based study we conclude that the duality of the GHS operators is
crucial for enhancing the exploitative behavior of the algorithm, outperforming
– in terms of a lower standard deviation and similar or lower mean and minimum
values – other existing approaches in all the simulated scenarios.
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Abstract. In this paper we present a novel evolutionary algorithm for
optimal positioning of wind turbines in wind farms. We consider a realis-
tic model for the wind farm, which includes orography, shape of the wind
farm, simulation of the wind speed and direction, and costs of installa-
tion, connection and road construction among wind turbines. Several
experiments show that the proposed evolutionary approach obtains very
good solutions which maximize power production, and takes into account
the different constraints of the problem.

1 Introduction

Wind power is one of the most promising sources of renewable energy in the
world. As an example, wind power installed worldwide by the end of 2009 reaches
a total of 157 GW, of which about 76 GW correspond to Europe, and 19 GW
only to Spain [1]. Thus, wind power represents over 12% of the total power
consumed in countries such as USA, Germany or Spain, and it is expected that
this percentage grows up to an amazing 20% by 2025. This figure situates wind
energy as one of the main actors in the energetic mix of different countries, which
are definitely betting for its development [2].

The majority of the wind power consumed in the world is generated in large
facilities, known as wind farms. Automatic wind farm design is a topic gaining
popularity among wind farm designers and engineers in the last few years. There
is an increasing number of articles tackling this problem, applying successfully
computational intelligence techniques, mainly evolutionary algorithms [3]. The
seminal paper in the use of evolutionary computation techniques to wind farm
design is the work by Mosetti et al., [4]. This paper proposed a genetic algorithm
to tackle the problem of the optimal positioning of turbines in a wind farm. The
model proposed in [4] consists in modeling the wind farm as a square divided
into cells in which turbines can be situated. A useful wake model was proposed
and several experiments considering different average wind speed and direction
were presented. This initial work has been the base of different recent approaches
which have improved the initial model. For example, in [5] Grady et al. showed
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that better results can be obtained in the problem by improving the genetic
algorithm used, using the same model as in [4]. Another improvement with the
same model has been recently proposed by Emami et al. in [6]. That paper
proposed a modification of the objective function of the problem, to take into
account deployment cost and efficiency of the turbines. The authors showed that
this modification leads to better design results than previous approaches using
a standard genetic algorithm. Another interesting and recent work is the paper
by Riquelme et al. [7], where a variable-length genetic algorithm with novel
procedures of crossover is applied to solve a problem of optimal positioning of
wind turbines, considering monetary cost as the objective optimization function.
The authors showed that their variable-length evolutionary approach is able to
obtain good results in terms of the objective function, considering different types
of wind turbines to be used. A similar approach using a hybrid evolutionary
algorithm was previously presented in Mart́ınez et al. [8]. This approach has
been further studied recently in [1] and [9]. It is also significant the work by
Wang et al. [10], where a new improved wind and turbine models have been
considered within a genetic algorithm. The authors have shown that this new
model is able to produce better results than previous approaches in the literature.

In this paper we present a modified wind farm optimization problem, which
includes several novelties in order to make the problem closer to reality than
previous approaches. A wind farm shape model, an orography model and the
inclusion of simulation to model the wind speed are the main new points included
in this paper. In addition, we present a novel evolutionary algorithm to look for
the optimal solution of the problem. We will show that the proposed approach
is able to obtain good and feasible solutions for the problem, with a balance
between the computational cost and the quality of the solution obtained.

The rest of the paper is structured as follows: next section presents the main
novelties included in the optimization model considered in this paper. Section
3 presents the evolutionary algorithm proposed. The experimental part of the
paper is shown in Section 4, and Section 5 closes the paper giving some final
remarks.

2 Novel Optimization Model Proposed

This section presents the optimization model assumed in this paper. We have
tried to include several points to make the problem closer to a real wind farm
design than previous approaches. The main novelties in our model are the in-
clusion of the wind farm shape, an orography model, wind speed simulation and
finally the inclusion of a cost model based on benefit/investment terms.

2.1 Wind Farm Shape Model

Previous approaches in the literature have not taken into account the problem
of the wind farm shape. Basically the majority of previous approaches consider
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square wind farms, divided into cells where turbines could be positioned
[4], [5]. This square-based approach is interesting since it introduces a nice way
of managing the different possible points where a turbine can be installed, but
the problem is that it cannot model in a realistic way the design of a real wind
farm. In this paper we propose an easy way to consider different shapes for the
wind farm, keeping the idea of the square cells to model a possible point to
locate a wind turbine. The idea is really simple: over a square of length K ×K
cells which serves as a background, we define a binary template T , also K ×K
which describes the allowed zones to install turbines, in such a way that Tij = 1
stands for a point included in the wind farm area, and Tij = 0 stands for a point
outside of the wind farm. Note that this way we can consider almost any shape
for the wind farm.

2.2 Wake, Orography Model and Wind Speed Simulation

In this paper we consider as wake model the one previously described in [5].
Though it is a simple model, it works really well to simulate a real turbine’s wake,
obtaining a good balance between model’s complexity and final performance.
Moreover, we have introduced several new points in this work, in order to make
the problem more realistic. First of all, note that none of the previous approaches
to the problem takes into account the wind farm’s orography or variations on
wind speed. The existence of hills within the wind farm makes that the wind
speed is different at the top of the hill or at the bottom of the corresponding
valley. In order to take this important point into account, we introduce the
concept of wind speed multipliers, in such a way that a higher point will be
characterized by having a larger wind multiplier. Thus, when the wind speed
associated with a given point in the wind farm is modified by means of the wind
multiplier, we are taking into account the orography of the wind farm.

The wind speed in a given point of the wind farm has been calculated in the
following way in our model: we consider a given wind rose for the wind farm,
and then, for each direction of the wind rose, a set of Monte Carlo simulations
of t years wind using a Weibull probability density function for the wind speed
module. The result of the Monte Carlo simulation is weighted by the correspond-
ing probability extracted from the wind rose and by the wind speed multipliers,
for including the orography in each point. Following this methodology, we ob-
tain a more realistic model for the wind speed in the wind farm than previous
approaches. Then a standard power curve for the turbine considered is used to
obtain the power production associated with the wind speed in a wind turbine.

2.3 Cost Model

The cost model used in this work is based on a simplified model of invest-
ment/benefit considerations, similar to the one proposed in [7]. Specifically, our
cost model includes wind turbines installation cost (Ci) and connection between
turbines and road construction costs (CC

ij ), modeled as the Euclidean distance
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between turbine i and j, and also the net benefit obtained from the energy pro-
duced in t years (Bt). All this parameters are measured in Euros. The objective
function to be maximized is:

ϕ(Ξ) = Bt −N · Ci −
N∑

i=1

∑
j<i

CC
ij (1)

where N stands for the number of wind turbines installed in the wind farm. Note
that we do not consider alternative costs such as the operational costs (OPEX)
in this objective function. However, it is good enough to show the performance
of the different compared algorithms.

3 Proposed Evolutionary Algorithm

Evolutionary algorithms (EAs) [11], are robust problems’ solving techniques
based on natural evolution processes. They are population-based techniques
which codify a set of possible solutions to the problem, and evolve it through
the application of the so called evolutionary operators [11]. Next we describe
the main characteristics of the evolutionary algorithm proposed in this paper,
including the algorithm’s initialization and selection, crossover and mutation
operators proposed.

1. Generate an initial population of μ individuals (solutions). Let t be a counter
for the number of generations, set it to t = 1. Each individual is taken as
a matrix of integer vectors Ξ = (xi, yi), i = 1, . . . , N , where each xi stands
for the x-coordinate of turbine i in the background square considered, and
each yi stands for the y-coordinates (xi = 1, . . . , K, yi = 1, . . . , K). Note
that every location point of a given solution Ξ, lets say (x, y), must fulfil a
number of requirements to be considered as feasible: first, all the location
points should be within the wind farm surface, i.e, the associate value in
matrix T must be 1 (T xy = 1,∀ x, y). Second, a given turbine situated at
a point (x, y) must be at least at a distance D of any other turbine. The
initial individuals of the population are generated in such a way that these
constraints are fulfilled.

2. Evaluate the fitness value for each individual Ξ of the population using the
problem’s objective function ϕ.

3. Generate an offspring population, of length μ, applying one-point crossover
operator [11] and mutation operator. The crossover operator is applied in
the traditional way. On the other hand, mutation operator is carried out by
randomly changing couples of specific points (xi, yi) to (x′

i, y
′
i).

4. Correct the offspring population in such a way that all their individuals are
feasible (fulfil the problem’s constraints). Note that the crossover operator
may produce solutions within a distance D of another turbine, and mutation
operator, in addition, may produce solutions which are outside the wind farm
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points defined by matrix T . In order to correct these unfeasible solutions, a
modification of unfeasible points is applied after each round of crossover and
mutation, by using two random numbers r, s ∈ [−2D, 2D]: a given unfeasible
point (x, y) is modified to (x + r, y + s) until it is feasible.

5. Selection: Pass the best individual found so far in the evolution to the next
generation (elitism process). Conduct then pairwise comparison over the
union of parents and offspring remaining: for each individual, p opponents
are chosen uniformly at random from all the parents and offspring. The
best individual in these p is selected to survive for the next generation. This
process is repeated until a new parent generation of μ individuals is obtained.

6. Evaluate the fitness value for each individual Ξ of the new parent population
using the problem’s objective function ϕ.

7. Stop if the stopping criterion is satisfied, and if not, set t = t + 1 and go
to Step 3. In this case, the stopping criterion established is that the best
solution found by the algorithm is not improved during K generations, or,
alternatively, the algorithm reaches to a maximum number of generations
max ite.

4 Experiments and Results

This section presents the simulations and results carried out in this paper to show
the effectiveness of the proposed EA. First we describe a greedy-constructive
approach used for comparison purposes, and then we show the results obtained
by the EA in several randomly-generated instances.

4.1 A Greedy-Constructive Approach for Comparison Purposes

For comparison purposes, we have implemented a greedy-constructive approach
which is also able to tackle the problem. It consists in the following steps:

1. Locate the point in the wind farm with maximum wind and set there the
first wind turbine.

2. Modify the wind speed in neighbor points to turbines taking into account
the wake model and wind rose considered.

3. Locate the point in the wind farm which maximizes Equation (1)

4. If N wind turbines have been installed, then stop. Otherwise go to step 2.

This greedy approach is able to come up with a feasible solution to the prob-
lem. It is fast, and its performance in terms of objective function will be evaluated
together with the proposed EA.
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4.2 Results

We have run a number of simulations with the following parameters: Figure 1
shows the wind rose considered, extracted from a real wind farm in southern
Spain. Weibull’s distribution parameters used in the model of the wind speed
are λ = 10 and β = 1.6. The positioning of N = 20 wind towers in the wind farm
is considered. The cost of each tower has been estimated to be Ci = 106 Euros.
Other parameters of the simulations are the following: we consider a basic cell
size of 10m × 10m, with K = 500, D = 90m. The wind farm shape has been
randomly obtained, and can be seen in Figure 2, where we show some greedy
and EA results. We estimate a cost for the connection of wind towers and road
construction (Cc

ij) of 105 Euros/Km. Regarding the calculation of the estimated
benefit Bt(Ξ), we have considered 75 Euros/Mwatt-h, 3000 effective-hours/year
and a period of t = 10 years of simulation. Regarding the parameters of the EAs,
values of μ = 50, p = 10, K = 75 have been set.
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20%
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SOUTH

NORTH

0 − 2
2 − 4
4 − 6
6 − 8
8 − 10
10 − 12
12 − 14
14 − 16
16 − 18
>=18

Fig. 1. Example of a real wind rose in a wind farm of southern Spain used in the
simulations of wind farm design in this paper

Table 1 shows the comparison between the greedy-constructive approach and
the EA, for one wind farm shape, and 10 different (randomly generated) wind
speed multipliers. It is easy to see that the EA is able to obtain better solutions
for the problem in all the instances run. This shows that, as has also been shown
in other works in the literature with different optimization models, evolutionary
computation techniques are shown to be a really good option in wind farm design
problems.

Figure 2 shows an example of the final wind turbines disposition obtained by
the greedy heuristic and proposed Evolutionary Algorithm (instance 10), over
the wind farm with wind multipliers depicted. Circles of length D are also shown
in this figure to show the feasibility of the solution. Note that these solutions
fulfil the problem’s constraints (the wind turbines should be positioned within
the wind farm surface, at a minimum distance D of the nearest turbine). Note
also that these solutions are optimized following Equation (1), so they take into
account the wind farm orography and the different costs considered.
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Table 1. Objective function values (in Euros/107), in the 10 different simulations
performed, obtained by the Greedy-constructive heuristic and proposed Evolutionary
Algorithm (EA)

# instance Greedy heuristic Proposed EA

1 2.283 3.613

2 3.305 5.029

3 1.002 3.741

4 1.697 4.364

5 2.171 3.818

6 1.849 3.964

7 1.683 3.334

8 1.776 4.530

9 1.201 4.046

10 2.813 3.934
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Fig. 2. Final wind turbines location, security radius and wind multipliers; (a) Greedy
heuristic; (b) Evolutionary Algorithm

5 Conclusions

In this paper we have presented a novel evolutionary algorithm to solve a prob-
lem of optimal location of wind turbines in wind farms. A novel optimization
model has also been proposed, which includes some new aspects such as wind
farm shape, orography and different costs in the objective function. We have
carried out several experiments where we have shown the good performance of
the proposed evolutionary algorithm in the design of wind farms.
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Abstract. In this paper, we observe some important aspects of Hebbian and error-
correction learning rules for the multi-valued neuron with complex-valued weights. 
It is shown that Hebbian weights are the best starting weights for the error-
correction learning. Both learning rules are also generalized for a complex-valued 
neuron whose inputs and output are arbitrary complex numbers. 

Keywords: complex-valued neural networks, derivative-free learning, multi-
valued neuron. 

1   Introduction 

The discrete multi-valued neuron (MVN) was introduced in [1]. This neuron is based 
on the concept of multiple-valued logic over the field of complex numbers, which was 
introduced in [2], then presented in detail in [3], and further developed in [4]. The 
continuous MVN was presented in [5]. MVN with a periodic activation function 
(MVN-P) was recently introduced in [6]. 

MVN is a neuron with complex-valued weights and inputs and output located on 
the unit circle. MVN has a number of remarkable properties. Its main property, which 
is simultaneously its main advantage over other artificial neurons, is its higher 
functionality. A single MVN-P can easily learn non-linearly separable input/output 
mappings, and, for example, classical XOR and Parity n non-linearly separable 
problems are about the simplest, which can be learned by a single MVN-P. 

Perhaps, the most interesting application of MVN is MLMVN (a multilayer neural 
network based on multi-valued neurons), which was introduced in [5] and then 
developed in [7]. It outperforms many other machine learning techniques in terms of 
generalization capability, number of parameters employed and network complexity. 
Other interesting applications of MVN are, for example, associative memories [8-9]. 

Although MVN was comprehensively observed, for example, in [4], and [5, 6], 
there is still at least one interesting open problem in its learning theory. This is 
specificity of its Hebbian learning and the relation between its Hebbian and error-
correction learning. We would like to consider these problems in this paper. We also 
will generalize both Hebb and error-correction MVN learning rules for a complex-
valued neuron whose inputs and outputs are arbitrary complex numbers. 
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2   Multi-Valued Neuron (MVN) 

The discrete MVN was proposed in [1]. It is based on the principles of multiple-
valued threshold logic over the field of complex numbers. The discrete MVN 
implements a mapping between n inputs and a single output. This mapping is 
described by a multiple-valued (k-valued) threshold function of n variables 

1(   )nf x , ..., x . It is important to specify that we consider here multiple-valued logic 

over the field of complex numbers [3, 4]. While in traditional multiple-valued logic its 

values are encoded by the integers from the set { }0,1,..., 1K k= − , in the one over 

the field of complex numbers they are encoded by the kth roots of unity 

{ }0 2 1, , ,..., k
kE ε ε ε ε −= , where 2j i j / ke πε = , 0 ..., 1j , k -= , (i is an imaginary 

unity). A k-valued threshold function 1( ,..., ) : n
n kf x x O E→  (here O  is a set of 

complex numbers located on the unit circle), which presents an input/output mapping 
implemented by the discrete MVN, is represented using n+ 1 complex-valued weights 
as follows 

)()( 1101 nnn xw...xwwPx ..., ,xf +++= , (1) 

where nx ..., ,x1  are the neuron inputs and n  , ...,w,ww 10  are the weights. The 

values of this function are the kth roots of unity: 2j i  j / ke πε = , {0 1,..., 1}j , k -∈ , i is 

an imaginary unity. P is the activation function 

2( )  if 2 arg  2 ( 1) ,i j / kP z =e ,   j / k z  j+ / kπ π π≤ <  (2) 

where j=0, 1, ..., k-1 are values of k-valued logic, nn xw...xwwz +++= 110  is the 

weighted sum, arg z is the argument of the complex number z. It is important to 
mention that function (2), which was introduced in [2], is historically the first known 
complex-valued activation function. Function (2) divides a complex plane into k equal 
sectors and maps the whole complex plane into a set of kth roots of unity (see Fig. 1). 
The continuous MVN has been presented in [5]. The continuous case corresponds to 
k → ∞ in (2). If the number of sectors k → ∞  (see Fig. 1), then the angular size of 
a sector tends to 0. Hence, an activation function in this case becomes simply a 

projection of the weighted sum 0 1 1 n nz w w x ... w x= + + +  onto the unit circle: 

 ( ) exp(  (arg )) / | |iArg zP z i z e z z= = = , (3) 

where z is the weighted sum, Arg z is a main value of its argument (phase) and |z| is 
the absolute value of the complex number z. Activation function (3) is illustrated in 
Fig. 2. It maps the whole complex plane into the unit circle. 
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( )( ) exp 2 /P z j i kπ= ⋅  

Fig. 1. Geometrical interpretation of the 
discrete MVN activation function 

 

Fig. 2. Geometrical interpretation of the 
continuous MVN activation function 

3   Generalized Learning Rules for Complex-Valued Neurons 

3.1   Generalized Hebbian Learning 

Hebbian learning for MVN has never been studied in detail. It was just slightly 
outlined in [1] and [8], but its mechanism was not discussed. Moreover, Hebbian 
learning for a complex-valued neuron whose inputs and outputs are arbitrary complex 
numbers was not yet considered at all.  

The mechanism of the Hebbian learning for a complex-valued neuron is the same 
as the one for the classical threshold neuron and as it was described by D. Hebb in his 
seminal book [10]. This is the mechanism of the association.  

Let us consider the Hebbian learning rule for a complex-valued neuron whose 
inputs and outputs are arbitrary complex numbers except 0. Let us have a learning set 
containing N n-dimensional learning samples 

. Let ( )1f ,...,
T

Nf f=  be an N-

dimensional vector-column of the desired outputs. Let 1,..., nx x  be N-dimensional 

vectors-columns of all the inputs ( )1 2, ,..., ; 1,...,
TN

r r r rx x x r n= =x . Let 

( ) ( ) ( )( )1 1 11 2, ,..., ; 1,...,
T

N
r r r rx x x r n

− − −
= =x% . Let also ( )0 1,1,...,1

T=x . Then 

the generalized Hebbian learning rule for finding the weights 1,..., nw w  for a 

complex-valued neuron is as follows.  

1 ,..., ; \ 0 ; 1,..., ;j j j
n ix x x j NC

i 

0 

1 

k-2 Z 

J-

J J+1 

k-1 
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( )( 11
1

1

( 1)i iw f x
n

−
=

+
Particularly, for MVN wh
generalized Hebbian rule (4

( ) ( ) (
1

,
1i iw

n n
= =

+
f x

where “bar” is a symbol of 

(4) when i kx E∈  or ix ∈

and ( ) 1
; 1,...,i ix x i n

−= =
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2 ... ; 0,...,N

i N if x f x i n
− −
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1 2

1
... , 0,...,

1
N

i i N if x f x f x i n
n

+ + + =
+

, 

complex conjugation. Equation (5) is easily obtained fr

; 1,...,O i n=  because in such a case 1; 1,...ix i= =

n . 

 

(b)  

N weights using the Hebbian rule (5) for the two neuron inp
le: the weight is equal to the product of the desired output and

the following examples. Let k=4 in the discrete M
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4

ii e πε= = is 
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to (5) 0 1 1 1

1 1 1 1
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3 3 3 3
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3
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the input 1x  to the output, while the weight 2w  “rotat

he output. 
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to (5) 0 1 1 1

1 1 1 1
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3 3 3 3
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. The weighted sum is 
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When there are more learning samples in the learning set, the Hebbian learning 
rule usually does not lead to a weighting vector, which implements the corresponding 
input/output mapping. However, the learning algorithm, which is based on the error-
correction learning rule, converges much faster when the learning process starts from 
this (Hebbian) vector than when it starts from a random vector. 

3.2   Generalized Error-Correction Learning 

There are several approaches to the MVN learning. MVN learning algorithm, which 
was most comprehensively presented in [4], is based on the error-correction learning 
rule. It is identical for both discrete and continuous neurons. The most important 
property of MVN learning is that it is derivative-free. Let D be the desired neuron 
output and Y be the actual one. Then D Yδ = −  is the error, which determines the 
adjustment of the weights performing as follows 

( ) ( )
1 1

0 0 ;  ;  1,...,
1 1

r r r rr r
i i i

C C
w w w w x i n

n n
δ δ+ += + = + =

+ +
, (6) 

where ix  is the ith input complex-conjugated, n is the number of neuron inputs, δ is 

the neuron’s error, r is the number of the learning iteration, r
iw  is the current ith 

weight (to be corrected), 1r
iw +  is the following ith weight (after correction), Cr is the 

learning rate (it may always be equal to 1). 
Let us now again consider a complex-valued neuron whose inputs and output are 

arbitrary complex numbers (except 0). For simplicity, but without loss of generality, 
we may consider that the activation function of this neuron is identical (equals the 

weighted sum 0 1 1 n nz w w x ... w x= + + + ). It is important that in the error-

correction learning rule (6) the adjusting term, which is added to the ith weight to 

correct it, contains a factor ix . Let us generalize rule (6) for a complex-valued neuron 

whose inputs and output are arbitrary complex numbers (except 0): 

( ) ( )
1 1 1

0 0 ;  ;  1,...,
1 1

r r r rr r
i i i

C C
w w w w x i n

n n
δ δ+ + −= + = + =

+ +
. (7) 

Let us show that if the weights are corrected according to the generalized error-
correction rule (7), then the updated neuron output is equal exactly to the desired 
value. Let D be the desired neuron output and Y be the actual one. Then D Yδ = −  
is the error. Let us use (7) to adjust the weights: 

0 1 1

1 1
0 1 1 1

0 1 1

1 times
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1 1 1
...

1 1 1

1 1
... ... .

1 1

n n

n n n

n n

z
n
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n n n

w w x w x z Y D
n n

δ δ δ

δ δ δ δ

− −
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= + + + =
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(8) 
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Thus, a single learning step with the modified error-correction rule makes it 
possible to reach the desired output immediately. Equation (8) shows that after the 
weights are corrected, the weighted sum is changed exactly by δ , that is by the error. 

Since MVN inputs 1,..., nx x  are located on the unit circle ( i kx E∈  or 

; 1,...,ix O i n∈ = ), then 1; 1,...,ix i n= =  and ( ) 1
; 1,...,i ix x i n

−= = , and 

taking this into account we can easily conclude that the MVN learning rule (6) 
follows from the generalized error-correction learning rule (7).  

 

 

(a) Distribution of the weighted sums with the 

Hebbian weighting vector  
(b) Iteration 1 

 

Fig. 5. Movement of the weighted sum z after the correction of the weights according to (6) 
starting from the Hebbian weighting vector 

 
Let us illustrate how the error-correction learning can follow the Hebbian one. Let 

us consider the input/output mapping described by the function 

( ) ( )max 1 2 1 2, max ,f x x x x=  for k=3. Evidently, ( )0 2 2 2 2 2, , , , , , , ,
T

ε ε ε ε ε ε ε ε ε=f . 

Let us find the Hebbian weights for . According to (5) we obtain the 

following Hebbian weighting vector  

. This weighting vector does not implement the function ( )max 1 2,f x x . 

Distribution of the weighted sums with the weighting vector  is shown in Fig. 5a. 

The outputs for five learning samples out of nine (samples 2, 4, 6, 8, 9) are incorrect. 
However, they can easily be corrected using the learning algorithm based on the 
error-correction rule (6). After just a single learning iteration the actual outputs for all 
the learning samples coincide with the desired outputs (see Fig. 5b). If the same 
learning process starts from the random weights, more than a single iteration is 
always needed to complete it. 

( )max 1 2,f x x

( 0.11 0.06 ,0.167 0.032 ,0.167HW i i= − + −

)0.032i−

HW
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Abstract. While in traditional classification an instance of the data
set is only associated with one class, in multi-label classification this in-
stance can be associated with more than one class or label. Examples
of applications in this growing area are text categorization, functional
genomics and association of semantic information to audio or video con-
tent. One way to address these applications is the Problem Transfor-
mation methodology that transforms the multi-label problem into one
single-label classification problem, in order to apply traditional classifi-
cation methods. The aim of this contribution is to test the performance of
CO2RBFN, a cooperative-competitive evolutionary model for the design
of RBFNs, in a multi-label environment, using the problem transfor-
mation methodology. The results obtained by CO2RBFN, and by other
classical data mining methods, show that no algorithm outperforms the
other on all the data.

Keywords: Multi-label Classification, RBFNs, Problem Transforma-
tion.

1 Introduction

Recently, applications where an instance of the data set is associated with several
labels or classes have been growing. For example in text categorization, each
document can be classified as belonging to different predefined topics, such as
education and health, a movie may belong to the classes action and thriller, or
a song can be categorized as rock and pop. These data sets are called multi-label
data sets and the related classification task is called multi-label classification
[11][3].

The first applications [11] in this area dealt with text categorization problems
but other examples are: functional genomics, semantic association of images,
scene classification, medical diagnosis or directed marketing.

The different approaches that address multi-label classification can be catego-
rized into two groups: Problem Transformation and Algorithm Adaptation. The
first group of algorithms transforms the multi-label problem into one single-label
classification problem. In the second group, classical algorithms are adapted to
handle multi-label data directly.

J. Cabestany, I. Rojas, and G. Joya (Eds.): IWANN 2011, Part I, LNCS 6691, pp. 41–48, 2011.
c© Springer-Verlag Berlin Heidelberg 2011



42 A.J. Rivera et al.

Radial Basis Function Networks (RBFNs) are one of the most important
Artificial Neural Network (ANN) paradigms in the machine learning field. An
RBFN is a feed-forward ANN with a single layer of hidden units, called radial
basis functions (RBFs) [1]. The overall efficiency of RBFNs has been proved in
many areas [2] like pattern classification, function approximation and time series
prediction.

An important paradigm for RBFN design is Evolutionary Computation [6].
There are different proposals in this area with different scheme representa-
tions: Pittsburgh [8], where each individual is a whole RBFN, and cooperative-
competitive [12], where an individual represents a single RBF.

Authors have developed an algorithm for the cooperative-competitive design
of Radial Basis Functions Networks, CO2RBFN [10], that has been successfully
used in classical and imbalanced classification.

The purpose of the present paper is to test CO2RBFN in multi-label classifi-
cation, exploring this field. For this initial approach and based on the first group
of techniques mentioned, multi-label data sets are transformed into single-label
data sets. The results obtained are compared with other traditional techniques
in data mining.

The text is organized as follows. In Section 2, multi-label classification and
the solutions provided for it in the specialized bibliography are described. The
cooperative-competitive evolutionary model for the design of RBFNs applied to
classification problems, CO2RBFN, is described in Section 3. The analysis of the
experiments and the conclusions are shown in Sections 4 and 5.

2 Multi-label Classification

Classification is one of the most important applications of data mining. In a
classification environment, a mapping from an input space Xn to a finite set of
classes L with L = {l1, l2, ..., lk}, must be established. Considering a training set
D with p patterns or instances:

D = {(xu, lu)|xu ∈ Xn, lu ∈ L, u = 1, . . . , p} (1)

where xu is the feature vector and lu is the class it belongs to. When |L| = 2
the classifier is binary. If |L| > 2 a multi-class classifier is needed. In any case,
each instance is only associated with one of the classes.

However, there is an important number of problems where each instance can
be simultaneously associated with a subset of classes or labels Y ⊆ L. These
problems are known as multi-label classification problems. Even binary classifi-
cation and multi-class classification can be seen as special cases of multi-label
problems where the number of labels assigned to each instance is 1.

As mentioned previously, there are two main ways to address multi-label clas-
sification problems [11]: Problem Transformation and Algorithm Adaptation ap-
proaches. With the problem transformation (algorithm independent) method,
the original problem is transformed into a set of single-label problems. The most
popular of these transformations are:
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– Label powerset (LP): This method considers as a single label the subset of la-
bels associated with each instance of the data set. Drawbacks of this method
include the fact that the data set obtained can contain a large number of
classes, and some of these classes can be associated with a limited number
of examples.

– Binary relevance (BR): This method, based on the one-against-all tech-
niques, creates a new data set for each label of the original data set. Thus,
for example, in the i− th data set, each instance associated with the label i
is labelled as positive and the other instances are labelled as negative. As a
drawback, this method may not be capable of handling correlations between
labels.

Despite their possible drawbacks, BR and LP can achieve reasonably good
results and we will use them in our experimentation.

On the other hand, algorithm adaptation approaches modify existing algo-
rithms to manage multi-label data. For example, ML-kNN [15], a modification
of the well-known kNN algorithm, uses prior and posterior probabilities for the
frequency of labels within the k nearest neighbours, in order to determine the
label set of a test instance. In [4] the C4.5 algorithm was adapted by modifying
the calculation of its formula of entropy in order to manage multi-label data.
BP-MLL [16] introduces a new error function, in the Back-propagation algo-
rithm, in order to take into account multiple labels. A modification of the SVM
algorithm that minimizes the ranking loss measure is proposed in [5]. ML-RBF
[14] uses a clustering-based analysis for each label in order to place the neurons
of the net, and there is an output in the RBFN for each label.

3 CO2RBFN: An Evolutionary Cooperative-Competitive
Hybrid Algorithm for RBFN Design

CO2RBFN [10] is an evolutionary cooperative-competitive hybrid algorithm for
the design of RBFNs. In this algorithm each individual of the population repre-
sents, with a real representation, an RBF and the entire population is responsible
for the final solution.

The individuals cooperate towards a definitive solution, but they must also
compete for survival. In this environment, in which the solution depends on the
behaviour of many components, the fitness of each individual is known as credit
assignment.

In order to measure the credit assignment of an individual, three factors have
been proposed: the RBF contribution to the network output, the error in the
basis function radius, and the degree of overlapping among RBFs.

The application of the operators is determined by a Fuzzy Rule-Based System.
The inputs of this system are the three parameters used for credit assignment
and the outputs are the operators’ application probability.

The main steps of CO2RBFN, explained in the following subsections, are
shown in the pseudocode, in Algorithm 1. For a wider explanation of the algo-
rithm see reference [10].
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Algorithm 1. Main steps of CO2RBFN
1. Initialize RBFN

2. Train RBFN

3. Evaluate RBFs

4. Apply operators to RBFs

5. Substitute the eliminated RBFs

6. Select the best RBFs

7. If the stop condition is not verified go to step 2

RBFN initialization. To define the initial network a specified number m of
neurons (i.e. the size of population) is considered. The center of each RBF is
randomly allocated to a different pattern of the training set. The RBF widths,
di, will be set to half the average distance between the centres. Finally, the RBF
weights, wij , are set to zero.

RBFN training. The Least Mean Square algorithm [13] is used to calculate
the RBF weights.

RBF evaluation. A credit assignment mechanism is required in order to eval-
uate the role of each RBF φi in the cooperative-competitive environment. For
an RBF, three parameters, ai ,ei ,oi are defined:

– The contribution, ai, of the RBF φi, is determined by considering the weight,
wi, and the number of patterns of the training set inside its width, pii:

ai =
{

|wi| if pii > q
|wi| ∗ (pii/q) otherwise

(2)

where q is the average of the pii values minus the standard deviation of the
pii values.

– The error measure, ei, for each RBF φi, is obtained by counting the wrongly
classified patterns inside its radius:

ei =
pibci

pii
(3)

where pibci and pii are the number of wrongly classified patterns and the
number of all patterns inside the RBF width respectively.

– The overlapping of the RBF φi and the other RBFs is quantified by using
the parameter oi. This parameter is computed by taking into account the
fitness sharing methodology [6], whose aim is to maintain the diversity in
the population.

Applying operators to RBFs. In CO2RBFN four operators have been defined
in order to be applied to the RBFs:

– Operator Remove: eliminates an RBF.
– Operator Random Mutation: modifies the centre and width of an RBF in a

random quantity.
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– Operator Biased Mutation: modifies, using local information, the RBF trying
to locate it in the centre of the cluster of the represented class.

– Operator Null: in this case all the parameters of the RBF are maintained.

The operators are applied to the whole population of RBFs. The probability
for choosing an operator is determined by means of a Mandani-type fuzzy rule
based system [9] which represents expert knowledge about the operator applica-
tion in order to obtain a simple and accurate RBFN. The inputs of this system
are parameters ai, ei and oi used for defining the credit assignment of the RBF
φi. These inputs are considered as linguistic variables vai, vei and voi. The out-
puts, premove, prm, pbm and pnull, represent the probability of applying Remove,
Random Mutation, Biased Mutation and Null operators, respectively. Table 1
shows the rule base used to relate the antecedents and consequents described.

Table 1. Fuzzy rule base representing expert knowledge in the design of RBFNs

Antecedents Consequents Antecedents Consequents
va ve vo premove prm pbm pnull va ve vo premove prm pbm pnull

R1 L M-H M-H L L R6 H M-H M-H L L
R2 M M-L M-H M-L M-L R7 L L M-H M-H M-H
R3 H L M-H M-H M-H R8 M M-L M-H M-L M-L
R4 L L M-H M-H M-H R9 H M-H M-H L L
R5 M M-L M-H M-L M-L

Introduction of new RBFs. In this step, the eliminated RBFs are substituted
by new RBFs. The new RBF is located in the centre of the area with maximum
error or in a randomly chosen pattern with a probability of 0.5 respectively.

Replacement strategy. The replacement scheme determines which new RBFs
(obtained before the mutation) will be included in the new population. To do
so, the role of the mutated RBF in the net is compared with the original one
to determine the RBF with the best behaviour in order to include it in the
population.

4 Experimentation

The objective of this paper is to test our present evolutionary cooperative-
competitive algorithm for RBFN design, CO2RBFN, in the new multi-label
classification field while taking into account other typical data mining meth-
ods. With the conclusions obtained we can draw lines for future development.

With this purpose in mind, we have used the multi-label data mining software
and repository Mulan (http://mulan.sourceforge.net/index.html). In this site
you can find different multi-label methods, tools and data sets as well as the
possibility of using classical Weka learning methods [7].
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In order to test CO2RBFN the data sets Emotions and Scene have been
chosen. In Emotions a piece of music must be classified in more than one class
and in Scene an image may belong to multiple semantic classes. Emotions has
593 instances, 72 numeric attributes and 6 labels. Scene has 2407 instances, 294
numeric attributes and 6 labels. As a first conclusion the high dimensionality of
the multi-label data sets must be highlighted.

Typical data-mining methods have been chosen for comparisons, specifically:
C4.5, KNN, Naive Bayes, MLP, PART, RBFN and SVM. Their implementations
and references can be found in Weka [7]. These methods have been run with the
parameters recommended by their authors. For CO2RBFN the iterations of the
main loop have been established to 100 and the number of neurons in the range
between 10 and 20. These parameter values have been heuristically chosen.

To run CO2RBFN and the other classical data mining techniques with the
above data sets, we use the problem transformation methodology and concretely
the popular Binary Relevance and Label Powerset techniques. In this way, both
Emotions and Scene have been transformed with BR and LP.

General experimentation parameters, set up in MULAN, are ten-fold cross
validation (90% for training data set, 10% for test data set) and three repetitions
for obtaining the means values of the tables of test results. The measures used
in the results are the ones returned by Mulan software and are described in [11].
For the measure Hamming Loss the lower the value the better, and for the other
the higher the value, the better. The best result appears in bold.

In Table 2 the average test results for BR transformation and the two data
sets are shown. Table 3 shows the results for the LP transformation.

Table 2. Average test results with Binary Relevance transformation

Data set Emotion

C4.5 CO2RBFN KNN MLP Naive Bayes PART RBFN SVM

Hamming Loss 0.247 0.204 0.235 0.215 0.252 0.257 0.229 0.244
Subset Accuracy 0.184 0.270 0.268 0.270 0.206 0.157 0.213 0.180
Example-Based Recall 0.599 0.612 0.626 0.646 0.773 0.614 0.630 0.441
Example-Based Accuracy 0.462 0.514 0.514 0.525 0.529 0.456 0.494 0.391

Data set Scene

C4.5 CO2RBFN KNN MLP Naive Bayes PART RBFN SVM

Hamming Loss 0.137 0.141 0.111 0.100 0.242 0.119 0.139 0.126
Subset Accuracy 0.427 0.365 0.629 0.566 0.169 0.477 0.369 0.306
Example-Based Recall 0.634 0.457 0.693 0.706 0.858 0.668 0.484 0.325
Example-Based Accuracy 0.535 0.419 0.674 0.647 0.453 0.578 0.437 0.323

As can be observed, from the tables of results there is no one a method that
outperforms the others, neither for BR transformation nor for the LP trans-
formation. CO2RBFN achieves its best results for the Emotions data set (in-
dependently of the transformation used), outperforming the other methods in
four measures. For the BR transformation of Scene, CO2RBFN achieves results
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Table 3. Average test results with Label Powerset transformation

Data set Emotions

C4.5 CO2RBFN KNN MLP Naive Bayes PART RBFN SVM

Hamming Loss 0.277 0.243 0.235 0.234 0.233 0.293 0.217 0.281
Subset Accuracy 0.207 0.301 0.268 0.278 0.268 0.209 0.298 0.271
Example-Based Recall 0.541 0.653 0.626 0.630 0.630 0.526 0.647 0.595
Example-Based Accuracy 0.438 0.522 0.514 0.518 0.512 0.424 0.542 0.473

Data set Scene

C4.5 CO2RBFN KNN MLP Naive Bayes PART RBFN SVM

Hamming Loss 0.144 0.186 0.111 0.114 0.137 0.139 0.116 0.095
Subset Accuracy 0.547 0.427 0.629 0.641 0.537 0.563 0.621 0.688
Example-Based Recall 0.609 0.454 0.693 0.701 0.678 0.626 0.677 0.720
Example-Based Accuracy 0.589 0.454 0.674 0.684 0.615 0.605 0.662 0.720

similar to other methods. The worst results for CO2RBFN are for the LP trans-
formation of Scene. It must be highlighted the right accuracy achieved by the
other RBFN design method and therefore the good behaviour of the RBFN
models in multi-label classification tasks. In any case, CO2RBFN is the method
with more best results (bold) in individual measures, along with SVM.

In summary, when transformations are applied to multi-label data sets in
order to solve the associated classification problem, no algorithm outperforms
the other on all the data.

5 Conclusions

In many real classification data sets, instances can be associated to more than one
class. These data sets are called multi-label data sets. Examples of related appli-
cations are text categorization and association of semantic information to audio
or video content. We can distinguish two ways to solve a multi-label problem:
Problem Transformation and Algorithm Adaptation. With the first approach
the original data set is transformed into single-label data-sets in order to apply
traditional classification methods. The other method involves adapting classical
algorithms in order to manage multi-label data.

In this paper a first approach to multi-label classification, CO2RBFN, a
cooperative-competitive evolutionary model for the design of RBFNs, is tested
with multi-label data sets. The results of CO2RBFN, and other data mining
methods chosen for comparison, show that no algorithm outperforms the other
on all the data. This behaviour may be due to the drawbacks described for trans-
formation problem methods or to the intrinsic characteristics of the multi-label
data sets.

As a future line of research we propose an in-deep analysis of the multi-label
problem in order to carry out our developments, taking into account characteris-
tics such as high dimensionality, correlations among labels and the interpretabil-
ity of the results obtained.
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Abstract. Spectral methods allow the estimation of the firing frequency
in the activity of a single neuron. However, transient periods, changes
in the neuron firing frequency or even changes in the neuron activity
regime (rest, tonic firing or spiking) due to different inputs or to the
presence of neurotransmitters are not well detected by means of these
methods due to the fact that frequency and time are not commutable
operators. Some other methods have been developed to deal with local
transients, for example the localized Fourier transform or the Wigner dis-
tribution. Unfortunately these localized methods need fine tuning to find
an adequate working resolution and the resulting coefficients are hard to
interpret. In this work we propose the use of the tomographic transforms
to detect and characterize transient components in the behaviour of a
single neuron.

1 Introduction

Most neurobiological signals are rhythmic in nature and, therefore, spectral
methods, such as the Fourier Transform, have been very useful for the pro-
cessing of many types of biological signals and, in particular, for the analysis
of neuronal activity. However, spectral methods does not perform well for non-
stationary signals or transient time-varying signals. This is the case of signals
produced by neuron action potentials where many signal properties can vary
in time. For example, it is well known that neurons in a tonic spiking regime
can increase or decrease its firing rate or go to a quiet state depending on the
input received by other neurons. Furthermore, CA1 and CA3 neurons of the
hippocampus can switch from a bursting behaviour to a tonic spiking behaviour
in the presence of several neurotranssmitters and neuromodulators [1].

This change in the regime of the neuron behaviour cannot be detected by
the use of Fourier transform as this transform only provides perfect information
about the frequency content of the signal but no about transient behaviour of
the signal. Wavelet transforms have also been used for the analysis of neuronal
activity, for example for the detection of multiple encoding rhythms in a network
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of connected neurons [2]. Wavelet transforms (or in general any time-resolution
transform) provide accurate information about the transient resolution content
of the signal, as wavelet basis are located in both time and resolution. Unfor-
tunately wavelets basis are no well located in frequency and, therefore, wavelet
transforms does not provide information about transient frequency components.

Several time-frequency transforms for component detection have been pro-
posed in the bibliography, for example the Cohen’s Class [3] obtained as a con-
volution with the Wigner distribution. In general this is the method followed
by most authors [4,5,6] and the identification of signal transient components is
done by looking for amplitude concentrations in the time–frequency plane. The
drawback for the use of these methods is that they present negative terms, cross
terms or, in general, they do not behave correctly in the marginal time and
frequency components or present many artifacts even selecting clever kernels or
filtering operations. These are some consequences of the fact that time and fre-
quency are non-commuting operators, making impossible the existence of joint
probability distributions on the time-frequency plane.

A recently proposed family of transforms, named the tomographic transform
[10], uses a different approach to obtain a representation of the signal in the
time-frequency plane. The idea of tomography is to decompose the signal by
using the eigenfunctions of linear combinations of operators, for example, time
and frequency, time and resolution or time and conformal operator. Even when
this transform does not provide a joint probability distribution in the plane
determined by the two operators, it fulfills the condition that the sum of the
squares of the projection on the eigenfunctions has the same norm than the
signal, providing so an exact probabilistic interpretation. This approach has
been used for the analysis of reflectometry data [7,8].

In this paper we propose the use of the tomographic transform for the detec-
tion of transient components in the activity of a single neuron.

2 Tomograms for Signal Analysis

In this work we will focus in the analysis of neuronal signals considering a linear
funcional operator named the time–frequency operator B(μ, ν) defined in the
following way:

B(μ, ν) = μt + νω = μt + νi
∂

∂t
(1)

where t is the time operator and ω is the frequency operator. This linear combi-
nation of operators produces a new linear operator obtained by the interpolation
between two linear operators, the time operator and the frequency operator.

From a given operator the transform of a signal s(t) can be defined:

MB
s (X, μ, ν) =

∫
s∗(t)δ(B(μ, ν) −X)s(t)dt (2)
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where, for a normalized signal s and for each pair of values (μ, ν) MB
s (X, μ, ν)

provides a probability distribution on the variable X corresponding to the cor-
responding time–frequency operator B(μ, ν).

Using the previously defined operators B(μ, ν) and their unitary exponen-
tiations U(μ, ν) = exp(iB(μ, ν)) a complete description of the time–frequency
operator can be obtained [10] and an explicit expression for the tomogram may
be found at [11]. In this paper we will consider the pair (μ, ν) as coming from
a single parameter θ of the form (μ, ν) = (cos θ, sin θ), θ ∈ [0, π

2 ]. Thus, this
transform (the Radon transform, actually) interpolates betwwen time (θ = 0)
and frequency (θ = π

2 ).
Following these ideas, a family of distributions Ms(x, θ) is defined for a signal

s(t), t ∈ [0, T ], by

Ms(x, θ) =
∣∣∣∣
∫

s(t)Ψθ,T
x (t)dt

∣∣∣∣
2

(3)

with

Ψθ,T
x (t) =

1√
T

exp
(
−i cos θ

2 sin θ
t2 +

ix

sin θ
t

)
(4)

Notice that the Ψθ,T
x (t) are generalized eigenfunctions for any value x of the

operator U(θ). In fact, this observation is true for other kind of tomogram op-
erators like the time-resolution operator or the time-conformal operator and it
allows to obtain the distributions for these operators as the eigenfunctions of the
given operator. Observe also that for θ = π

2 we obtain the usual Fourier basis. In
θ = 0 this eigenfunctions are not well defined, and this case requires an special
study, see [11].

Now we select a set of xn such that the set Ψθ,T
xn

(t) is orthonormal. This is
possible considering the set

xn =
2nπ

T
sin(θ) (5)

Now we consider the projection of the signal s(t) over the basis Ψθ,T
xn

(t) as

cθ
xn

(s) =
∫

s(t)Ψθ,T
xn

(t)dt (6)

The original signal s(t) can now be recovered from the tomogram coefficients
cθ
xn

by the sum

s(t) =
∑

n

cθ
xn

Ψθ,T
x (t) (7)

For denoising or component selection, only a restricted set Fn of the whole set
of coefficients can be considered. In this case the reconstructed signal becomes

sk(t) =
∑

n∈Fn

cθ
xn

Ψθ,T
x (t) (8)
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3 Examples

In this section we discuss the method presented in the previous section in two
particular neuronal signals. The first example shows that the tomographic trans-
form is able to disentangle a signal that alternates a rhythmic pattern with a
resting state. In the second example we analyze a signal with several rhythmic
patterns present at different time intervals.

Both signals are generated by a phenomenological neuronal model presented in
[9]. This model is implemented as a two-variable coupled map and presents most
of the characteristics of the behaviour of real neurons such as, tonic spiking,
bursting or subthreshold oscillations with a minimal computational consump-
tion. The model also provides an accurate response to external current injection
or coupling with other neurons.

3.1 Single Rhythmic Pattern

Here we consider a neuronal signal x(t) generated by a phenomenological model.
The values of the parameters for this neuron are (see [9]) L = .01, B = .15,
C = .3, D = .9, R = 3.0, S = .0001, H0 = .01, K0 = .29, T 0 = .75, H1 = .14,
K1 = .02, T 1 = .4. and E = 0.0 and the signal runs for 20000 time steps. In
time intervals [0 : 4000], [8000 : 12000] and [16000 : 20000] the neuron receives
a constant external input with value σ = .07 that induces the neuron to a tonic
spiking state with a characteristic rhythmic pattern. In intervals [4000 : 8000]
and [12000 : 16000] no external input is present (σ = .0) resulting in a resting
state. The neuron output is presented in figure 1.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

x 10
4

−0.2

0

0.2

0.4

0.6

0.8

1

1.2

t

x

Fig. 1. Neuronal signal with silent and tonic spiking transient activity components

In figure 2, the most significant values of the spectrogram and the tomogram
of the previous signal are depicted.
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Fig. 2. Spectrogram (top) and Tomogram (bottom) of a neural signal with spiking and
silent regimes

The spectrogram presents a clear single high significant value at the Fourier
coefficient n = 126. If we consider that the signal runs for a second it means
that the signal is mainly composed by a single 126Hz frequency, as expected the
spectrogram does not indicate the presence of several transitory components in
the signal. In the lower part of figure 2 the tomogram presented in the previous
section for angle θ = π

3 is shown. In this plot three clear relevant values are
present at coefficients n = 129, n = 145 and n = 159 that indicates the presence
of three transient components of the same or a very similar frequency content.
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3.2 Different Rhythmic Patterns

In this section we inject to the neuron model an external input of value σ = .007
at time intervals [4000 : 8000] and [12000 : 16000] resulting in a signal with two
rhythmic regimes. A fast regime when a higher external input is present and a
slow regime when low external input is present. The neuron output is presented
in figure 3.
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Fig. 3. Neuronal signal with several transient tonic spiking rhythmic patterns

In this case, the spectrogram (see top of figure 4) shows again a very significant
value at the coefficient n = 124. A second significant lower frequency value
appears now at coefficient n = 70 indicating so that a second 70Hz frequency
component is present at the signal. This value corresponds to the slow spiking
rhythm. On the other hand, the tomogram (see bottom of figure 4) shows three
components of high frequency similar to the ones in the previous example but it
also shows the two additional low frequency components that correspond with
the two low spiking rhythms at time intervals [4000 : 8000] and [12000 : 16000].

In both experiments the selected value of the parameter of the tomogram
transform θ = π

3 is not critical. Any value of θ in the interval (π
2 , π

4 ) produces a
similar result.

4 Conclusions

Here we have applied the tomographic transform to find transient components
in a neural signal. The method seems quite robust to disentangle components
of similar frequency present at different time intervals and to detect different
transitory rhythmic patterns present in the signal. This method could not only
be useful to detect signal components localized in time, it can be also used as
filtering tool by just preserving the most significant values of the tomographic
transform, in a similar way as in the Fourier transform but with the advantage
of preserving time information.
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Fig. 4. Spectrogram (top) and Tomogram (bottom) of a neural signal with two rhyth-
mic patterns
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Abstract. A correct estimate of the probability density function of an
unknown stochatic process is a preliminary step of utmost importance
for any subsequent elaboration stages, such as modelling and classifica-
tion. Traditional approaches are based on the preliminary choice of a
mathematical model of the function and subsequent fitting on its pa-
rameters. Therefore some a-priori knowledge and/or assumptions on the
phenomenon under consideration are required. Here an alternative ap-
proach is presented, which does not require any assumption on the avail-
able data, but extracts the probability density function from the output
of a neural network, that is trained with a suitable database including
the original data and some ad hoc created data with known distribu-
tion. This approach has been tested on a synthetic and on an industrial
dataset and the obtained results are presented and discussed.

Keywords: probability density function, weighted radial basis function
networks, industrial databases.

1 Introduction

The probability density function (PDF) in statistics identifies the probability
of occurrence of each possible value of a random variable, if it is discrete, or
the probability of the value falling within a particular interval, if the variable
is continuous [1]. If the considered random variable is derived from a unknown
stochastic process, its PDF is not available and must be estimated. The first step
of the PDF estimate consists in the selection of its generic mathematical expres-
sion among a quite large varieties of known options (often referred as “families”).
Afterwards, suitable values of the parameters characterising the particular shape
of such function must be selected. When the PDF is totally unknown and poor a-
priori knowledge on the phenomenon under consideration is available, the above
operations must be iterated several times for different mathematical formula-
tions of the PDF and finally and assessment of goodness of fit must be pursued
through some specific tests, which aim at understanding how reasonable is the
assumption that the available dataset comes from the selected PDFs once the
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associated parameters have been suitably choosen. The whole above-described
procedure is commonly referred as Distribution fitting.

When coping whith data coming from real word applications, PDF estimate
and distribution fitting are often the first necessary step for the development of
any kind of model for any kind of application such as classification, clustering,
prediction, etc... Application of distribution fitting can be found in a wide variety
of different fields, such as economy [2], engineering [3] and natural sciences [4].

The approach proposed here is totally different, as it exploits the capability of
Weighted Radial Basis Function (WRBF) [5] Neural Networks (NN) to fit any
kind of function and does not require any predefined parametric mathematical
formula to express the generic form of the PDF.

2 Theoretical Background

Given a continuous scalar random variable x, its Probability Density Function
(PDF) is a function p(x) ≥ 0 for all x such that, given and intervall I = [a, b],
the integral

∫ a

b
p(x)dx expresses the probability that x ∈ I. The extension of

such definition to vector random variables x is straightforward.
The most commonly adopted PDF (e.g. Normal, Chi-square, Dagum, Log-

Logistic, etc..) are parametric functions, namely they have a mathematical for-
mulation in the form p(x|θ1, θ2, . . . , θk), where θ1, θ2, . . . , θk are k constant
parameters. Given a set x1, . . . , xn of n independent identically distributed ob-
servations sampled from a continuous random variable x, the estimate of the
PDF is composed of the following two operations:

– the choiche of the particular mathematical model, which is normally made
by exploiting some a-priori knowledge on the process under consideration
and/or on the flexibility and generality of the selected models;

– the selection of the particular set of parameters which allows the final PDF
to best fit the available data. Such selection is performed by solving an opti-
mization problem on θi where a pre-defined performance index is maximized;

One of the most widely used methods for searching the parameters of a PDF
that match at best a set of observations is the Maximum Likelihood Estimation
(MLE) [6]. The so-called Likelihood Function (LF) is defined as:

L(x1, . . . , xn|θ1, θ2, . . . , θk) =
n∏

i=1

p(xi|θ1, θ2, . . . , θk)

and the MLEs of the parameters are calculated by maximizing L or its natu-
ral logarithm Λ = ln L (which is often easier) by simultaneously solving the k
equations ∂Λ

∂θj
= 0, (j = 1, 2, . . . , k). The best estimate of a distribution param-

eters is thus defined to be the one that maximizes the probability of obtaining
the observed data. The complexity of the above-described system of equations
depends on the adopted PDF and may be non-trivial: specialized software for
numerical resolution may be required and, if this is the case, the obtained MLE
may be sensible to the choice of the starting values.
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3 Distribution Fitting Based on Neural Networks

We propose here an innovative technique to estimation of PDF based on the
intrinsical properties of NN to solve optimization and minimization problems.

We start from a given set S of Q points Xq = [xq
1, x

q
2, ...x

q
N ] ∈ S; ∀q ∈ [1, Q]

whose statistical distribution p(X) : RN → [0, 1] has to be found. We suppose
that p(X) is continuous and “sufficiently” smooth to be approximated by an
appropriate NN f(X; Θ) ≈ p(X) where Θ is the vector of the free parameters
of the NN (namely, its weights, centers and biases). The problem is therefore to
find the best Θ such as to reduce the approximation error between f(X; Θ) and
p(X). In our case, we decide to minimize the RMS error:

E =
√∑

q

(f(Xq; Θ)− p(Xq))2 (1)

Unfortunately, the real probability distribution of data p(X) is unknown,
otherwise minimizing (1) would be a trivial NN training. We therefore propose
the following training algorithm to train the NN to approximate as much as
possible the unknown p(X). The algorithm is organized in five steps:

1. Establish the universe set U of points for the data set S, for instance by
finding the extreme values for each component of all patterns Xp, namely:
li = minq∈[1,Q]{xq

i } and ui = maxq∈[1,Q]{xq
i } such that:

S ⊂ U = [l1, u1]× [l2, u2]× . . .× [lN , uN ] (2)

2. Create a training set by associating to each point of S a unitary target value

tq = 1; ∀q ∈ [1, Q] (3)

3. Augment the training set by generating as many points as are the points
in the given data set S, namely Q additional points XR

q for ∀q ∈ [Q +
1, 2Q] The new points shall be generated randomly within the universe set
U with a given reference statistical distribution pR(X). The shape of the
reference distribution is in theory immaterial, although some distribution
may in practice offer better performance, as will be discussed later on. At this
stage, one can use, for instance, either a uniform or a gaussian distribution.

4. Associate to each additional point in the training set a target value:

tq = 0; ∀q ∈ [Q + 1, 2Q] (4)

5. Train the NN with the augmented training set using any training algorithm
based on the minimization of the RMS error as defined above (e.g. any delta
rule).

For each small region R ⊂ U containing at least a few patterns, the NN sees Q1

patterns Xq ∈ R associated to tq = 1 and a Q2 patterns Xq
R ∈ R associated to

tq = 0. The mathematically expected number of patterns is respectively:

Q1 = Q

∫
X∈R

p(X)dx1dx2 . . . dxN ; Q2 = Q

∫
X∈R

pR(X)dx1dx2 . . . dxN (5)
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If both p(X) and pR(X) are continuous and smooth, i.e. they are sufficiently
constant in R, the two counts can be approximated as, respectively:

Q1≈Q · p(X) ·
∫

X∈R
dx1dx2 . . . dxN Q2≈Q · pR(X) ·

∫
X∈R

dx1dx2 . . . dxN (6)

The NN y(Xq; Θ) is alternatively trained towards targets tq = 1 and tq = 0
and the training rule tends to minimize the RMS cost function:

E =
√∑

q

(y(Xq; Θ) − tq)2 (7)

which is known to have a minimum when y(Xq; Θ) coincides with the average
value of the targets:

y(X ; Θ) ≈ tq(X) =
Q1

Q1 + Q2
(8)

as there are Q1 (respectively Q2) targets equal to 1 (respectively 0).
By combining formulae (6) and (8) and simplifying, we get that, once trained,

the NN output approximates:

y(X) ≈ p(X)
p(X) + pR(X)

(9)

from which the p(X) can be obtained, as the pR(X) is known apriori:

p(X) ≈ pR(X)
y(X)

1 − y(X)
(10)

Thus, training the NN with the purposedly augmented data set produces a neural
function y(X) from which the unknown PDF p(X) can be inferred, by using an
intermediate arbitrary PDF pR(X).

Despite formula (10) shows that the unknown p(X) can be inferred from any
arbitrary reference distribution pR(X), a sensitivity analysis on formula (10)
proves that the approximation error is minimized when p(X) ≈ pR(X), which
corresponds to y(X) ≈ 0.5. There is therefore an optimal pR(X) ≈ p(X) which
reduces approximation error to the minimum, although it is obvious that this
cannot be used apriori, as p(X) is supposed to be unknown.

It is yet possible to use the following successive approximation strategy:

1. generate Q additional patterns with a uniform distribution pR(X);
2. train the NN as described in previous section. Once the NN is trained, infer

a first rough estimate of p′(X) ≈ p(X) as from formula (10);
3. remove the Q additional patterns introduced at the first step and substitute

them with as many patterns but having a distribution p′(X). In practice, one
can repeatedly generate a new random pattern Xq, with uniform distribution,
and accept it into the training set with a probability p′(Xq); repeat until
exactly Q patterns have been added;
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4. train again a second NN, while keeping the first one as the reference dis-
tribution pR(X) = p′(X). After training, a better estimate for the un-
known distribution of input data can be obtained by appropriately modifying
formula (10):

p′′(X) ≈ p′(X)
y(X)

1− y(X)
(11)

5. if desired, repeat this operation once more, for a better approximation.

4 Numerical Results

The NN-based approach that is described in Sec.3 has been tested to estimate
the PDF of two different series of data: the former database has been ad-hoc
created and consists of 1100 bidimensional data, while the second one derives
from an industrial application and consists of 3500 monodimensional data. In
the following, a subsection is devoted to each test.

In order to test the goodness of the distribution fitting, the Mean Absolute
Error (MAE) has been adopted as performance index. The MAE [7] is a generic
measure of the disagreement between any kind of predictive model and the actual
values of the predicted variable. Here the MAE is the average of the absolute
values of the differences between the estimated values f̂(Xi) of the PDF and its
corresponding real values f(Xi) on a predetermined set of N points:

MAE =
1
N

N∑
i=1

|f̂(Xi)− f(Xi)| (12)

In the case of the sinthetic dataset of the first test the real PDF is known, thus
f(Xi) can be the values of the real PDF on a predetermined regular grid of
points. In the second test, which is more realistic because the actual PDF is not
known, the MAE is employed to compute error between the histogram calculated
on the observed data and the predicted PDF evaluated in the bin points. The
number of bins is calculated by means of the Sturges’ formula k = �log2 n + 1�
where n is the number of samples in the dataset [8].

4.1 Test on a Synthetic Database

The first database is composed of 2 joint subsets of bidimensional points formed
by 2 independent random components drawn from a normal distribution. The
first data subset is formed by 1000 samples with average μ1 = [3 0 ]T and

diagonal covariance matrix Σ1 =
[

1 0
0 2

]
, while the second one is composed of

100 data with average μ2 = [−3 −3 ]T and diagonal covariance matrix Σ2 =[
1 0
0 0.5

]
. The overall sinthetic database is therefore composed of 1100 data.

A two layered WRBF network has been adopted with 2 gaussian neurons in
the hidden layer and 1 neuron in the output linear layer. According to Sec.3, the
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network training database is composed of 2200 data; the last 1100 data derive
from a known distribution p′(X), in this case a normal distribution centred in

the origin of the axes with covariance matrix Σr =
[
5 0
0 5

]
.

The initial values of the weight of the neurons in the hidden layer of the
network are set to 1, the centers are randomly initialised and the thresholds
initial values are null. As far as the output layer is concerned, the initial vaule of
the weight is unitary, while the center and the threshold values are initially null.
The network has been trained for 1000 epochs with a standard backpropagation
algorithm. The PDF that is is obtained through eq.(10) is shown in Fig.1.a.
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Fig. 1. a) Estimated PDF of the synthetic data obtained through the NN approach;
b) Hystogram of the industrial database and the different estimates of the PDF

As a term of comparison, the MLE procedure has also been applied to the
above-described problem by adopting as a mathematical model the following
function, arising by the composition of two bi-variate normal distributions:

p(X) = A
1

2π|Σ1|
e−

1
2 (X−μ1)T Σ1

−1(X−μ1) + B
1

2π|Σ2|
e−

1
2 (X−μ2)T Σ2

−1(X−μ2)

This is a strong assumption, which denotes a considerable a-priori knowledge on
the problem under consideration: the same does not applies to a large variety of
real word applications; however here it is useful to demonstrate the efficiency of
the proposed approach. There are 14 unknown parameters in the PDF above:
for the sake of simplicity, one might assume that the independency of each other
of the two components of X is known (which implies that the two covariance
matrices are diagonal); moreover B = 1 − A. Finally 9 parameters must be
estimated. As a numerical procedure must be adopted to search for the maximum
of the likelyhood function, the results of the MLE procedure strongly depend
on the initial choice of the parameter values: in general, the mean vectors μ1

and μ2 are fitted better than the two covariance matrices. For instance, for the
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available synthetic dataset after several attempts, the following best MLEs of
the distribution parameters have been found: Â = 0.9087, μ̂1 = [3.00 0.06 ]T ,

Σ̂1 =
[
1.31 0
0 1.99

]
, μ̂2 = [−2.84 −3.17 ]T and Σ̂2 =

[
1.40 0
0 0.59

]
.

The MAE of the PDFs estimated through NN and MLE with respect to the
actual PDF have been evaluated on a regular grid of 30× 30 points where both
components of x lie in the range [−5, 5]. The MAE related to the PDF estimated
through the approach proposed here is equal to 0.0028 while the MAE for the
MDF estimated via MLE is equal to 0.0035. In relative terms, the NN-based
approach improves the PDF estimate of 20%. This result is even more relevant if
one considers that for MLE-based approach some quite strong assumptions have
been exploited and a careful choice of the initial point for the search procedure
has been made, while no assumptions are required for the NN-based approach
and no special initialisation procedure is applied to the NN.

4.2 Test on an Industrial Application

The proposed approach has been tested also on real data related to particular
surface defects in the production of metal objects. In this application defects are
detected by dedicated inspection systems and subsequantly classified through
sophisticated image processing techniques. Usually a report is associated to each
product, where the number of defects belonging to each particular defect class
is recorded. An excessive increase in the number and/or gravity of some defects
is considered as an indication of malfunctioning or, at least, of the need for
maintenance operations. Therefore, an accurate knowledge of the distribution of
each class of defects (namely the PDF associated to the number of defects per
single product) is useful for the analysis of the overall qualitative trend of the
production, for the implementation of techniques related to the statistical control
of the process as well as for product classification and eventual destination.

A database composed of 3500 data have been processed, which contains the
number of defects n that belong to a particular cathegory per product: such
number lies between Nmin = 5 and Nmax = 40. Also in this case, a two layered
WRBF network has been adopted with 5 gaussian neurons in the hidden layer
and 1 neuron in the output linear layer. The network training database is com-
posed of 7000 samples, where the last 3500 data have been randomly generated
and derive from a known distribution pR(n), in this case a normal distribution
centred on η = Nmin+Nmax

2 with standard deviation σ = Nmax − Nmin. The
same initialisation procedure of the test described in Sec.4.1 has been adopted.

Figure 1.b compares the hystogram obtained from the real data, the PDF that
is estimated through the NN-based approach and some widely adopted PDF
whose parameters are estimated through MLE. Table 1 quantifies through the
MAE the goodness of fit of the different estimated PDFs: the NN-based estimate
shows the best fit of the hystogram extracted from the real data. Moreover, it
must be underlined that the NN-based approach does not need the contruction
of the hystogram itself.
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Table 1. MAE of the different estimates of the PDF for the industrial database

PDF type Formula MAE

NN-based - 0.0027

normal f(x) = 1√
2πσ

e
− (x−μ)2

2σ2 0.0086

log-normal f(x) = 1√
2πσx

e
− (log x−μ)2

2σ2 0.0035

Rayleigh f(x) = x
b2

e
− x2

2b2 0.0156

Weibull f(x) = ba−bxb−1e−(
x
a )

b

0.0111

5 Conclusions and Future Work

A NN-based appproach has been presented for the estimation of the PDF of an
unknown stochastic process, which does not require neither an a-priori choiche
of a mathematical model nor the elaboration of the data hystogram, but only
the computation of the variability range of each components of available data
samples. Noticeably, the proposed algorithm is also capable of finding if the
available data are clustered or not, as, in case of clustered data, the estimated
PDF turns out to be multimodal. The proposed method have been tested on two
dataset and the results shows that it is capable to outperform a standard MLE-
based approach. In the future, further tests will be performed on other dataset
coming from real word applications and the performance will be compared also
to other literature approaches.
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Abstract. In this paper, we propose a control strategy for a nonholonomic robot 
which is based on using the learning process of an Adaptive Neural Fuzzy 
Inference System (ANFIS). The proposed neuro-controller allows the robot 
track a desired reference trajectory. After a short reminder about Adaptive 
Neural Fuzzy Inference System, we describe the control strategy which is used 
on our virtual nonholonomic robot. And finally, we give the simulations' results 
where the robot have to pass into a narrow path as well as the first validation 
results concerning the implementation of the proposed concepts on real robot. 

Keywords: Neuro-Fuzzy, Learning process, Nonholonomic robot, Controller, 
Real-Time. 

1   Introduction and Problem Stating 

The wheeled robots constitute a major class of robots used in a wide range of 
applications (as transportation, logistic and warehouse applications, security and 
military applications, etc…). 

Most of the control approaches concerning this kind of robots are based on 
asymptotic stabilization with the feedback controls. Different methods have been used 
to reduce or to transform the nonlinear kinematics issued equations into a linear 
approximation system. The approach proposed by Samson in 1995 transforms the 
nonlinear system into a chained system with the feedback control to solve the path-
following problem [1]. Several authors have addressed the problem of tracking 
admissible trajectory by applying dynamic feedback linearization techniques ([2] to 
[5]). In [6] Morin and Samon are certainly the firsts to address the problem of 
tracking arbitrary trajectories (i.e., not necessarily for the controlled robot) based on 
the conception of transverse functions. And in [7], Barfoot and Clark propose a 
feedback control law inheriting strong robustness properties associated with stable 
linear systems. However, the above-mentioned approach yields slow convergence, 
making it quite inappropriate for real-time applications. 

This short overview emphasizes the fact that all proposed approaches are based on 
a kinematical modeling and most of them have a slow convergence. Their main 
drawback is related to the fact that they have been designed for specific usage and 
could not always be generalized. The difficulties are inherent to the nonlinear nature 
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of the robot’s dynamics which is sensitive as well to the given trajectory’s shape as to 
the applicative context (e.g. the nature of the robot, the nature of ground, etc…).  

An alternative solution to the kinematical modeling is to use “Machine Learning” 
based approaches ([8] to [11]). In this paper, we propose a new approach based on 
using the learning process of an Adaptive Neural Fuzzy Inference System (ANFIS) 
[11]. This approach may be decomposed in two parts: the first one allows rotting an 
arbitrary (e.g. given) path into several trajectories (characterized as “desired 
trajectories”), and the second is composed of two ANFIS controllers (one controlling 
the position and the other the orientation). In fact, the suggested ANFIS based control 
approach doesn’t depend on kinematics issues, and although in the present work it is 
applied for nonholomic robot’s control, the concept may be generalized as a global 
control strategy to another kind of wheeled robots.  

The paper is organized in six sections. In the next section, we introduce the 
Adaptive Neural Fuzzy Inference System. In the third section, we give the 
kinematical model of the nonholonomic robot in order to state the control parameters, 
describing how we can control the wheeled robot with ANFIS. In section 4, we 
present the suggested control strategy. Simulations' and validation's results are shown 
in the fifth section. We give the simulations' results where the robot have to pass into 
a narrow path as well as the first validation results concerning the implementation of 
the proposed concepts on real robot. At last, we get some brief conclusions. 

2   Brief Overview of Adaptive Neuro-Fuzzy Inference System  

The main advantage of a Fuzzy Inference Systems is that they allow dealing with 
linguistic rules, making such systems appropriate to design control strategy where it is 
difficult to use the mathematical modeling. However, its main disadvantage is that it 
needs knowledge of an expert. It also needs a relatively long time to get the accurate 
membership functions. Neural network based approaches, or more generally adaptive 
systems based on learning process, can overcome this disadvantage improving the 
basic fuzzy inference system. ANFIS, combining neural networks and fuzzy inference 
systems, is a class of such adaptive fuzzy inference systems. In this section, we briefly 
remind the ANFIS architecture initially proposed by Jang in 1995 [8]. 

Let us assume a control system with m inputs X1, X2, ..., Xm and one output Y; let 
suppose n linguistic rules, where each rule Ri, where { }ni ,,2,1 "∈  is the index of the 

rule, can be expressed as relation (1). 
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Aij is a fuzzy set for i-th rule and j-th input and wi is a real number that represents a 
consequent part. In the present case, the membership function is defined as a Gaussian 
function, given by equation (2). The output of the issued neural-fuzzy network is 
given by equations (2), where 

imijiii
u μμμμ ""

21
= . Now, let us define the set of 

parameters [ ]
wba

zzzz ,,= , supposed to be adapted during the neural based 

minimization process, where ( )
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wwwz ,,,,
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""= . Let us also introduce the function F(z , t), a quadratic 

function defined by equation (3), to be minimized during the aforementioned process, 
where t is the current time, Y(t) is the output of the neural fuzzy network and Yd(t) is 
the desired output. 

( ) ( ) ( ) ( )( )222, tYtYwithftzF d
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In 1995, Godjevac show that if F(z , t) is defined as it has been stated-above, then it 
is possible to use an iterative procedure to update the above-defined parameters in 
order to minimize the function F(z , t) [9]. 

3   Nonholonomic Robot’s Dynamics 

Generally, the control of wheeled robots is performed by a follow of reference path 
and supposes to measure both the position and orientation with respect to a fixed 
frame. Let us consider a given trajectory C in the reference frame, and a point P 
attached to the robot chassis, at the mid-distance of the wheels, as illustrated in Fig.1. 
The state of the robot can be described by a triplet as ( )θ,, yxP , in which x and y are 

the robot’s current coordinates, measured in the reference frame. θ is the angle formed 
by the robot's motion direction and the x-axis. For an unicycle-type mobile robot, the 
goal of the control strategy is to compute the velocities of each wheel in order to 
make the robot follow a given (e.g. desired) path. The given trajectory can be 
expressed as a time-dependent function ( ) ( ) ( )( )ttytxP ddd θ,, , where ( )tdθ  

represents of the trajectory's curvature at each step time t, ( )txd is the desired x-axis 

coordinate and ( )tyd is the desired y-axis coordinate of the robot.  

The kinematical modeling of this wheeled robot (i.e. unicycle-type mobile robot) 
may be represented by the set of equations (4), where Vx and Vy represent the 
instantaneous horizontal and vertical velocities of the point P located at mid-distance 
of the actuated wheels respectively; V is the intensity of the longitudinal velocity and 
Ω the angular velocity of the robot [11]. Ωleft and Ωright are the angular velocity of the 
“left” and “right” wheels, respectively, r is the wheels’ radius and l is the distance 
between the two wheels. However, in the case of nonholonomic robots complying 
with the kinematical model, represented by equations (4), the achievement of the 
aforementioned goal is not a trivial problem because of nonlinear nature of the robot’s 
dynamics sensitive as well to the given trajectory’s shape as to the environment. 
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Fig. 1. Robot's coordinates described by a triplet as P(x , y, θ) 
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4   Proposed Control Strategy and Related Architecture 

The proposed approach includes two neuro-controllers (one controlling the position 
and the other the orientation), allowing to track the desired trajectories. The goal of 
the two neural networks is to control the velocity of each wheel in order to minimize 
the position error, defined as the error between robot’s current position and the 
desired position ( ( ) ( )txtx d

x
−=ε and ( ) ( )tyty d

y
−=ε ), and the orientation error, 

defined as the error between the robot’s current orientation and the desired orientation 
( ( ) ( )tt dθθεθ −= ). 

The orientation control allows the robot to rotate in order to follow the target angle. 
Consequently, the related ANFIS based controller requires one input ( ( ) θθ ε=tX ) 

which is the aforementioned orientation error and one output 
( ( ) ( ) ( ) ( )ttttY lefright Ω−Ω=ΔΩ=θ

) defined as an angular velocities difference. 

( )trightΩ  and ( )tleftΩ  represent right wheel’s and left wheel’s current angular velocities, 

respectively. According to the Section 2, at each time step (e.g. iteration), the 
parameters ( )θθθθ

niw
wwwz ,,,,

1
""=  are updated in order to minimize the function 

( ) ( ) ( )( )2
tttF dθθθ −= .  

The position ANFIS based controller requires two inputs ( ( )
xPx

tX ε= and 

( )
yPy

tX ε= ) which are defined on the basis of the position error and one output 

( ( ) ( ) ( )tttY lefright

P
Ω=Ω= ) which is also defined as an angular velocity. In the same 

way, at each iteration, the parameters ( )P
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The trajectory’s control strategy combines the above-described orientation's and 
position's ANFIS based controllers. Fig.2 gives the bloc-diagram of the suggested 
control strategy. In this case, the angular velocities of two wheels are given by the set 
of two equations (5). ( )tright

P
Ω  and ( )tleft

P
Ω  are obtained from the position controller, 

and ΩΔ  is obtained from the orientation controller. 

 

( ) ( ) ( ) ( ) ΩΔ+Ω=ΩΩ=Ω ttandtt left

P

leftright

P

right  (5) 

 

 

Fig. 2. Bloc-diagram of the trajectory’s ANFIS based control strategy, including an 
orientation’s dedicated neuron controller and a position’s devoted neuron-controller 

It is pertinent to note that in the most of already proposed neuro-controllers, the 
control task is performed in “generalization” phase (after accomplishing the training 
phase). In our approach, the trajectory’s control (orientation and position control) is 
performed by adjusting (updating) the set of parameters z, minimizing the function 
F(z , t). In other words, our control strategy uses the “learning” process (e.g. training 
phase) to control the robot’s wheels. This way of doing may be interpreted as a kind 
of “reflexive” artificial cognitive mechanism (by opposition to “conscious” cognitive 
mechanism – see [12]) regulating the robot’s rolling organs (wheels).  

5   Implementation and Validation Results 

5.1   Case Study and Simulation Results 

The case study concerns the control of a wheeled robot moving from an initial 
position to a final (e.g. goal) position by passing a narrow path, according to a 
predefined trajectory. Fig.3 shows the case study’s frame where, starting from the 
point “A”, the robot is supposed to reach the point “C” (final position) accordingly to 
the indicated trajectory. As shows Fig.3, the proposed example may be decomposed 
into three parts: firstly the robot moves from the point A toward the obstacles, 
secondly the robot follows a circle trajectory, and finally the robot goes towards the 
final position. The three above-mentioned parts could be characterized as follow: 
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• During the first part, the robot moves from initial position A to the obstacle with 
position's control only (the orientation remains unchanged). In this part, robot 
follows the vertical line ( ) 3.0=tx d  without the orientation control 

( ( ) D0=tdθ ). ( ) ( ) ytyty dd Δ+−= 1  where, yΔ  is chosen according to both 

length L and duration T of the path’s accomplishment.  

• During the second part, firstly the robot turn around itself from ( ) D0=tdθ  to 

( ) D180−=tdθ  and secondly the robot use trajectory control to follow a 

circular arc. Finally, the robot rotates from ( ) D270−=tdθ  to ( ) D0=tdθ . 

• In the last part, as in the first part, the robot follows a vertical line ( ( ) 0.0=tx d ) 

and passes the narrow path toward the final position (point “C”). 

 

1. The robot:
follows a vertical line 

3. The robot:
follows a vertical line 

)(1 tPd

)(2 tPd

)(3 tPd
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CFinal position 

obstacl
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2. The robot:

- turns around itself (from 180° to 0°) 
- follows a circular arc 
- turnsaround itself (from 90° to 180° 

A
 

Fig. 3. Description of the “case study” frame and the desired (e.g. planed trajectory) 

 
(a) 

 
(b) 

Fig. 4. Accomplished (dot line) and desired (continue line) positions (a) and orientation (b) 
relative to the three sub-trajectories defining the case study example  
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Simulation have been performed by using Webots software 
(www.cyberbotics.com) simulating a virtual robot within the above described case 
study’s frame. The controller has been designed under MatLab software platform 
(www.mathworks.com). Fig.4 (Fig.4-a and Fig.4-b) shows the position and 
orientation of the robot during the simulation, respectively.  

5.2   Implementation on Real Robot 

The used robot is the robot kheperaIII with the korebotLE module (http://www.k-
team.com) and “dsPIC 30F5011” microprocessor (managing all robot’s devices 
through a I2C communication), equipped with two motors associated with 
incremental encoders, 9 infrared sensors and five ultrasonic sensors. In addition, this 
robot offers the possibility to connect a KoreBot board allowing increasing the 
computational abilities. 
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Fig. 5. Robot accomplishing a curvilinear trajectory, shaped in a 60-by-60 cm2 2-D frame (left 
pictures) and number of iterations versus the robot’s speed for the same trajectory (right)  

The above-presented control strategy has been designed using c language and 
implemented on the KoreBot. Both orientation (e.g. rotation) and position of the robot 
are computed by using an odometer based process. Experimental validations have 
been realized considering different kinds of trajectories (linear, circular, curvilinear, 
etc…). Fig.5 gives an example of experimental validation’s results on accomplishing 
a curvilinear trajectory (a nonlinear trajectory where the robot’s position and 
orientation change nonlinearly.), shaped in a 60-by-60 cm2 2-D frame. The starting 
point is (x = 0 , y = 0 , θ = 0°) and the final destination is located at (x = 60 , y = 60 , 
θ = +90°). As shows this figure through the 9 photographs, the robot follows correctly 
the desired trajectory. As it could be seen from the Fig.5, the considered trajectory is 
of same kind as accomplished in the “Part II” of the Fig.3, confirming the effective 
implementation of the proposed ANFIS based concept. On the other hand the right 
diagram of Fig.5 shows the weak number of iterations needed to reach the goal. These 
experimental results also demonstrate the effectiveness of the described neural 
architecture in satisfying the frame of real-time control requirements.  
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6   Conclusion 

We have proposed a control strategy for nonholonomic robot based on Adaptive 
Neural Fuzzy Inference System. We have presented results relative to the control of a 
robot aiming to avoid an obstacle. The obtained results show the viability of the 
proposed machine-learning based approach in controlling as well the robot's position 
as its orientation. The first interest of our approach is that it is independent from the 
robot’s kinematical model. The second interest is that it offers the possibility to 
design multi-level control, where the path planning and the trajectory computing are 
separated.  Finally, contrary to other neuron-controller, the proposed approach uses 
the training process (continuously) to perform the control. This way of doing may be 
interpreted as kind of “unconscious” artificial cognitive mechanism where the 
“knowledge” (e.g. learning) based process operates in a “reflexive” way regulating 
the robot’s rolling organs (wheels).  

Further works will focus the generalization of such multi-level control strategy to 
the control of a robot's formation (e.g. a group of several Khepera III robots). 

References 

1. Samson, C.: Control of chained systems application to the path following and time varying 
point-stabilization. IEEE Trans. on Automatic Control 40(1), 64–77 (1995) 

2. Kolmanovsky, I., McClamroch, N.H.: Developments in nonholonomic control problems. 
IEEE Control Systems Magazine 15, 20–36 (1995) 

3. D’Andrea-Novel, B., Campion, G., Bastin, G.: Control of nonholonomic wheeled mobile 
robots by state feedback linearization. Int. J. of Robotics Research 14(6), 543–559 (1995) 

4. De Luca, A., Di Benedetto, M.D.: Control of noholonomic systems via dynamic 
compensation. In: Workshop on System Structure and Control, vol. 29(6), pp. 593–608 
(1993) 

5. Fliess, M., Levine, J., Martin, P.: Flatness and defect of non-linear systems: introductory 
theory and examples, Internat. J. of Control 61(6), 1327–1361 (1995) 

6. Morin, P., Samon, C.: Practical stabilization of drift-less systems on Lie groups: the 
transverse function approach. IEEE Trans on Automatic Control 48(9), 1496–1508 (2003) 

7. Barfoot, T.D., Clark, C.M.: Motion Planning for Formations of Mobile Robots. Robotics 
and Autonomous Systems 46(2), 65–78 (2004) 

8. Jang, J.-S.R., Sun, C.T.: Neuro-fuzzy modeling and control. Proc. of IEEE, 378–406 
(1995) 

9. Godjevac, J.: A Learning Procedure for a Fuzzy System: Application to Obstacle 
Avoidance. In: Proc. of the International Symposium on Fuzzy Logic, pp. 142–148 (1995) 

10. Pascal, M., Claude, S.: Motion Control of Wheeled Mobile Robots. In: Bruno, S., 
Oussama, K.S. (eds.) Handbook of Robotics, pp. 799–825. Springer, Heidelberg (2008) 

11. Wang, T., Sabourin, C., Madani, K.: ANFIS controller for nonholonomic robots. In: Proc. 
of Internat. Conf. on Neural Networks and Artificial Intelligence (ICNNAI 2010),, Brest, 
Byelorussia, pp. 320–325 (2010); ISBN: 978-985-6329-79-4 

12. Madani, K., Sabourin, C.: Multi-level cognitive machine-learning based concept for 
human-like “artificial” walking: application to autonomous stroll of humanoid robots. 
Neurocomputing; Special Issue on Linking of phenomenological data and cognition (in 
Press); doi: N° 10.1016/j.neucom.2010.07.021 



J. Cabestany, I. Rojas, and G. Joya (Eds.): IWANN 2011, Part I, LNCS 6691, pp. 73–80, 2011. 
© Springer-Verlag Berlin Heidelberg 2011 

A Multi-Objective Evolutionary Algorithm for Network 
Intrusion Detection Systems 

J. Gómez1, C. Gil2, R. Baños2, A.L. Márquez2, F.G. Montoya3, and M.G. Montoya2 

1 Dpt. Languages and Computation, Univ. of Almería, Carretera Sacramento s/n, Cañada San 
Urbano, 04120 Almería, Spain 

Tel/Fax (+34) 950214036/950015129  
jgomez@ual.es  

2 Dpt. Computer Architecture and Electronics, Univ. of Almería, Carretera Sacramento s/n, 
Cañada San Urbano, 04120 Almería, Spain  

{cgilm,rbanos,almarquez,dgil}@ual.es  
3 Dpt. Rural Engineering, Univ. of Almería, Carretera de Sacramento s/n, Cañada San Urbano, 

04120 Almería, Spain  
pagilm@ual.es 

Abstract. Attacks against computer systems are becoming more complex, mak-
ing it necessary to develop new security systems continually, such as Intrusion 
Detection Systems (IDS) which provide security for computer systems by  
distinguishing between hostile and non-hostile activity. With the aim of mini-
mizing the number of wrong decisions of a misuse (signature-based) IDS, an 
optimization strategy for automatic rule generation is presented. This optimizer 
is a Pareto-based multi-objective evolutionary algorithm included within a net-
work IDS, which has been evaluated using a benchmark dataset. The results  
obtained show the advantages of using this multi-objective approach.  

Keywords: computer security, network intrusion detection system, signature 
detection, Snort, evolutionary multi-objective optimization.  

1   Introduction 

An intrusion can be defined as the actions that attempt to compromise the integrity, 
confidentiality or availability of a resource [1]. An intrusion detection system (IDS) is 
a software designed to monitor the system with the aim of detecting and alerting 
about any hostile activity in a computer or network of computers. 

A typical classification of IDS is based on whether they use a signature detection 
or anomaly detection paradigm. The majority of IDS are based on signature detection, 
which consists of analyzing the network traffic looking for patterns that match a li-
brary of known signatures. These signatures are composed of several elements that 
allow the traffic to be identified. One of the most popular open-source IDS that use 
signature detection is Snort [2], which uses a database of previous known attacks in 
its operation. The main advantage of this type of IDS is that they provide high detec-
tion accuracy with few false positives, but with the disadvantage that they are not able 
to detect new attacks other than those previously stored in the database. Some IDS 
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that use this strategy are Snort [2], Network Security Monitor [3], Network Intrusion 
Detection [4], etc. On the other hand, anomaly detection IDS have the ability to detect 
new attacks, but at the cost of increasing the number of false positives. In an initial 
phase the anomaly-based IDS is trained in order to obtain a normal profile of activity 
in the system. The incoming traffic is then processed in order to detect variations in 
comparison with the normal activity, in which case it will be considered as a suspi-
cious activity. In previous work we have implemented an anomaly pre-processor that 
extends the functionality of Snort IDS, making it a hybrid IDS [5]. 

The aim of the paper is to extend the functionalities of a well-known IDS (Snort) 
by allowing the automatic generation of signatures (rules) to detect anomalous traffic. 
In particular, a Pareto-based multi-objective evolutionary algorithm (MOEA) is pre-
sented within the detection engine of Snort which will optimize the rule generation 
with the aim of minimizing two different objectives: non-detected hostile traffic and 
the non-hostile traffic erroneously considered as hostile. This MOEA, named MOEA-
Snort, is included within the detection engine module and is designed to optimize the 
rules responsible for detecting new attacks.  

2   General Operation of Signature-Based Network IDS 

The general operation of signature-based network IDS (NIDS) consist of capturing 
packets from the network traffic (TCP, UDP, etc.) which are compared against a set 
of signatures (rules) of previous attacks to determine whether or not the traffic is 
considered anomalous. Thus, the IDS should determine if this traffic is normal or 
anomalous, which involves four different possible situations: 

• True positive. Right, the IDS detects hostile traffic. 
• False positive. Wrong, the IDS erroneously considers non-hostile traffic as an at-

tack.  
• True negative. Right, the IDS does not detect hostile traffic because it does not 

exist. 
• False negative. Wrong, the IDS erroneously accepts hostile traffic.  

As commented above, Snort [2] is a signature-based NIDS that allows the status of 
a network to be monitored analyzing the network traffic in order to detect any intru-
sion attempt. Snort implements a detection engine that can register, warn about, and 
respond to any attack previously stored in a database. Snort is available under GPL 
and runs under Windows and GNU/Linux. It is one of the most widely used IDS, and 
has a large number of predefined signatures which are continuously updated. As  
Figure 1 shows, the basic elements of its architecture are: the module of capture of 
traffic, which allows all the network packets to be captured; the decoder, which is 
responsible for creating data structures with the packets and identifying the network 
protocols; the pre-processors, which allow the system functionalities to be extended; 
the detection engine, which analyzes the packets according to the signatures; the file 
of signatures where the known attacks are defined for their detection; the detection 
plug-ins, which allow the functionality of the detection engine to be modified; and 
finally, the output plug-ins for determining which, how and where the alerts are saved 
(e.g. text file, database).  
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Fig. 1. Internal Scheme of Snort 

3   MOEA-Snort: A New MOEA for Automatic Rule Generation  

Evolutionary Algorithms (EA) [6] are optimization methods inspired by the principles 
of natural evolution that have been successfully applied to a large number of complex 
real optimization problems. An evolutionary algorithms works by maintaining a popu-
lation of solutions which evolves during a number of iterations by applying certain 
operators, such as selection, mutation and crossover. A multi-objective evolutionary 
algorithm (MOEA) is an EA that simultaneously optimizes several objectives. Most 
efficient MOEA used the Pareto-optimization concept [7], which, instead of giving a 
scalar value to each solution, establishes  relationships between solutions according to 
Pareto-dominance relations. 

As commented above, the main disadvantage of signature detection IDS is the im-
possibility of detecting new attacks other than those previously stored in the database. 
Therefore, it would be advisable to extend the capability of the signature detection 
module in order to allow the automatic generation of rules that simultaneously mini-
mize the number of false positives and false negatives. Recently, some authors have 
proposed using MOEA-based approaches for IDS [8,9]. The practical advantage of 
Pareto-based optimization algorithms is that they obtain not one, but a set (front) of 
non-dominated solutions, which can be used in a subsequent phase by the decision 
maker to select one of the solutions according to particular criteria. In the automatic 
rule generation of intrusion detection systems, this selection process can be carried 
out according to the number of false positives (non-hostile traffic considered as an 
attack), and false negatives (hostile traffic not detected). For instance, if the IDS were 
located in a financial institution it would be critical to reduce the number of non-
detected attacks, i.e. solutions with fewer false negatives should be selected.  

This paper proposes using a Pareto-based MOEA, named MOEA-Snort, which will 
be included within the detection engine module (see Figure 1) and is designed to 
optimize the rules responsible for detecting new attacks. The general scheme of this 
multi-objective evolutionary algorithm is shown in Figure 2. 
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Fig. 2. MOEA-Snort: general operation 

The general structure of MOEA-Snort is based on initializing a population of solu-
tions (individuals) that evolve until the stop condition is fulfilled. Each individual is 
composed of a certain number of signatures (rules). In Snort, a signature is composed 
of the header (source address, destination address, ports, etc.) and its options (pay-
load, metadata, etc.). The most important part of a signature is the payload that is the 
part of a package that identifies it. Therefore, MOEA-Snort will be responsible for 
updating the database of signatures in runtime according to incoming traffic. This task 
is performed using several operators that have been designed to improve rules dy-
namically with the aim of improving their ability to detect anomalous incoming traf-
fic, and therefore reducing the number of false positives and false negatives. These 
operators are described in the Table 1 taking into account the following notation: RI* 
and RJ* are the sets of rules of the individuals I and J (respectively), RIj and RIk rep-
resent two existing rules of individual I, RIw and RIx

 
represent new rules generated in 

individual I, and p(RIj) represents the payload of rule RIj. 
In each iteration, the individuals are evaluated according to Pareto-dominance rela-

tionships, and the best solutions are continually stored. A selection routine is invoked 
in order to determine the best individuals and rules within each individual. Further-
more, with the aim of improving the quality of the signatures, a set of operators is 
applied in order to improve them. When the stop condition is fulfilled, the best solu-
tion (single aggregate mode) or set of non-dominated solutions (Pareto-optimization) 
is returned. MOEA-Snort applies a backtracking procedure consisting of recovering 
the best solutions previously found whenever the quality of the solutions has not im-
proved in the last T iterations (T is named the backtracking rate). The stop condition 
depends on the optimization mode. If single aggregate objective function is used, the 
stop condition is that the best obtained solution does not improve during the last 50 
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iterations, while if Pareto-optimization is used, the stop condition is that the archive of 
non-dominated solutions (ND) is not updated in the last 50 iterations. Therefore, 
MOEA-Snort is based on using the concept of Pareto-optimization where two fitness 
functions, representing the number of false negatives and false positives, respectively, 
are optimized, and a set of non-dominated solutions as a representative sample of the 
Pareto-optimal set. 

Table 1. Operators 

Operator Definition 

Division. The payload is divided into two 
parts ranging from 40% to 60% each one 

p(RIw)Åreductionleft [p(RIj),r] 
p(RIx)Åreductionright [p(RIj), length[p(RIw)]] 
(0.4*length[p(RIj)]≤ r ≤0.6*length[p(RIj)]) 

Elimination. A bad rule is removed from an 
individual in order to reduce the number of 
rules 

RI*Å RI* − RIj 

Inclusion. A good rule is removed if its 
payload is included in the payload of an-
other good rule 

if {p(RIj) ⊆  p(RIk)} then remove(RIj),  j≠k 

Migration. A good rule is migrated from one 
individual to another one 

RI*Å copy[RI*, RJj] 

Reduction on the left. The first r bits of the 
payload are removed 

p(RIj) Å reductionleft [p(RIj),r] 

Reduction on the right. The last r bits of the 
payload are removed 

p(RIj) Å reductionright [p(RIj),r] 

Union. The payloads of two good randomly 
selected rules are combined, and a new rule 
(w) is then generated 

p(RIw) Å union[p(RIj), p(RIk)], j≠k 

4   Results and Discussion 

The performance of MOEA-Snort first has been tested in the test network DARPA 
project [10] and then tested on the network at the University of Almeria obtaining in 
both cases the same results. The traffic of DARPA 1999 dataset has been used, which 
is free of attacks, in combination with a total of 173 attacks (on web servers and ftp) 
that are inserted into this traffic. For example, the attack Wu-Ftpd File Globbing Heap 
Corruption Vulnerability [11] has been inserted with the aim that MOEA-Snort cre-
ates the signature that could recognize this new attack. Obviously, this attack is un-
known for MOEA-Snort.  

When applying heuristic methods to optimization problems it is advisable to per-
form a sensitivity analysis, i.e. to determine to what extent the output of the model 
depends upon the inputs. In the following, two of the parameters used by MOEA-
Snort have been analyzed: the population size and the backtracking rate. The popula-
tion size has been set to 3, 5 and 10 individuals, while the backtracking rate has been 
set to 5 and 20 iterations. Figure 3 shows the non-dominated fronts obtained in the 
different executions of MOEA-Snort.  
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Fig. 3. Non-dominated fronts obtained using different population size and backtracking rate 

Although the quality of the non-dominated fronts can be observed graphically, it is 
suitable to use performance measures to determine the relative quality of the fronts. 
The Coverage Rate metric [12] has been adopted in this work in order to compare the 
different executions of MOEA-Snort. Given two sets of solutions, X and X’, the cov-
erage rate function CR (X,X’) expresses the fraction of solutions of X’ that are domi-
nated by the solutions of X. The CR value equal to 1 indicates that all the solutions of 
X dominate the solutions of X’. 

 
Table 2 shows the results obtained when using N=3,5,10 individuals, a parameter 

of backtracking rate equal to T=5,20. The meaning of this table is that the value 
0.3333 in row (N=3; T=20) and column (N=10; T=5) indicates that 33.33% of  

Table 2. Coverage rate of each parametric configuration 

 N=3  
T=5 

N=3  
T=20 

N=5  
T=5 

N=5 
T=20 

N=10  
T=5 

N=10 
T=20 

AVG 

N=3    
T=5 

 0.2000 0.0000 0.0000 0.0000 0.0000 0.0400 

N=3   
T=20 

0.8182  0.1250 0.0000 0.3333 0.0000 0.2553 

N=5   
T=5 

0.5455 0.4000  0.1818 0.1667 0.1250 0.2837 

N=5   
T=20 

1.0000 0.8000 0.7500  0.5000 0.5000 0.7100 

N=10   
T=5 

0.7273 0.8000 0.6250 0.4545  0.3750 0.5963 

N=10  
T=20 

1.0000 1.0000 0.8750 0.6364 0.66667  0.8356 
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solutions obtained when using (N=10; T=5) are dominated by at least one solution of 
the non-dominated front obtained by the execution using (N=3; T=20). If it is ob-
served the last column, which represents the average value of all coverage rates, the 
best result is obtained by (N=10; T=20), dominating 83.56% of the other solutions. 
Thus, it is observed that the higher the population size and the backtracking rate, the 
better the quality of the non-dominated set (ND). 

5   Conclusions 

This paper presents MOEA-Snort, a multi-objective evolutionary algorithm to opti-
mize automatic rule generation in order to detect anomalous traffic not stored in the 
database of attacks. MOEA-Snort uses two optimization modes, a single aggregate 
objective function and Pareto-optimization. When analyzing the traffic related to the 
data set of the DARPA project the results obtained using the single-aggregate objec-
tive function are very affected by the weights used in the objective function. Further-
more, the number of individuals in the population and the backtracking rate have a 
direct effect on the performance of the IDS, increasing the quality of the solutions 
when these values increase. Similar conclusions are obtained when using the Pareto-
based optimization mode, with the additional advantage that it is able to obtain a wide 
set of solutions and so is very useful for the decision maker, while the aggregated 
optimization mode only provides a single solution. In both cases it is observed that the 
higher population size and the backtracking rate, a better quality of the solutions.   
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A Cognitive Approach for Robots’ Vision Using 
Unsupervised Learning and Visual Saliency 

Dominik M. Ramík, Christophe Sabourin, and Kurosh Madani  

Signals, Images, and Intelligent Systems Laboratory (LISSI / EA 3956), Paris Est University, 
Senart Institute of Technology, Avenue Pierre Point, 77127 Lieusaint, France 

{dominik.ramik,sabourin,madani}@u-pec.fr  

Abstract. In this work we contribute to development of an online unsupervised 
technique allowing learning of objects from unlabeled images and their detection 
when seen again. We were inspired by early processing stages of human visual 
system and by existing work on human infants learning. We suggest a novel fast 
algorithm for detection of visually salient objects, which is employed to extract 
objects of interest from images for learning. We demonstrate how this can be used 
in along with state-of-the-art object recognition algorithms such as SURF and 
Viola-Jones framework to enable a machine to learn to re-detect previously seen 
objects in new conditions. We provide results of experiments done on a mobile 
robot in common office environment with multiple every-day objects. 

Keywords: unsupervised learning, visual saliency, object recognition. 

1   Introduction 

Over the last five decades, robotics has been and continue to be subject to an ever 
increasing interest and has been the origin of numerous works and realizations. 
However, the performances of existing robots are still far from those of humans. In 
the 21st century, robots will be supposed to share with humans’ living space (and 
vice-versa) and they won’t be any more operated by skilled technicians. In fact, they 
will have to be self-sufficient enough to perform tasks in co-operation with their 
human users, who may have no a-priori technical skills. Consequently, future works 
in the robotic field should focus on the increasing of robots’ autonomous abilities. In 
this context, one of the research interests of our laboratory (LISSI) is to design 
“cognitive” skill for autonomous robots, notably relating humanoid robots. 

The term ‘‘cognition’’, derived from the Latin word ‘‘cognoscere’’, which means 
‘‘to know’’ or ‘‘to recognize’’, refers to the ability for the processing of information 
applying knowledge. If the word ‘‘cognition’’ has been and continues to be used 
within quite a large number of different contexts, we consider in the present paper the 
term ‘‘cognition’’ as human-like functionality (behavior) of humanoid machines 
(robots) and their autonomy. In [1], we proposed a multi-level cognitive machine-
learning based concept for human-like ‘‘artificial’’ walking. In that paper, we define 
two kind of cognitive functions: the ‘‘unconscious cognitive functions’’ (UCF: that 
we identify as ‘‘instinctive’’ cognition level handling reflexive abilities) and 
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‘‘conscious cognitive functions’’ (CCF: that we distinguish as ‘‘intentional’’ 
cognition level handling thought-out abilities). 

This paper focus on another fundamental skill of humanoid robot: a learning 
process based visual perception. The design of perceptual function is a major problem 
in robotics. Fully autonomous robots need perception to navigate in space and 
recognize objects and environment in which they evolve. But the question of how 
humans learn, represent, and recognize objects under a wide variety of viewing 
conditions presents a great challenge to both neurophysiology and cognitive research 
[2]. If we want an intelligent system to learn an unknown object from an unlabeled 
image, a clear need is the ability to select from the overwhelming flow of sensory 
information only the pertinent one. And it appears appropriate to draw inspiration 
from studies on human infants and robots learning by demonstration. Experiments in 
[3] show that it is the explicitness or exaggeration of an action that helps a child to 
understand, what is important in the actual context of learning. It may be generalized, 
that it is the saliency (in terms of motion, colors, etc.) that lets the pertinent 
information “stand-out” from the context [4]. We argue that in this context visual 
saliency may be helpful to enable unsupervised extraction and subsequent learning of 
a previously unknown object by a machine.  

In this work, we present an approach for unsupervised real-time learning of objects 
from unlabeled images, and recognition of those objects when seen again. The visual 
architecture is given in Fig.1 and an overview of our system is summarized on Fig.2. 

Conscious Cognitive 
Visual Functions 

(Conscious Cognitive level) 

Unconscious Cognitive 
Visual Functions 

(Unconscious Cognitive Level)

Unconscious Cognitive 
Level 

Inter-Level 
Channel 

Robot-UCF 
Channel 

Robot-CCF 
Channels 

Conscious 
Cognitive Level 

 

Fig. 1. Bloc diagram of Robot’s visual architecture 

 

Fig. 2. An overview of the entire proposed system. An unknown object is incrementally learned 
and the acquired knowledge is provided to the object detector 
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Our approach is inspired by human vision system and by existing research on 
juvenile human (infants) learning process. The proposed approach extracts, first, 
objects of interest by means of visual saliency that we identify as unconscious 
cognitive visual functions (UCVF), and secondly categorizes those objects using such 
acquired data for learning. We consider this second process as conscious cognitive 
visual functions (CCVF). In order to implement our approach on real robots, we 
propose a fast salient object detection algorithm making use of photometric 
invariants. This serves to gather object samples for learning. To perform the 
recognition in runtime, we use two fast state-of-the-art object recognition methods: 
Speeded Up Robust Features [5] and the Viola-Jones detection framework [6]. To 
demonstrate capabilities of our approach, we apply it to a humanoid robot, enabling it 
to learn new objects in its surroundings without human intervention. 

Section 2 of this paper presents the method of extraction of salient objects. The 
learning procedure is detailed in section 3. Section 4 describes experimental results. 
Conclusion and further work perspectives is presented in section 5. 

2   Salient Object Detection and Extraction 

Visual saliency is described as a perceptual quality that makes a region of image stand 
out relative to its surroundings and to capture attention of the observer [7]. The 
inspiration comes from clinical research on human vision system. In image 
processing, one of the first works to use visual saliency was [8], where Itti et al. use a 
biologically plausible approach based on a center-surround contrast calculation. Other 
common techniques include graph-based random walk, center-surround feature 
distances [9] or multi-scale contrast, center-surround histogram and color spatial 
distribution [10]. In [11] a biologically-motivated saliency detector is used along with 
an unsupervised grouping algorithm to group together images of similar objects. In 
[12] a purely bottom-up system with visual attention is presented, investigating the 
feasibility of unsupervised learning of objects from unlabeled images. Experiments 
are conducted by its authors on still images and on a mobile robot, where the capacity 
to learn landmark objects during navigation in an indoor environment is shown.  

 
(a) 

 
 

(b) 
 
 

(c) 

 

 

Fig. 3. Comparison of salient object detection algorithms: results of Liu et al. [10] (a) and those 
obtained using our approach (b). Results reported in (c) correspond to ground truth (e.g. taking 
into account multiple objects in the scene). 
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Our approach, bears some resemblance to the latter mentioned works (i.e.[11], 
[12]), however, by contrast to them, we demonstrate its capability of real-time 
learning and recognition of generic objects without supervision. In the proposed 
saliency computation algorithm, we are representing colors using a spherical 
interpretation of RGB color space (siRGB further on), with angular parameters (θ, φ) 
and intensity Ψ. This allows us to work with photometric invariants instead of pure 
RGB information. For works dealing with siRGB color space see [13] or [14]. We 
propose a visual saliency detector composed of two parts. One captures saliency in 
terms of colors and the other in frequency domain. Their resulting saliency maps are 
eventually merged together resulting in the final saliency map. Calculation of color 
saliency is done using two features: the intensity saliency and the chromatic saliency. 
With the saliency map computed, we can proceed to splitting it order to extract 
visually salient objects themselves from the image. Several final saliency map 
samples are shown on the bottom row of Fig.3.  

3   Learning and Recognition 

The both process learning and recognition are carried out on-line. When an agent (e.g. 
robot) takes images while it encounters a new object, saliency map of the image is 
calculated and salient objects are extracted and grouped incrementally as new images 
are acquired. Each image is processed into a number of fragments containing salient 
objects. Suppose that the object of interest is most of the time in field of view and the 
viewpoint of camera changes over time, or the object is presented in different 
conditions; we can assume that with increasing number of images acquired the object 
of interest will have high frequency of occurrence with respect to other fragments. 
Objects with too low frequency of occurrence in the sequence are rejected so only the 
important ones are learned (see Fig. 2). The following algorithm describes our 
learning workflow. In the first time, the algorithm classifies each found fragment, and 
in a second time, the learning process is updated (on-line learning). 

 
acquire image 
extract fragments by salient object detector 
for each fragment F 

if(F is classified into one group) 
populate the group by F 

if(F is classified into multiple groups) 
populate by F the closest group by Euclidian distance of 

features 
 if(F is not classified to any group) 
  create a new group and place F inside 
select the most populated group G 
use fragments from G as learning samples for object detection 
algorithm 

3.1   Classifiers  

To preserve the on-line and real time nature of learning, we have to group fragments 
incrementally on a per-image basis with low calculation efforts. For this task we 
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employ a combination of four weak classifiers { }4321 ,,, wwww , each classifying a 

fragment as belonging or not belonging to a certain class. F denotes the currently 
processed fragment, G denotes an instance of the group in question. 
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Chromaticity distribution: the 
3w  (9) classifier separates fragments with clearly 

different chromaticity. It works over 2D normalized histograms of φ  and θ  

component denoted by 
θφG  and 

θφF  respectively with L bins, calculating their 

intersection. We use L = 32 to avoid too sparse histogram and 
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Texture uniformity: the 
4

w  (10) classifier separates fragments, whose texture is too 

different. We use the measure of texture uniformity calculated over the l channel of 
fragment. In (12), ( )

i
zp  where { }1,,2,1,0 −∈ Li "  is a normalized histogram of 

l channel of the fragment and L is the number of histogram bins. In experiments, we 
use 32 histogram bins to avoid too sparse histogram and value 
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A fragment belongs to a class if ∏
=

n

i
i

w
1

. A class may be populated only by one 

fragment per image, to prevent overpopulation by repeating patterns from the same 
image. If a fragment is not put into any class, a new one is created for it. If a fragment 
satisfies this equation for multiple classes, it is assigned to the one whose Euclidian 
distance is the smallest in terms of features measured by each classifier (i.e. 

wn
c ).  

3.2   On-Line Learning  

For detection of known objects, any suitable real time recognition algorithm can be 
used. For demonstration of our system, we have employed two recognition 
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algorithms. We will explain basics of their function and how they make use of data 
about objects acquired in form of groups of fragments. Speed-up Robust Features, or 
SURF, described in [5] is a well-established image detector technique based on 
matching interest points on the source image with interest points coming from the 
template. It provides robust detection to partial occlusions and perspective 
deformations. In our case we use the fragments acquired as matching templates. To 
speed-up the matching process, we work with key points pre-extracted from 
fragments. The second object recognition method, used in our work, is Viola-Jones 
detection framework [8]. Its principle is based on browsing sub-windows over the 
image and a cascade of classifiers, which determine whether the processed part of 
image belongs or not to a group of objects on which the classifier was trained. In this 
case, we use acquired fragments of an object as positive samples to learn the cascade 
of classifiers. As this method requires negative samples as well, we use the original 
images with the learned object replaced by a black rectangle. To be precise enough, 
the method needs up to several thousands of samples for learning. We achieved this 
number by applying random contrast changes, perspective deformations and rotation 
of learning fragments. Although Viola-Jones framework was originally designed to 
recognize a class of objects (i.e. human faces), rather than single instances, in our case 
we learn it in the way that it recognizes a class of only one object (i.e. the one found 
on learning fragments). It must be noticed that having the object detector learned, 
known objects can be detected directly from the input image when seen again. 

4   Results 

For experimental verification, we have collected ten common objects to be learned 
(an apple, a food-can, a beer-can, a book, a coke bottle, a khepera robot, a PC mouse, 
a mug, a pda, a shoe). We used humanoid robot Aldebaran Nao as an agent learning 
the objects. Images were taken with robots monocular color CMOS camera with 
maximum resolution of 640x480 pixels. To approach the reality as much as possible 
we have chosen objects with different surface properties (chromatic, achromatic, 
textured, smooth, reflective, …) and put them in a wide variety of light conditions and 
visual contexts.  

Table 1. Percentage of correct detections of object over testing image set using Viola-Jones 
detection framework 

Viola-Jones apple beer coke khepera mouse mug pda shoe
% of correctly

detected instances
98.0 88.2 77.3 60.0 76.0 89.1 80.0 81.8

 

Table 2. Percentage of correct detections of object over testing image set using 

SURF beans beer book coke mug shoe
% of correctly

detected instances
76.9 90.5 97.1 95.2 81.5 94.4
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On Table 1, detection rates over testing dataset using a trained Viola-Jones 
detection framework are provided. Average detection rate is about 81.3%. It is well 
known that to learn properly the cascade of classifiers in this framework, a set of 
hundreds or few thousands of training samples are needed. Although our learning 
image sets contain normally up to few hundreds samples, we increase this number by 
automatically generating new samples with contrast and brightness modified and 
slightly rotated or deformed in perspective. Table 3 summarizes performance of 
SURF algorithm over the testing dataset. In case of this algorithm, the average 
detection rate was about 89.3%. Even such a fast algorithm as SURF is unable to 
match hundreds of templates in real time on a standard CPU. To preserve the real-
time operation of detection, we pre-extract key points from each template in advance, 
match first in several parallel threads templates with the greatest number of key-
points and stop this process when another image from camera arrives. This gives us 
opportunity to test up few tens template matches per frame. Further speed-up can be 
achieved using parallel computation power of CUDA-like architectures on modern 
GPUs.To demonstrate real-time abilities of our system, we have successfully run 
several experiments1 with a robot required to learn, find and follow a moving object 
in an office environment. Images from a video from experiments are shown on Fig. 4 
along with pictures from robot’s camera detecting various objects from the testing set. 

 

Fig. 4. Tracking a previously learned moving object (robot camera picture in upper right corner 
of each image) (a) and test’s results relative to a set objects’ detection (robot camera’s issued 
pictures) (b) 

5   Conclusion and Further Work 

In this work we propose a real-time machine learning system allowing unsupervised 
learning of objects from unlabeled images. We suggest a novel algorithm for 
detection and learning of visually salient objects and demonstrate that this is a viable 
approach to machine learning from unlabeled images. The proposed system was 
successfully tested on a humanoid robot in common office environment. 
                                                           
1 A video of this experiment can be found to the following address  
   http://www.youtube.com/watch?v=xxz3wm3L1pE 
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In future, other object detection algorithms, like receptive field co-occurrence 
histograms, could be adopted and different objects could be learned by algorithms that 
best suit their nature in a “mixture of experts” manner. An open question is, whether 
our technique, instead of learning individual objects, could be used for place learning 
and recognition. It would also be interesting to investigate, whether the saliency-based 
method could be applied for learning of other than visual data (eg. audio). Finally, our 
approach allows learning of new objects, but provides no semantic level clues about 
them. We are greatly interested in whether our system could be extended in semantic 
way by an interaction with existing information sources (e.g. the Internet) to anchor 
newly learned objects automatically into an existing ontology to finally understand 
their nature and be able to reason about them. 
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Abstract. Pattern Recognition algorithms depend strongly on the di-
ssimilarity considered to evaluate the sample proximities. In real appli-
cations, several dissimilarities are available that may come from diffe-
rent object representations or data sources. Each dissimilarity provides
usually complementary information about the problem. Therefore, they
should be integrated in order to reflect accurately the object proximities.
In many applications, the user feedback or the a priori knowledge

about the problem provide pairs of similar and dissimilar examples. In
this paper, we address the problem of learning a linear combination of di-
ssimilarities using side information in the form of equivalence constraints.
The minimization of the error function is based on a quadratic optimiza-
tion algorithm. A smoothing term is included that penalizes the com-
plexity of the family of distances and avoids overfitting.
The experimental results suggest that the method proposed outper-

forms a standard metric learning algorithm and improves classification
and clustering results based on a single dissimilarity and data source.

1 Introduction

Pattern recognition algorithms depend critically on the choice of a good di-
ssimilarity [14]. However, in real applications a large number of dissimilarities
are available coming from different object representations or data sources [12].
Choosing a good dissimilarity is a difficult task because they reflect often di-
fferent features of the data [8]. So, instead of using a single dissimilarity it has
been recommended in [7,8] to consider a linear combination of heterogeneous
dissimilarities.

Several authors have proposed techniques to learn a linear combination of ker-
nels (similarities) from the data [7,11,15]. These methods are designed for classi-
fication tasks and assume that the class labels are available for the training set.
However, for certain applications such as Bioinformatics, domain experts provide
only incomplete knowledge in the form of which pairs of proteins or genes are
related [5]. This a priori information should be incorporated into semi-supervised
clustering algorithms via equivalence constraints [1]. Thus, [14] proposed a dis-
tance metric learning algorithm that incorporates such similarity/dissimilarity
information using a convex programming approach. The experimental results
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show a significant improvement in clustering results. However, the algorithm is
based on an iterative procedure that is computationally intensive particularly,
for high dimensional applications. To avoid this problem, [1,6,13] presented more
efficient algorithms to learn a Mahalanobis metric. However, these algorithms are
not able to incorporate heterogeneous dissimilarities and rely on the use of the
Mahalanobis distance that may not be appropriate for certain kind of applica-
tions.

Following the approach of [12], we consider that the integration of dissimi-
larities that reflect different features of the data should help to improve the
performance of pattern recognition algorithms. To this aim, a linear combina-
tion of heterogeneous dissimilarities is learnt considering the relation between
kernels and distances [9]. A learning algorithm is proposed to estimate the op-
timal weights considering only the similarity/dissimilarity constraints available.
The method proposed is based on a convex quadratic optimization algorithm
and incorporates a smoothing term that penalizes the complexity of the family
of distances avoiding overfitting.

The algorithm has been evaluated considering several benchmark UCI datasets
and two human complex cancer problems using the gene expression profiles. The
empirical results suggest that the method proposed improves the clustering re-
sults obtained considering a single dissimilarity and a widely used metric learning
algorithm.

This paper is organized as follows: Section 2 introduces the idealized metric
considered in this paper, section 3 presents the algorithm proposed to learn a
combination of dissimilarities from equivalence constraints. Section 4 illustrates
the performance of the algorithm using several benchmark and real datasets.
Finally, Section 5 gets conclusions and outlines future research trends.

2 The Idealized Dissimilarity

Let X = {xi}ni=1 be the set of input patterns. We are given side-information
in the form of pairs that are considered similar or dissimilar for the application
at hand. Let S and D be the subset of pairs of patterns known to be simi-
lar/dissimilar defined as:

S = {(xi, xj) : xi is similar to xj} (1)
D = {(xi, xj) : xi is dissimilar to xj} (2)

Let {dl
ij}Ml=1 be the set of heterogeneous dissimilarities considered. Each dissi-

milarity can be embedded in a feature space via the empirical kernel map in-
troduced in [10]. From now on, k : X × X → R will denote a kernel function
[10] while K will refer to the kernel matrix defined as: Kij = k(xi, xj) ∀i, j =
1, . . . , n. The kernel function can be written as an inner product in feature space
[10] k(xi, xj) = 〈φ(xi), φ(xj)〉 and therefore, it can be considered a similarity
measure [13]. K l

ij denotes the kernel matrix that represents the dissimilarity
matrix (dl

ij)
n
i,j=1 via the empirical kernel map.
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The ideal similarity (kernel) should be defined such that it becomes large for
similar patterns and small for dissimilar ones. Mathematically, the ideal kernel
is defined as follows:

k∗(xi, xj) = K∗
ij =

{
maxl{K l

ij} If (xi, xj) ∈ S
minl{K l

ij} If (xi, xj) ∈ D
(3)

The idealized kernel introduced in this paper is related to the one proposed by
[2] for classification purposes: k∗(xi, xj) = 1 if yi = yj and −1 otherwise, where
yi denotes the label of xi. However, there are two differences that are worth
to mention. First, the ideal kernel proposed by [2] doesn’t take into account
the topology and distribution of the data, missing relevant information for the
identification of groups in a semi-supervised setting. Second, this kernel can be
considered an extreme case of the idealized kernel defined earlier and thus, more
prone to overfitting.

Considering the relation between distances and kernels, the idealized distance
can be written exclusively in terms of kernel evaluations [10].

3 Learning a Combination of Dissimilarities from
Equivalence Constraints

In this section, we present a learning algorithm to estimate the optimal weights
of a linear combination of kernels from a set of similarity or dissimilarity con-
straints.

Let {kl
ij}Ml=1 be the set of kernels obtained from a set of heterogeneous dissi-

milarities via the empirical kernel map introduced in [10]. If non-linear kernels
with different parameter values are considered, we get a wider family of mea-
sures that includes non-linear transformations of the original dissimilarities. The
kernel sought is defined as:

k(xi, xj) =
M∑
l=1

βlk
l(xi, xj) , (4)

where the coefficients are constrained to be βl ≥ 0. This non-negative constraint
on the weights helps to interpret the results and guarantees that provided all the
individual kernels are positive semi-definite the combination of kernels is convex
and positive semi-definite [11].

The optimization problem in the primal may be formulated as follows:

min
β,ξ

1
2
‖β‖2 +

CS

NS

∑
(xi,xj)∈S

ξij +
CD

ND

∑
(xi,xj)∈D

ξij (5)

s. t. βT Kij ≥ K∗
ij − ξij ∀ (xi, xj) ∈ S (6)

βT Kij ≤ K∗
ij + ξij ∀ (xi, xj) ∈ D (7)

βl ≥ 0 ξij ≥ 0 ∀ l = 1, . . . , M (8)
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where the first term in equation (5) is a regularization term that penalizes the
complexity of the family of distances, CS and CD are regularization parameters
that give more relevance to the similarity or dissimilarity constraints. NS, ND

are the number of pairs in S and D, Kij = [K1
ij , . . . , K

M
ij ]T and ξij are the slack

variables that allows for errors in the constraints.
To solve this constrained optimization problem the method of Lagrange Mul-

tipliers is used. Then, the dual problem becomes:

max
αij ,γ

− 1
2

∑
(xi,xj)∈S
(xk,xl)∈S

αijαklKT
ijKkl −

1
2

∑
(xi,xj )∈D
(xk,xl)∈D

αijαklKT
ijKkl (9)

+
∑

(xi,xj)∈S,

(xk,xl)∈D

αijαklKT
ijKkl −

∑
(xi,xj)∈S

αijγ
TKij −

1
2
γT γ (10)

+
∑

(xi,xj)∈D
αijγ

TKij +
∑

(xi,xj)∈S
αijK

∗
ij −

∑
(xi,xj)∈D

αijK
∗
ij , (11)

subject to:

0 ≤ αij ≤
{

CS

NS
for (xi, xj) ∈ S

CD

ND
for (xi, xj) ∈ D

(12)

γl ≥ 0 ∀ l = 1, . . . , M , (13)

where αij and γl are the Lagrange multipliers. This is a standard quadratic
optimization problem similar to the one solved by the SVM. The computational
burden does not depend on the dimensionality of the space and it avoids the
problem of local minima.

Once the αij and γl are computed, the weights βl can be obtained considering
∂L/∂β = 0:

β =
∑

(xi,xj)∈S
αijKij −

∑
(xi,xj)∈D

αijKij + γ . (14)

The weights βl can be substituted in equation (4) to get the optimal combination
of heterogeneous kernels. Next, a kernel k-means clustering algorithm [10] is run.
Notice that the learning algorithm proposed may be applied together with any
pattern recognition technique based on kernels or dissimilarities.

Several techniques are related to the one proposed here. In [14] it has been pro-
posed an algorithm to learn a full or diagonal Mahalanobis metric from similarity
information. The optimization algorithm is based on an iterative procedure that
is more costly particularly for high dimensional problems. [1] and [6,13] have pro-
posed more efficient algorithms to learn a Mahalanobis metric from equivalence
constraints. The first one (Relevant Component Analysis), can only take into ac-
count similarity constraints. Both of them, rely solely on a Mahalanobis metric
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that may fail to reflect appropriately the sample proximities for certain kind of
applications. Hence, they are not able to integrate heterogeneous measures that
convey complementary information.

4 Experimental Results

The algorithm proposed has been evaluated considering a wide range of practical
problems. First, several clustering problems have been addressed. We have chosen
problems with a broad range of signal to noise ratio (Var/Samp.), varying number
of samples and classes. The first three problems correspond to benchmark datasets
obtained from the UCI database: archive.ics.uci.edu/ml/datasets/. The last
ones aim to the identification of complex human cancer samples using the gene ex-
pression profiles. They are available from bioinformatics2.pitt.edu. Next, we
show some preliminary experiments for the prediction of protein subcellular lo-
cation [7] considering a set of heterogeneous data sources. We use as a gold
standard the annotation provided by the MIPS comprehensive yeast genome
database (CYGD). CYGD assigns subcellular locations to 2138 yeast proteins.
The primary input for the learning algorithm is a collection of seven kernel
matrices obtained from different data sources. For a detailed description of the
sources and kernels employed see [7].

All the datasets have been standardised subtracting the median and dividing
by the inter-quantile range.

For high dimensional problems such as gene expression datasets, dimension
reduction helps to improve significantly the clustering results. Therefore, for the
algorithms based on a single dissimilarity we have considered different number of
genes 280, 146, 101, 56 and 34 obtained by feature selection [8]. Genes have been
ranked according to the method proposed by [3]. Then, we have chosen the subset
that gives rise to the smallest error. Considering a larger number of genes or
even the whole set of genes does not help to improve the clustering performance.
Regarding the algorithm proposed to integrate several dissimilarities, we have
considered all the dissimilarities obtained for the whole set of dimensions.

The similarity/dissimilarity constraints are obtained as in [14]. S is generated
by picking a random subset of all pairs of points sharing the same class label.
The size is chosen such that the number of connected components is roughly
20% of the size of the original data set. D is chosen in a similar way although
the size in this case is less relevant.

Regarding the value of the parameters, the number of clusters is set up to
the number of classes, CS and CD are regularization parameters and the opti-
mal value is determined by cross-validation over the subset of labeled patterns.
Finally, kernel k-means is restarted randomly 20 times and the errors reported
are averages over 20 independent trials.

Clustering results have been evaluated considering two objective measures.
The first one is the accuracy defined in [14]. One problem of the accuracy is that
the expected value for two random partitions is not zero. Therefore, we have
computed also the adjusted randindex defined in [4] that avoids this problem.

archive.ics.uci.edu/ml/datasets/
bioinformatics2.pitt.edu
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This index is also normalized between zero and one and larger values suggest
better clustering.

Tables 1 and 2 show the accuracy and the adjusted randindex for the cluste-
ring algorithms evaluated. We have compared with a standard metric learning
strategy proposed by [14], k-means clustering based on the Euclidean distance
and k-means considering the best dissimilarity out of ten different measures.
Both tables indicates which is the best distance for each case. Best results are
shown in boldface.

Table 1. Accuracy for k-means clustering considering different dissimilarities. The
results are averaged over twenty independent random subsets S and D.

Technique Kernel Wine Ionosphere Breast Colon Lymphoma

k-means (Euclidean) linear 0.92 0.72 0.88 0.87 0.90
pol. 3 0.87 0.73 0.88 0.88 0.90

k-means (Best diss.) linear 0.94 0.88 0.90 0.88 0.94
pol. 3 0.94 0.88 0.90 0.88 0.93

χ2 Maha. Manha. Corr./euclid. χ2

Comb. dissimilarities linear 0.94 0.90 0.92 0.89 0.95
pol. 3 0.96 0.89 0.92 0.90 0.92

Metric learning (Xing) linear 0.87 0.74 0.85 0.87 0.90
pol. 3 0.51 0.74 0.86 0.88 0.90

Table 2. Adjusted RandIndex for k-means clustering considering different dissimilari-
ties. The results are averaged over twenty independent random subsets S and D.

Technique Kernel Wine Ionosphere Breast Colon Lymphoma

k-means (Euclidean) linear 0.79 0.20 0.59 0.59 0.65
pol. 3 0.67 0.21 0.60 0.59 0.65

k-means (Best diss.) linear 0.82 0.58 0.66 0.59 0.77
pol. 3 0.81 0.58 0.66 0.59 0.76

χ2 Maha. Manha. Corr./euclid. χ2

Comb. dissimilarities linear 0.82 0.63 0.69 0.60 0.79
pol. 3 0.85 0.60 0.69 0.63 0.73

Metric learning (Xing) linear 0.68 0.23 0.50 0.54 0.66
pol. 3 0.50 0.23 0.52 0.58 0.65

From the analysis of tables 1 and 2, the following conclusions can be drawn:

– The combination of dissimilarities improves significantly a standard metric
learning algorithm for all the datasets considered. Our method is robust to
overfitting and outperforms the algorithm proposed by Xing [14] in high
dimensional datasets such as Colon cancer and Lymphoma. These datasets
exhibit a high level of noise. We can explain this because the algorithm based
on a combination of dissimilarities allows to integrate distances computed
for several dimensions discarding the noise and reducing the errors.
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– The combination of dissimilarities improves usually kernel k-means based
solely on the best dissimilarity. This suggests that the integration of several
dissimilarities allows to extract complementary information that may help to
improve the performance. Besides, the algorithm proposed always achieves
at least the same performance that k-means based on the best dissimilarity.
Only for lymphoma and polynomial kernel we get worst results, probably
because the value assigned to the regularization parameters overfit the data.
We remark that the algorithm proposed, helps to overcome the problem of
choosing the best dissimilarity, the kernel and the optimal dimension. This
a quite complex and time consuming task for certain applications such as
Bioinformatics.
Finally, the combination of dissimilarities improves always the standard k-
means clustering based on the Euclidean measure.

– Tables 1 and 2 show that the best distance depends on the data set conside-
red. Moreover, we report that the performance of k-means depends strongly
on the particular measure employed to evaluate the sample proximities.

Table 3. Accuracy of k-NN considering the best data sources and learning the optimal
weights of a combination of heterogeneous data sources. Only five sources with non-null
βl are shown.

Source Gen. Expre. BLAST Pfam Hydropho. Difussion Combination Lanckriet

Accuracy 73.30% 79.98% 82.48% 77.01% 80.16% 86.68% 88.66%

βl 0.24 0.15 0.29 0.62 4.45 - -

Regarding the identification of membrane protein classes, a linear combination
of seven heterogeneous kernels (data sources) is learnt considering only similarity
constraints. The size of S is chosen such that the number of connected compo-
nents is roughly 10% of the number of patterns. Once the kernel is learnt, a k-NN
algorithm is run and the accuracy is estimated by ten-fold cross-validation. We
have compared with k-NN based solely on a single data source and with the
Lanckriet formalism [7]. Notice that the method proposed by Lanckriet is not
able to work from similarity constraints only and needs the class labels. Besides,
it is only applicable for SVM classifiers.

Table 3 shows that our algorithm improves k-NN based on a single kernel
(source) by at least 4%. The βl coefficients are larger for the diffusion and
Hydrophobicity FFT kernels which is consistent with the analysis of [7] that
suggests that diffusion kernels perform the best. Kernels removed correspond to
redundant kernels and not to the less informative. Our method performs sim-
ilarly to the algorithm proposed by Lanckriet Although we use only 10% of
similarity constraints.

5 Conclusions

In this paper, we propose a semi-supervised algorithm to learn a combination of
dissimilarities from equivalence constraints. The error function includes a penalty
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term that controls the complexity of the family of distances considered and the
optimization is based on a robust quadratic programming approach that does
not suffer from the problem of local minima.

The experimental results suggest that the combination of dissimilarities im-
proves almost always the performance of clustering algorithms based solely on
a single dissimilarity. Besides, the algorithm proposed improves significantly a
standard metric learning algorithm for all the datasets considered in this paper
and is robust to overfitting.
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Abstract. We introduce a novel heuristic based on the Kohonen’s SOM,
called Opposite Maps, for building reduced-set SVM classifiers. When
applied to the standard SVM (trained with the SMO algorithm) and to
the LS-SVM method, the corresponding reduced-set classifiers achieve
equivalent (or superior) performances than standard full-set SVMs.

Keywords: SVMs, Least Squares SVMs, Self-Organizing Map, Reduced
Set, ROC curve.

1 Introduction

A theoretical advantage of kernel-based machines concerns the production of
sparse solutions [10]. By sparseness we mean that the induced classifier can be
written in terms of a relatively small number of input examples, the so-called
support vectors (SVs). In practice, however, it is observed that the application
of different training approaches to the same kernel-based machine over identical
training sets yield distinct sparseness [1], i.e. produce solutions with a greater
number of SVs than are strictly necessary. To handle this issue, several Reduced
Set (RS) methods have been proposed to alleviate this problem, either by elim-
inating less important SVs or by constructing a new (smaller) set of training
examples, often with minimal impact on performance [2, 4, 13].

An alternative to standard SVM formulation is the Least Squares Support
Vector Machine (LS-SVM) [12], which leads to solving linear KKT systems1 in
a least square sense. The solution follows directly from solving a linear equation
system, instead of a QP optimization problem. On the one hand, it is in general
easier and less computationally intensive to solve a linear system than a QP
problem. On the other hand, the introduced modifications also result in loss
of sparseness of the induced SVM. It is common to have all examples of the
training data set belonging to the set of the SVs. To mitigate this drawback,
several pruning methods have been proposed in order to improve the sparseness
of the LS-SVM solution [3, 6, 11].

1 Karush-Kuhn-Tucker systems.
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In this paper, we introduce a novel heuristic based on the Self-Organizing
Map (SOM) [5], called Opposite Maps, for building a reduced-set SVM classifier.
When applied to the standard SVM and the LS-SVM approaches, the resulting
reduced-set classifiers - called OM-SVM and OM-LSSVM, respectively - achieve
equivalent (in some cases, superior) performances than standard full-set SVMs.

This paper is organized as follows. In Section 2 we review the fundamentals
of the SVM and LS-SVM approaches, as well as the plain SOM algorithm. In
Section 3 we describe the Opposite Maps Algorithm and the resulting OM-SVM
and OM-LSSVM approaches. Simulations and results are shown in Section 4.
The paper is concluded in Section 5.

2 Methods

The standard SVM - Consider a training data set {(xi, yi)}li=1, so that xi ∈ R
p

is an input vector and yi ∈ {−1, +1} are the corresponding class labels. For soft
margin classification, the SVM primal problem is defined as

min
w,ξ

{
1
2
wT w + C

l∑
i=1

ξi

}
(1)

subject to yi[(wTxi) + b] ≥ 1− ξi, ξi ≥ 0

where {ξi}li=1 are slack variables and C ∈ R is a cost parameter that controls
the trade-off between allowing training errors and forcing rigid margins.

The solution of the problem in Eq. (1) is the saddle point of the following
Lagrangean function:

L(w, b, ξ, α, β) =
1

2
wT w + C

l∑
i=1

ξi −
l∑

i=1

[αi(yi(x
T
i w + b)− 1 + ξi) + βiξi], (2)

where α = {αi}li=1 and β = {βi}li=1 are Lagrange multipliers. This Lagrangean
must be minimized with respect to w, b and ξi, as well as maximized with respect
to αi and βi . For this purpose, we need to compute the following differentiations:

∂L(w,b,ξ,α,βi)
∂w = 0,

∂L(w,b,ξ,α,βi)
∂b = 0 and ∂L(w,b,ξ,α,βi)

∂ξi
= 0,

resulting on w =
∑l

i=1 αiyixi,
∑l

i=1 αiyi = 0 and C = αi + βi, respectively.
Introducing these expressions into Eq.(2), we present the SVM dual problem as

max J(α) =

l∑
i=1

αi − 1

2

l∑
i=1

l∑
j=1

αiαjyidjx
T
i xj , s.t.

N∑
i=1

αiyi = 0 and 0 ≤ αi ≤ C. (3)

Once we have the values of the Lagrange multipliers, the output can be cal-
culated based on the classification function described as

f(x) = sign

(
l∑

i=1

αiyixT xi + b

)
. (4)
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It is straightforward to use the kernel trick to generate non-linear versions of
the standard linear SVM classifier. This procedure works by replacing the dot
product xT xi with the kernel function k(x,xi). A symmetric function k(x,xi) is
a kernel if it fulfills Mercer’s condition, i.e. the function K(·, ·) is (semi) positive
definite. In this case, there is a mapping φ(·) such that it is possible to write
K(x,xi) = φ(x) · φ(xi). The kernel represents a dot product on feature space
into which the original vectors are mapped.

The LS-SVM Approach - The formulation of the primal problem for the
LS-SVM [12] is given by

min
w,ξi

{
1
2
wT w + γ

1
2

l∑
i=1

ξ2
i

}
, s.t. yi[(wT xi) + b] = 1− ξi, i = 1, . . . , l (5)

where γ is a positive cost parameter similar to the parameter C in standard SVM
formulation (see Eq. (1)). Unlike the standard SVM, in the LS-SVM framework
the slack variables {ξi}li=1 can assume negative values.

The Lagrangian function for the LS-SVM is then written as

L(w, b, ξ, α) =
1
2
wTw + γ

1
2

l∑
i=1

ξ2
i −

l∑
i=1

αi(yi(xT
i w + b)− 1 + ξi), (6)

where {αi}li=1 are the Lagrange multipliers. The conditions for optimality, sim-
ilarly to the SVM problem, can be given by the partial derivatives

∂L(w, b, ξ, α)
∂w

= 0⇒ w =
l∑

i=1

αiyixi,
∂L(w, b, ξ, α)

∂b
= 0⇒

l∑
i=1

αiyi = 0, (7)

∂L(w, b, ξ, α)
∂αi

= 0⇒ yi(xT
i w + b)− 1 + ξi = 0,

∂L(w, b, ξ, α)
∂ξi

= 0⇒ αi = γξi

Thus, one can formulate a linear system Ax = B in order to represent this
problem as [

0 yT

y Ω + γ−1I

] [
b
α

]
=
[

0
1

]
(8)

where Ω ∈ R
l×l is a matrix whose entries are given by Ωi,j = yiyjxi

Txj , i, j =
1, . . . , l. In addition, y = [y1 · · · yl]T and the symbol 1 denotes a vector of
ones with dimension l. Using the kernel trick, we can write Ωi,j = yiyjK(xi,xj).
This linear equation system can be solved directly by x = A−1B, as long as the
LS-SVM output can also be calculated by Eq. (4).

The Self-Organizing Map - Let us denote mj(t) ∈ R
p as the weight vector

of the j-th unit in the map. After initializing all the weight vectors randomly or
according to some heuristic, each iteration of the SOM algorithm involves two
steps. First, for a given input vector x(t) ∈ R

p, we find the best-matching unit
(BMU), c(t), as follows

c(t) = argmin
∀j
{‖x(t)−mj(t)‖}. (9)
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where t denotes the iterations of the algorithm. Then, it is necessary to adjust
the weight vectors of the BMU and its neighboring units:

mj(t + 1) = mj(t) + η(t)h(c, j; t)[x(t) −mj(t)], (10)

where 0 < η(t) < 1 is the learning rate and h(c, j; t) is a Gaussian weighting
function that limits the neighborhood of the BMU:

h(c, j; t) = exp
(
−‖rc(t)− rj(t)‖2

2σ2(t)

)
, (11)

where rj(t) and rc(t) are, respectively, the positions of the j-th unit and the
BMU in a predefined output array, and σ(t) > 0 defines the radius of the
neighborhood function at time t. The parameters η(t) and σ(t) decay expo-
nentially in time according to the following expressions: η(t) = η0 (ηT /η0)

(t/T )

and σ(t) = σ0 (σT /σ0)
(t/T ), where η0(σ0) and ηT (σT ) are the initial and final

values of η(t) (σ(t)). The resulting ordered map approximately preserves the
topology of the input data in the sense that adjacent input patterns are mapped
into adjacent map units.

3 Opposite Maps

The Opposite Maps (OM) algorithm aims at building reduced-set SVMs for a
binary classification problem. The steps required in the execution of the OM
algorithm are formalized below.

STEP 1 - Split the available data set D = {(xi, yi)}li=1 into two subsets:

D(1) = {(xi, yi)|yi = +1}, i = 1, . . . , l1 (for class 1) (12)
D(2) = {(xi, yi)|yi = −1}, i = 1, . . . , l2 (for class 2) (13)

where l1 and l2 are the cardinalities of the subsets D(1) andD(2), respectively.
STEP 2 - Train a SOM network using the subset D(1) and another SOM using

the subset D(2). Refer to the trained networks as SOM-1 and SOM-2.
STEP 3 - For each vector xi ∈ D(1) find its corresponding BMU in SOM-1.

Then, prune all dead neurons2 in SOM-1. Repeat the same procedure for
each vector xi ∈ D(2): find the corresponding BMUs in SOM-2 and prune all
the dead neurons. Refer to the pruned networks as PSOM-1 and PSOM-2.

STEP 4 - At this step the BMUs for the data subsets are searched within the
set of prototypes of the opposite map.
Step 4.1 - For each xi ∈ D(1) find its corresponding BMU in PSOM-2:

c
(2)
i = arg min

∀j
‖xi −w(2)

j ‖, i = 1, . . . , l1, (14)

where w(2)
j is the j-th prototype vector in PSOM-2. Thus, c

(2)
i denotes

the index of the BMU in PSOM-2 for the i-th example in D(1).
2 Neurons which have never been selected as the BMU for any vector xi ∈ D(1).
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Step 4.2 - For each xi ∈ D(2) find its corresponding BMU in PSOM-1:

c
(1)
i = argmin

∀j
‖xi −w(1)

j ‖, , i = 1, . . . , l2, (15)

where w(1)
j is the j-th prototype vector in PSOM-1. Thus, c

(1)
i denotes

the index of the BMU in PSOM-1 for the i-th example in D(2).
STEP 5 - Let C(2) = {c(2)

1 , c
(2)
2 , . . . , c

(2)
l2
} be the index set of all BMUs found in

Step 4.1, and C(1) = {c(1)
1 , c

(1)
2 , . . . , c

(1)
l1
} be the index set of all BMUs found

in Step 4.2.
STEP 6 - At this step the reduced set of data vectors is formed.

Step 6.1 - For each PSOM-1 unit in C(1) find its nearest neighbor among
the data vectors xi ∈ D(1). Let X (1) be the subset of nearest neighbors
for the PSOM-1 units in C(1).

Step 6.2 - For each PSOM-2 unit in C(2) find its nearest vector xi ∈ D(2).
Let X (2) be the subset of nearest neighbors for the PSOM-2 units in C(2).
Then, the reduced set of data examples is given by Xrs = X (1) ∪ X (2).

Opposite Maps for SVM and LS-SVM - In this paper, we use Platt’s
Sequential Minimal Optimization (SMO) algorithm [7], which is usually much
faster than standard numerical techniques used to solve the quadratic program-
ming optimization problem required by training SVMs. By using the OM algo-
rithm, it is possible to speed up the SMO algorithm even further. The main idea
is to deliver to the SMO algorithm an “almost solved problem”, since for all data
examples out of the reduced set (i.e. xi /∈ Xrs) their Lagrange multipliers are
set to zero, the SMO algorithm is run only over the data examples belonging to
the reduced set. This approach is henceforth called OM-SVM.

For the LS-SVM approach, we cannot set the Lagrange multipliers of the
data examples out of the reduced set to zero, since the LS-SVM usually provide
non-sparse solutions. However, the Lagrange multipliers associated with data
examples located along the class border or within the overlapping region between
the classes indeed assume higher values, i.e. αi � 0. These instances are the most
likely to be the SVs.

Based on this property, we use the OM algorithm to build a modified version
of the LS-SVM formulation shown in Eq. (8). Instead of building the original
square matrix A and inverting it to find x, we build a non-square reduced matrix
Ars using the data examples belonging to the reduced set Xrs. Thus, since Ars is
a non-square matrix, we solve for x using the pseudoinverse method: x = A†B,
where A† = (AT

rsArs)−1AT
rs. This approach is henceforth called OM-LSSVM.

4 Simulations and Discussion

For all experiments to be described, 80% of the data examples were randomly
selected for training purposes. The remaining 20% of the examples were used
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Fig. 1. (Left) Decision line and SVs for the standard SVM trained with the SMO
algorithm. (Right) Decision line and SVs for the OM-SVM classifier.

for testing the classifiers’ generalization performances. All simulations were con-
ducted using a standard 2-D SOM, hexagonal neighborhood, Gaussian neighbor-
hood function, with random weight initialization. We simulated 10× 10 SOMs,
for 250 epochs with initial and final neighborhood radius (learning rate) of 5
(0.5) and 0.1 (0.01), respectively. For SVM-like classifiers we used linear kernels.

Initially, we have applied the OM algorithm to an artificial problem, consisting
of a linearly separable two-dimensional data set. Data instances within each class
are independent and uniformly distributed with the same within- and between-
class variances. Results in Figure 1 indicate that the OM-SVM, using fewer SVs,
produced a decision line equivalent to that of the standard SVM.

Tests with real-world benchmarking datasets were also carried out. We used
two UCI datasets (Diabetes and Breast Cancer) and the vertebral column
pathologies dataset described in [8], named henceforth VCP dataset. For this
study, we transformed the original three-class VCP problem into a binary one
by aggregating the two classes of pathologies, the disc hernia and spondylolis-
thesis, into a single one. The normal class remained unchanged.

The results for the SVM and OM-SVM classifiers are shown in Table 1. For
the LS-SVM and OM-LSSVM classifiers they are shown in Table 2. We report
performance metrics (mean value and standard deviation of the recognition rate)
on testing set averaged over 50 independent runs. We also show the average
number of SVs, as well as the values of the parameters C (SVM), γ (LS-SVM)
and the tolerance. The values of the C and γ parameters shown in the tables
were obtained through a greedy-like search procedure [9].

By analyzing Tables 1 and 2, one can conclude that the performances of
the reduced-set classifiers (OM-SMV and OM-LSSVM) were equivalent to those
achieved by the full-set classifiers. In some cases, as shown in Table 2 for the
VCP and Pima Diabetes, the performances of the reduced-set classifiers were
even better. It is worth mentioning that, as expected, the standard deviation
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Table 1. Results for the SVM and OM-SVM classifiers

Data Set Model C Tol. Accuracy Train. Size Number of SVs

VCP SVM 2.5 0.001 84.9 ± 3.9 248 87.2
VCP OM-SVM 2.5 0.001 84.9 ± 4.8 248 70.1

Reduction = 19.6%

Breast Cancer SVM 0.04 0.001 97.0 ± 1.4 546 61.5
Breast Cancer OM-SVM 0.04 0.001 96.0 ± 1.9 546 46.3

Reduction = 24.7%

Pima Diabets SVM 2.5 0.01 76.9 ± 2.7 614 321.9
Pima Diabets OM-SVM 2.5 0.01 76.8 ± 3.3 614 292.6

Reduction = 9.1%

Table 2. Results for the LS-SVM and OM-LSSVM classifiers

Data Set Model γ Accuracy Train. Size Number of SVs

VCP LS-SVM 0.04 80.9 ± 4.8 248 248.0
VCP OM-LSSVM 0.04 81.5 ± 5.7 248 113.1

Reduction = 54.4%

Breast Cancer LS-SVM 0.04 97.1 ± 1.4 546 546.0
Breast Cancer OM-LSSVM 0.04 94.4 ± 4.5 546 61.0

Reduction = 88.8%

Pima Diabets LS-SVM 0.04 75.8 ± 2.7 614 614.0
Pima Diabets OM-LSSVM 0.04 76.8 ± 3.5 614 428.5

Reduction = 30.2%

of the results for the reduced-set classifiers were always slightly higher than the
full-set classifiers. The ROC curves of the SVM and OM-SVM classifiers are
shown in Figure 2. By analyzing the AUC values, one can note again that their
performances are equivalent for this dataset.

Fig. 2. ROC curves for SVM and OM-SVM classifiers for the VCP dataset
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5 Conclusion

We have proposed a new algorithm, called Opposite Maps, for building reduced-
set SVM-like classifiers. This algorithm is based on Kohonen’s SOM and it can
be applied to both standard SVM and LS-SVM classifiers. In both cases, the
obtained results indicate that the OM algorithm works well, providing a re-
duced number of SVs while maintaining equivalent accuracy. Currently, we are
evaluating the OM algorithm in multiclass problems and using different kernels.
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Abstract. This paper presents an additive decision rules binary classifier 
applied for network intrusion detection. The classifier is optimized by a 
multiobjective evolutionary algorithm in order to maximize both the 
classification accuracy and the coverage level (percentage of items that are 
classified, in opposite to items unable to be classified).  Preliminary results 
provides very good accuracy in detecting attacks which make this relatively 
simple classifier very suitable to be applied in the studied domain.   

1   Introduction 

With the increased complexity of security threats, such as malicious Internet worms, 
denial of service (DoS) attacks, and e-business application attacks, achieving efficient 
network intrusion security is critical to maintaining a high level of protection. The 
efficient design of intrusion detection systems (IDS) is essential for safeguarding 
organizations from costly and debilitating network breaches and for helping to ensure 
business continuity. An IDS is a program that analyzes what happens or has happened 
in a computer network and try to find indications that the computer has been misused. 
An IDS will typically monitor network traffic data passing through the network in 
order to generate an alert when an attack event is taking place. On the other hand, two 
different kinds of detection schemes can be applied to detect attacks in the data being 
monitored. Signature-based detection systems try to find attack signatures in the data 
monitored. Anomaly detection systems rely on the knowledge of what should be the 
normal behaviour of the monitored data to flag any deviation of the normal behaviour 
as an attack event, so they need a model of what a normal behaviour is. Machine 
learning algorithms [1] can be trained with labelled network traffic data so it can 
classify unknown traffic data captured from a computer network with certain 
accuracy. One type of these algorithms would consist on a binary classifier enabling 
to separate two different groups of observations: normal traffic and malicious traffic 
(containing some kind of attack).  

One way to proceed of a signature-based intrusion detection system is to process 
network traffic data into data flows and use some features from the data flows to 
signature the current network traffic data so an adequate response may be triggered 
when an attack is occurring (see Fig. 1).  
                                                           
* Corresponding author. 
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 Extract n Features 
from the data flows 

Network 

Alert 

Capture network traffic data 

 Organize data into 
data flows  

Signaturing current 
network traffic data 

 

Fig. 1. A signature-based Intrusion Detection System 

Evolutionary algorithms (EAs) [2,3] are stochastic optimization procedures which 
apply a transformation process (crossover and mutation operators), inspired by the 
species natural evolution, to a set (population) of coded solutions (individuals) to the 
problem. These procedures have been showing a great success [4,5] due to its special 
ability to explore large search spaces and capture multiple solutions in a single run.  

In this work, an additive decision rules binary classifier is presented and applied to 
separate malicious network traffic from normal traffic. Such a classifier could be used 
as a signature-based intrusion detection system. The classifier is optimized in order to 
maximize the classification accuracy and the coverage level (percentage of items that 
are classified, in opposite to items unable to be classified).  

This work is organized as follows: Section 2, the overall methodology presented in 
this paper is described. Thus, Section 3 shows some experimental work carried out by 
using labelled network traffic data provided by DARPA [6]. Finally, Section 4 is 
devoted to discuss main results and conclusions.  

2   Materials and Methods 

The general framework methodology proposed in this work is depicted in Fig. 2. First 
of all, network data (data packets) are organized into data flows. Then, n features -
previously defined- characterizing the data flows are extracted to obtain an n-
dimensional feature vector representing the network traffic in a given time window. A 
binary classifier is trained (optimized) to classify each feature vector as belonging to 
normal traffic or malicious traffic. The training of the classifier is formulated as a 
multiobjective optimization problem addressed by an evolutionary algorithm. The 
optimization problem consists on maximizing the classification accuracy and the 
coverage level achieved by the classifier. 
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Fig. 2. Proposed methodology for detection of malicious network traffic 

2.1   The Classifier 

We propose a binary classifier which makes the classification decision according to a 
variable (DIAGNOSIS) that is modified with four types of different if-then rules. In 
each rule the value of a given feature  Ci is compared with a threshold (e.g. UL1i) and 
as a result DIAGNOSIS is increased or decreased a certain quantity (e.g. W1i). The 
pseudocode of the classifier is as follows: 
 
foreach item j 

foreach feature i from item j 

if Ci<UL1i then DIAGNOSIS=DIAGNOSIS + W1i 

if Ci<UL2i then DIAGNOSIS=DIAGNOSIS - W2i 

if Ci>UH1i then DIAGNOSIS=DIAGNOSIS + W3i 

if Ci>UH2i then DIAGNOSIS=DIAGNOSIS – W4i 

end 

if DIAGNOSIS>F1 then classify ítem j as  A CLASS 

else if DIAGNOSIS<F2 then classify ítem j as B CLASS 

else let item j as UNCLASSIFIED 

end 
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B Class A Class
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Fig. 3. Variable DIAGNOSIS used for the classification decision 

An important matter in the proposed classifier is to choose the values F1 and F2. We 
propose to set those values according to the maximum and minimum values that 
DIAGNOSIS may take, in the following way: 
 

F1=max(DIAGNOSIS) – Cella     
F2=Cella + min(DIAGNOSIS) 
 

where,  
 

Cella=Dimmax/3, and  
Dimmax= max(DIAGNOSIS) – min(DIAGNOSIS) 
 

This way, three equally sized areas are taken into account for the classification 
decision (see Fig. 3). 

2.2   The Evolutionary Optimizer 

The choosen criteria to optimize the classifier performance are to maximize both the 
coverage level (CL) and the classification accuracy (CA) defined as: 

CasesofNumberTotal

CasesClassifiedofNumber
CL =       (1) 

CasesofNumberTotal

CasesClassifiedCorrectlyofNumber
CA =  (2) 

 
Due to the fact that the optimization problem is multiobjective by nature, we use NSGA-
2 [7], one of the state-of-the-art MOEAs (Multiobjective Optimization Evolutionary 
Algorithms) and widely used in the field. A possible solution (chromosome) is a real data 
vector containing 8 parameters, UL1i,UL2i,UH1i,UH2i,W1i,W2i,W3i,W4i, for each i-th 
feature considered for the classification. 

3   Case of Study 

For the purpose of testing the aforementioned classifier methodology, a network 
database for training purpose provided by DARPA [6] has been used. This database is 
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built with simulated network traffic data containing normal traffic data and 22 
different kinds of computer attacks that fall in one of the following groups: 

• DoS (Denial of Service): the attacker targets some computing or memory 
resource and makes it too busy or full to handle legitimate requests, or denies 
legitimate user access to that resource, for example SYN flood, ping of death, 
smurf, etc. 

• R2U (Remote to User): the attacker exploits some vulnerability to gain 
unauthorized local access from a remote machine, for example guessing 
password. 

• U2R (User to Root): the attacker has access to a normal user account (obtained 
legitimately or otherwise) and using this is able to gain root access by exploiting 
a vulnerability hole in the system, for example buffer overflow attacks.  

• PROBE (Probing): attacker scans the network to gather information or find 
known vulnerabilities. An attacker with a map of machines and services that are 
available on a network can use this information to look for weak points, for 
example through port scan. 

There are 41 features present in the data set. These 41 features are not all equally 
useful. Based on previous studies [8] and personal experience with this database we 
have selected the features shown in Table 1 to be used in our work.  

Table 1. Features chosen to detect computer attack from normal network traffic data 

Name of Feature Description 
count # of connection  made to the same host in a given interval of time. 
Root shell 1 if root shell is obtained; 0 otherwise
dst_host_srv_serror_rate % of connections to the same service that have SYN errors from a 

destination host
# of file creations # of file creation operations
serror_rate % of connections that have SYN errors
dst_host_same_src_port_rate % of connections to same service ports from a destination host 
guest login 1 if the login is a ‘guest’ login; 0 otherwise
# of file access # of operations on access control files
destination bytes # of bytes sent from the destination system to the host system 
failed logins # of failed login attempts
logged in 1 if successfully logged in; 0 otherwise

 
The classification result can fall into one of the following cases: (1) The algorithm 
classifies the traffic as malicious and the traffic is in fact malicious (True Positive, 
TP); (2) The algorithm classifies the traffic as normal and the traffic is in fact normal 
(True Negative, TN);  (3) The algorithm classifies the traffic as malicious but the 
traffic is normal (False Positive, FP); (4) The algorithm classifies the traffic as normal 
but the traffic is malicious (False Negative, FN). 
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Within these cases, the confusion matrix can be build as: 

 Normal Traffic Attack Traffic 
Classified as Normal TN FN 
Classified as Attack FP TP 

 
And five different measures can be considered: 

• Classification Accuracy (CA): represents the ratio between that correctly 
classified traffic and the overall traffic. 

FNFPTNTP

TNTP
CA

+++
+=  

(1) 

• Producer accuracy for  Attack Class (PAA):  

TPFN

TP
PAA

+
=  

(2) 

• Producer accuracy for  Normal Class (PAN):  

FPTN

TN
PAN

+
=  

(3) 

• User accuracy for  Attack Class (UAA):  

TPFP

TP
UAA

+
=  

(4) 

• User accuracy for  Normal Class (UAN):  

FNTN

TN
UAN

+
=  

(5) 

 
The assessment of the performance of the presented methodology has two part: First 
of all an optimization stage where the parameters of the classifier and the F1 and F2 
values are set. In this part, we have used two equally sized sets: one containing 
normal traffic and the other one containing the four different types of attacks (DoS, 
Probe, U2R and R2L respectively). In this part, the nature of the data (records) is 
known (each record is labeled as normal or attack); Secondly we use different sized 
test sets containing normal traffic and attack traffic to evaluate the classifier. This 
time the records are initially considered as unknown and the classifier must label 
them. Following, computed labels are compared to real labels and statistics about 
classification performance are obtained (see Table 3).  

NSGA-2 ran during 100 iterations with 50 candidate solutions and with coverage 
level and classification accuracy as fitness criteria. After the optimization process the 
parameters in Table 6 were extracted. 
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Table 2. Parameters of the classifier obtained during optimization stage 

Features UH2 UL2 UH1 UL1 W4 W2 W3 W1 
Root shell 0 0 1 1 0,03 0,03 0,86 0,96 
# of file creations 9,65 39,00 73,33 92,11 0,20 0,80 0,31 0,01 
Serror_rate 0,11 0,55 0,58 0,84 0,68 0,20 0,81 0,82 
Dst_host_same_src_port_rate 0,00 0,17 0,72 0,89 0,38 0,12 0,12 0,57 
Dst_host_srv_serror_rate 0,49 0,77 0,93 0,95 0,09 0,68 0,00 0,30 
Guest login 0 0 0 1 0,76 0,40 0,96 0,02 
Logged in 0 0 1 1 0,30 0,94 0,01 0,45 
Destination bytes 770,69 1527,58 2366,85 8421,70 0,05 0,68 0,49 0,28 
Failed logins 0,15 1,57 3,03 4,48 0,94 0,28 0,23 0,43 
# of file access 0,47 2,32 3,50 6,00 0,78 0,40 0,34 0,97 
Count 2689,10 4558,91 7638,02 9311,99 0,84 0,99 0,00 0,89 

Table 3 shows the performance of our classifier with different number of records, 
while Figure 4 shows diagnosed value (DIAGNOSIS) for every record in a typical 
classification task when 90000 records are used. 

Table 3. Performance of the classifier on different test sets with different number of records 

#records CL(%) CA(%) PAA(%) PAN(%) UAA(%) UAN(%) 
60000 99.60 96.89 99.64 73.13 96.97 95.87 
90000 99.38 96.59 99.41 77.09 99.86 94.96 
150000 99.03 87.78 91.46 75.16 92.67 71.95 
200000 99.03 87.78 91.46 75.16 92.76 71.95 

 

Fig. 4. Typical classification of a test set with 90000 records  

First of all, it is important to mention that both classification accuracy and 
coverage level results were excellent considering that we are taking into account very 
larga test data sets. Furthermore, the ability to detect attack (PAA and UAA 



112 T. Pani and F. de Toro 

indicators) are always 90% in all test data sets which is very desirable in this 
particular type of application. Lastly, it is worthy to mention that most false positive 
and false negative were obtained within U2R and R2U classes.  

4   Summary 

This work proposes a decision rules classifier to be used for network intrusion 
detection. This classifier uses if-then rules containing thresholds and weights which 
are automatically adjusted with a multiobjective optimization evolutionary algorithm 
following two fitness criteria: classification accuracy and coverage level. The 
methodology has been preliminary applied to detect any of the attacts contained in 
DARPA database. Results show a great accuracy in detecting attacks (PAA and UAA 
indicators). As future work, the authors are intended to explore the performance of 
this methodology on other network traffic databases.  
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Abstract. Automated negotiations introduce a challenging research field that 
aims to enhance the performance and optimise several aspects of the electronic 
marketplace. This paper is concerned with the design and evaluation of negotia-
tion strategies suitable for intelligent agents acting in Business-to-Consumer e-
commerce environments. In order to minimize the cases where an agreement is 
not reached upon the expiration of its deadline, the client agent is enhanced 
with various function approximation techniques, which aim to predict the 
behaviour of the provider agent during the last negotiation rounds.  

Keywords: Negotiating Agents, opponent behaviour prediction, MLP & RBF 
Neural Networks, Polynomial Approximators. 

1   Introduction 

The explosion of e-business has changed the way users interact when purchasing 
procedures and transactions take place [1]. Along with the revolution of e-trading 
systems, other technologies play an increasingly important role on the integration of 
the frameworks that are created. Towards this fact, intelligent software agents [2][3] 
are capable of performing sophisticated and challenging tasks to lead to environments 
with complexity that resembles the human-to-human procedures with regards to 
rationale and satisfaction from the overall negotiations’ outcome [4]. 

The research area that has evicted out of the application of intelligent agents’ 
technologies to e-business activities and specifically to e-negotiations is what is 
known as automated negotiations [5]. When building autonomous agents capable of 
negotiation, three main aspects need to be considered [5][6]: (i) the selection of issues 
under negotiation, (ii) the negotiation protocol and model, and (iii) the negotiation 
strategies that the agents will employ. This paper is mainly concerned with the third, 
and proposes an efficient approach for the second. 

In such procedures, the intelligent agents aim to accomplish the objectives of their 
owners and address their initially designated or real-time requirements as efficiently 
                                                           
* Corresponding author. 
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as possible. As defined in [5], “Negotiation is a form of interaction in which a group 
of agents, with conflicting interests and a desire to cooperate try to come to a 
mutually acceptable agreement on the division of scarce resources”.  

This paper is concerned with the evaluation of prognostic negotiation strategies 
adequate for intelligent agents acting in Business-to-Consumer e-commerce 
environments, addressing use cases where a Client negotiates with a Provider of a 
service or product. The proposed strategies are applicable in single-issue bilateral 
negotiations, where both agents have strict deadlines and are practically the mature 
extension and refinement of authors’ attempt to conclude to the best possible learning 
scheme for such kinds of problems [7]. Thus, the prediction mechanisms are 
implemented using cubic splines and  polynomial approximators exploited by the 
client agents, complementing the authors’ work on MLP (Multi-layer Perceptron) and 
RBF (Radial Basis Function) neural network-enhanced prediction mechanisms [7], 
aiming to conclude on the best possible techniques for on-line negotiation procedures.  

The rest of this paper is structured as follows. In Section 2, the formal problem 
statement is briefly presented avoiding repetition of authors’ previous publication [7], 
while the problem is extended to address multi-issue package-deal, parallel and 
sequential procedures [8]. In Section 3, a brief introduction of the employed 
techniques to predict the behaviour of the negotiating Provider Agent is provided, 
while their design properties are exposed. In Section 4, the proposed approximator-
assisted negotiation strategies of the Client Agent are evaluated via extended 
experiments, and finally in the last Section the paper’s conclusions are drawn. 

2   Formal Problem Statement 

2.1   The Basic Problem Statement 

In this section the negotiation framework designed and employed is briefly presented. 
This formal problem definition and justification has also been stated in detail in [7], 
so only the basics are repeated here in order to ensure the coherence of the paper.  

The negotiation protocol employed [9], i.e. the rules that both agents should follow 
throughout the procedure has been described in full detail in the aforementioned 
authors’ work. For clarification the protocol employed is a modification of the single-
issue alternating offers protocol [10], where each negotiation thread is initiated by the 
Client Agent (CA) in the Client-Provider model that is employed and formally 
initiated (with a real proposal) by the Provider Agent (PA). The procedure ends, when 
either a mutually accepted agreement is reached or one of the agents’ deadlines 
expires. At each step of the procedure, each agent should perform a proposal which is 
either an offer based on its strategy or a decision of agreement or disagreement.   

At this point the formal description of the problem is appended: Suppose the agent 
that represents the Client is denoted by C  and the one that represents the Provider is 
denoted by P . The objective of our problem for a Client Agent is to find a price finalp  

that lies above the current minimum acceptable price of the Provider. Thus, based on 
the selected protocol and model, the negotiation problem studied can be reduced to a 
decision problem that can formally be stated as follows [7]: 
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Given: (i) two negotiating parties: a Provider that offers a specific good (i.e., 
service or product) and a Client that is interested in this good’s acquisition, (ii) the 
acceptable price interval [ ]CC pp maxmin ,  for the Client, (iii) a deadline CT  up to which 

the Client must have completed the negotiation with the Provider, (iv) the final 
negotiation round index CL  for the Client, (v) the vector { }P

l
P

l pP = , where kl 2=  

and 1
2

,...,0 −⎥⎦
⎥

⎢⎣
⎢= CL

k , of the prices that were proposed by the Provider during the 

initial 2−CL  negotiation rounds, and (vi) the price offer C
LC

p 3−  that was proposed by 

the Client during negotiation round 3−CL , find a price finalp  that should be proposed 

by the CA to the PA at the pre-final negotiation round 1−CL , which maximizes the 
Client’s overall utility function )( final

C pU , satisfies the known CA’s price constraint 

(i.e. [ ]CC
final ppp maxmin ,∈ ), and will get accepted by the PA at the last negotiation round 

CL . 
As already described, the client negotiates based on the fair Relative Tit-for-Tat 

(fRTFT) strategy until round 1−CL  [7]. Then, not risking the negotiation to fail, the 

client makes use of the approximators’ estimation P
LC

p  for the provider’s next price 

offer. These tools, which will be further elaborated below are a key component 
capable of predicting the future offer of the opponent, leading the negotiation to an 
agreement and thus avoiding a highly possible waste of resources as the thread has 
reached its pre-final round. The approximator, based on the history of provider’s price 

offers { }P
l

P
l pP = for kl 2= , 1

2
,...,0 −⎥⎦

⎥
⎢⎣
⎢= CL

k , attempts to produce a good P
LC

p  

estimation, which at the same time  ensures that the profit of the party that employs 

the mechanism is locally maximized (utility function). If CP
L pp

C max≤ , then the client’s 

last price offer sent to the provider is: P
L

C
L CC

pp =−1 . Otherwise, if CP
L pp

C max> , then 

CC
L pp

C max1 =− . If the approximator succeeds and P
L

P
L CC

pp ≥ , the provider will accept 

the offer upon the expiration of the client’s negotiation deadline, thus leading to the 
desirable outcome. If the estimation is lower than the client’s prior offer then 

C
L

C
L CC

pp 31 −− = .  

In this study, the PA adopts a strategy based on a time-dependent tactic, while the 
CA follows a negotiation strategy based on a behaviour-dependent tactic. This 
deterministic lightweight approach is selected as the studied framework is designed 
for PAs that are simultaneously engaged in multiple independent negotiation threads 
with different CAs, thus requiring reduced processing resources with regards to 
stochastic or behaviour-dependent alternatives. 

The rest of the details for the purposes of this problem are mentioned in Sections 2 
& 3 of [7] and are not repeated here to avoid redundancy. Besides, this paper focuses 
on comparing conventional approximation techniques (polynomials), which are 
increasingly employed in various research areas where time and resources are critical 
as it happens here, against neural networks which were proven notably useful in [7]. 
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2.2   Extension to Support Multi-issue Procedures 

Multi-issue negotiations refer to the case where agents negotiate over more than one 
issue. The main generic approaches that can be distinguished in support of multi-issue 
negotiations are the following [8]: package-deal approach where all the issues are 
settled together as a bundle, sequential approach where the issues are discussed one 
after another, and simultaneous approach where the issues are discussed in parallel. 

In case of the package-deal approach, the application of the mechanism to agree on 
a specific price for the whole bundle is straightforward. On the other hand, the 
simultaneous approach is mainly used in cases where the issues under negotiation are 
disjoint [11]. It is obvious that the proposed lightweight mechanism can be applied on 
each parallel thread (for each issue) to provide the party that employs it with the 
maximal profit. Thus, in both the above cases the mechanism is adequate and can be 
applied without any modification. 

However, the sequential approach requires a different perspective, as the issues are 
considered interdependent and each agreement affects the negotiation thread that 
follows [11]. In this case, we cannot provide optimal results, just by applying the 
mechanism as we should take into account these dependencies, which are absent from 
the above two approaches. Thus, in order to extend the framework to address multi-
issue negotiations for interdependent issues, we adopt the following solution. 

Let C  denote the agent that represents the Client and P  denote the agent 
representing the Provider. These two parties negotiate over issues ix , ni ,...,1=  of the 

same service or product and { }ixx = , where x is apparently the vector of the 

different issues. Let min
a
ix  ( max

a
ix ) express the lower (maximum) acceptable value for 

agent { }PCa ,∈  concerning issue ix . Thus, an offer is always rejected by agent a  if 

[ ]maxmin , a
i

a
ii xxx ∉  for any issue. We may now introduce the utility function of the 

proposed framework as follows. Let ( ) [ ] [ ]1,0,: maxmin →aaa xxxU  express the utility 

that agent a  assigns to an offer expressed by values x  of the negotiation issues in the 
range of its acceptable values. We introduce the significance of issue ix  for agent a  

as follows: ( ){ }xU
x

S a

i

a
i ∂

∂= . We now introduce the dependency degree of issue ix  

as follows: ∑
≠
= ∂

∂=
n

ij
j j

i
i

x

x
DD

1

. The rationale of the proposed approach is to negotiate 

over the entire set of issues sequentially starting from the issue with the lower 
dependency degree and the higher significance for agent a  (in our case the Client 
Agent). Thus, the negotiation agenda is decided by the Client Agent as follows: 

If C
Uxmin  is the vector of issue values that minimizes the overall utility perceived 

by the Client, then the first issue ix to be selected for negotiation is the one 

maximizing quantity: 
C

Uxi

a
i

DD

S

min

. 
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In the generic case where: (i) issues jx , kj ,...,1=  have already been negotiated 

over during the previous k  negotiation threads, and (ii) the agreement values of these 
issues are: *

jx  ( kj ,...,1= ), while (iii) the agreement values for issues jx , 

nkj ,...,1+=  still remain to be negotiated over, then, the next issue ix that will be 

selected for negotiation is the one maximizing quantity: 
k

C
Ux

k
i

a
i

DD

S

min

, where 

∑
−

=≠
= ==∂

∂=
kn

kjxx
l kjxxl

ik
i

jl
jj

x

x
DD

),...,1(
1 ),...,1(*

  and k
C

Uxmin  is the vector of issue values where 

*
jj xx =  for kj ,...,1=  and jx  for nkj ,...,1+=  is set so that the overall utility 

perceived by the Client is minimized. 
As already stated, the proposed approach delays the negotiation of the most 

interdependent and less significant issues as much as possible. These results are near 
optimal in the case where the negotiation issues do not depend on many of the other 
issues under negotiation (i.e. the dependency degree is not high). 

The proposed approach to extend the single-issue oriented mechanism to avoid 
disagreements on the last round, towards multi-issue procedures is generic and 
applicable in any circumstances. The mechanism can be applied as is and provide 
multi-issue procedures with the results presented in the experiments section. Based on 
the last two subsections, the rest of the paper attempts to prove that the proposed 
approximation mechanisms are efficient and applicable in single-issue as wekk as 
multi-issue bilateral negotiation frameworks. 

3   The Approximators Employed for Opponent Behaviour 
Prediction 

As already mentioned, the purpose of this framework is to estimate the opponent’s 
next offer in order to avoid unsuccessful negotiation threads, when those are very 
likely to happen, as the pre-final round has been reached at the time the approximators 
are used. Each of the studied approximator is coupled with the core negotiation 
strategy adopted by the CA based on the approach described in the previous section. 
The four approximators are examined independently of each other, as no cooperation 
among them is foreseen. As already stated, all approximators have been designed  
and configured in order to demonstrate optimal performance on predicting online the 
next round offer of PAs that have adopted arbitrary time-dependent negotiation 
strategies. 

It is widely known that polynomials are by far the easiest functions to process and 
approximate [12]. There are three major classes of polynomial approximators: 
Interpolators, Least Squares, and Splines [12]. As interpolators do not offer the 
accuracy and convergence characteristics required in our case [13], we will use Least 
Squares and Splines approximators. The objective in the studied framework is to  
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approximate the function that corresponds to the set of datapoints, available in a form, 
observed in the course of the negotiation process.  

Splines are a widely accepted and used method for function approximation that 
results in a smooth and continuous function approximating discrete datapoints [12]. 
Particularly popular is the cubic spline, mainly due to its continuous second derivative 
that ensures the C2 continuity and also the uniqueness of the 3rd degree polynomials 
that perform the approximation and are easy to estimate. 

On the other hand, the Least Squares (LS) approximation is widely used to 
estimate the numerical parameter values to fit a function to a set of data and to 
characterize the statistical properties of estimates [12]. It always provides a unique 
solution to the approximation problems, the complexity of which is relatively low, 
even for polynomials of high order [12]. In order to avoid the polynomial oscillation 
phenomenon [14], which is quite intense in high degree polynomials, we studied the 
performance of low degree polynomials (below 15). To heuristically determine the 
most appropriate degree for the polynomial approximator to be used by the CA to 
predict the behaviour of the PA, series of experiments were conducted that lead to the 
conclusion that the best fitting polynomial for our functions is that of a 7th degree.  

 With regards now to the Neural Networks (NNs) employed, which present a 
significantly suitable behaviour as presented in our previous work [7], what should be 
mentioned here for clarity and coherency is that a MLP with a single hidden layer of 3 
log-sigmoid neurons and a linear output one and a RBF NN with 2.29 neurons in 
average [7] are the most suitable architectures for our problem.   

4   Experiments and Evaluation 

In this section, a thorough analysis of the experiments conducted is performed in two 
levels. More specifically, the time-dependent PA is coupled with a behaviour-
dependent CA, while the performance of the proposed solution is measured for a wide 
range of PA strategies detailed below. The framework has been modelled using 
MATLAB, and after initial evaluation results, the negotiation framework described 
was implemented using the JADE v3.3 mobile agent platform, while open source java 
libraries have been exploited for the implementation of the approximators. 

Extended experiments have been conducted to examine the effectiveness of 
coupling the MLP NN, the RBF NN, a cubic spline (CS) or a 7th degree polynomial 
(poly7) with the fRTFT imitative negotiation strategy to increase the success ratio of 
the negotiations. The main hypotheses used in the conducted experiments are as 
follows: (i) the Client Agent negotiates with a Provider Agent, following the rules of 
the framework described in Section 2, (ii) the two agents are unaware of the 
opponent’s strategies, acceptable value ranges and deadlines, and aim to achieve the 
best possible result on behalf of their owners using as input only the opponent’s 
history of offers, (iii) as the experiments’ objective is to estimate the provider’s last 
round offer, in all test cases the provider’s deadline is never before the client’s 
deadline (else the designed approximators would not be used at all), and (iv) the  
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following fixed parameter settings are used for all experiments conducted: 
[ ] [ ]100,0, maxmin =PP pp , 0min =Cp , and 100=CL . In this framework, three families 

of experiments have been conducted to compare the performance of the pure fRTFT 
strategy, the MLP-assisted fRTFT, the RBF-assisted fRTFT, the CS-assisted fRTFT 
and the poly7-assisted fRTFT. 

The first family of conducted experiments monitors the negotiation result for  
Linear PA behaviour over varying upper acceptable price threshold for the CA (i.e., 
acceptable price intervals overlap for the negotiators ranges from 0% to 100%) and over 
varying PA deadlines. These experiments settings are: [ ] [ ]100,0, maxmin =PP pp , 0min =Cp , 

100=CL , 1=β , [ ]200,100∈PL  and [ ]100,0max ∈Cp  [ ]%100%,0 Overlap Intervals Price ∈⇒ , 

where
PL denotes the negotiation round index on behalf of the PA. The sample values 

for Cpmax  are 0:1:100 (all discrete values from 0 to 100 with a step of 1), while for PL  

they are 100:1:200. It corresponds to PAs that are rather neutral and have plenty of 
time to spend for such procedures and to CAs that have various reservation prices’ 
intervals, from extremely hard (maximum and minimum acceptable prices are very 
close) to substantially loose (maximum is much greater than the minimum acceptable 
price).  

The second family records the negotiation result in case there is a full acceptable 
price interval overlap over varying concession rates (i.e., evaluating the system’s 
performance for Conceder PA, when PA is willing to concede rapidly in the early 
phase of negotiation, or Boulware, when PA is willing to concede substantially only 
when its time deadline is approaching and Linear PA behaviour, when the 
convergence follows a linear manner) and over varying deadlines for the PA. These 
experiments’ settings are: [ ] [ ]100,0, maxmin =PP pp , [ ] [ ]100,0, maxmin =CC pp , 100=CL , 

[ ]200,100∈PL  and [ ]10,1.0∈β . The sample values for β  are 0.1:0.02:1 and 1.2:0.2:10, 

while for 
PL  they are 100:1:200. This case is present in many negotiation 

environments, where the acceptable prices are more or less fixed both for the PAs and 
the CAs, while the PAs retain a variety of alternatives with regards to the timeouts 
they have and the willingness to sell on higher or lower prices right from the 
beginning of the procedures leading to fast or slow convergence from their maximum 
offers to their minimum ones.  

The third family of experiments performed investigates the case where CA’s 
deadline is half than that of the PA, and records the negotiation result over varying 
concession rates (i.e., for Conceder, Boulware and Linear PA behaviour) and over 
varying upper acceptable price threshold for the CA. The specific experiments’ 
settings are: [ ] [ ]100,0, maxmin =PP pp , 0min =Cp , 100=CL , 200=PL , [ ]10,1.0∈β  and 

[ ]100,0max ∈Cp [ ]%100%,0 Overlap Intervals Price ∈⇒ . The sample values for β  are 

0.1:0.02:1 and 1.2:0.2:10, while for Cpmax  they are 0:1:100. In these cases, the PAs 

have plenty of time to finish the procedure and every possible way to converge to 
their minimum, from extremely slow to substantially fast. On the other hand the CAs 
vary their acceptable price interval to cover all the possible combinations of overlap. 

The results of the three families of experiments are depicted in Figure 1 (first 
experiment set), Figure 2 (second experiment set), and Figure 3 (third experiment set).  
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Fig. 1. Agreement price for Linear PA behaviour, 100=CL , ]200,100[∈PL  and ]100,0[max ∈Cp : 

(a) comparison of the pure fRTFT, the MLP-assisted fRTFT and the RBF-assisted fRTFT, (b) 
comparison of the pure fRTFT, the fRTFT assisted by the cubic spline approximator and the 
polynomial approximator 

 

Fig. 2. Agreement price for full price interval overlap for 100=CL , ]200,100[∈PL  and 

]10,1.0[∈β : (a) comparison of the pure fRTFT, the MLP-assisted fRTFT and the RBF-assisted 

fRTFT, (b) comparison of the pure fRTFT, the fRTFT assisted by the cubic spline 
approximator and the polynomial approximator 

 

Fig. 3. Agreement price for 200=PL , ]100,0[max ∈Cp  and ]10,1.0[∈β : (a) comparison of the 

pure fRTFT, the MLP-assisted fRTFT and the RBF-assisted fRTFT, (b) comparison of the pure 
fRTFT, the fRTFT assisted by the cubic spline approximator and the polynomial approximator 
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Table 1. Comparative results for the success ratios, estimation errors and temporal requirements 
of the five strategies (pure fRTTF, and fRTTF assisted by MLP NN, RBF NN, Cubic Spline 
approximator and polynomial approximator) 

Experiments’ Settings 
]100,0[max ∈Cp  
]200,100[∈PL  

1=β  

100max =Cp

]200,100[∈PL

]10,1.0[∈β

]100,0[max ∈Cp  

200=PL  
]10,1.0[∈β  

Overall 
Results 

Experiment Set Size 10201 9191 9191 28583 

Feasible Agreements 
Number 

7059 9191 5083 21333 

fRTFT 72.30% 74.20% 71.67% 72.97% 
MLP 100.00% 100.00% 100.00% 100.00% 
RBF 99.82% 100.00% 100.00% 99.94% 

CubicSpline 84.25% 93.71% 92.45% 90.28% 

Success 
Ratio (over 

feasible 
agreements)

Poly-7 99.39% 91.13% 92.70% 94.24% 
MLP 38.30% 34.77% 39.53% 37.04% 
RBF 38.05% 34.77% 39.53% 36.96% 

CubicSpline 16.52% 26.29% 28.99% 23.72% 

Successful 
Negotiation
s Increase 

Poly-7 37.46% 22.82% 29.34% 29.14% 
MLP 5.74% 2.79% 1.73% 3.50% 
RBF 1.32% 0.39% 0.14% 0.64% 

CubicSpline 4.91% 3.13% 2.89% 3.69% 

Mean 
Estimation 

Error 
Poly-7 2.02% 1.08% 3.73% 2.27% 
MLP 3.93% 1.87% 1.12% 2.36% 
RBF 0.72% 0.12% 0.04% 0.31% 

CubicSpline 2.81% 2.02% 1.47% 2.13% 

Standard 
Deviation 
of Error 

Poly-7 1.03% 0.51% 1.89% 1.14% 
Times the Approximators 

were used 
5302 2476 5564 13342 

fRTFT 0.0095 0.0105 0.0082 0.0094 
MLP 0.3522 0.1889 0.4754 0.3727 
RBF 0.0849 0.0506 0.1122 0.0898 

CubicSpline 0.0260 0.0229 0.0320 0.0279 

Mean 
Overall  
Time 

Required 
(sec) Poly-7 0.0242 0.0190 0.0270 0.0244 

 
In Table 1 comparative results for the three experiment families are illustrated with 

regards to the success ratio of the five strategies, summing up the results depicted in 
the aforementioned Figures. The results presented in the table indicate that all four 
assisted strategies clearly outperform the pure fRTFT in all three families of 
experiments, as they increase the success ratio up to 25.8% in absolute terms or up to 
39.5% in relative terms. Overall results for the set of 28583 experiments conducted 
indicate that both NN-assisted strategies increase to ~100% the average acceptance 
ratio of the pure fRTFT that is ~73% considering only the cases of feasible 
agreements, while the CS-assisted and the poly7-assisted strategies increase this 
number to ~90% and ~94% respectively. With regards to the number of agreements, 
both NN-assisted strategies manage to increase it by almost 37% in average, which is 
highly significant in automated negotiation domains. The poly7-assisted strategy 
follows, presenting more than 29% increase, while the CS-assisted strategy manages 
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to increase the number of agreements of the pure fRTFT by approximately 24% in 

average. Concerning the mean estimation error ∑∑
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assisted strategy outperforms the rest demonstrating only 0.64% error, while the 
MLP-, CS- and poly7-asisted strategies result in 3.50%, 3.69% and 2.27% error 
respectively. Similarly, with regards to the standard deviation (SD) of the estimation 
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1σ , the RBF-assisted strategy outperforms the rest demonstrating 

only 0.64% SD, while the MLP-, CS- and poly7-asisted strategies result in 2.36%, 
2.13% and 1.14% SD respectively. 

With regards to the processing/time resources required, the poly7 clearly 
outperforms the other three approximators in all three families of experiments. As 
presented in Table 1, the mean overall time required by the MLP, by the RBF or by 
the CS is approximately 15.3, 3.6 or 1.1 times higher respectively than the time 
required by the poly7.  

Combining all experimental results obtained in this subsection aiming to identify 
the most appropriate approximator for the negotiation framework, it becomes evident 
that the RBF NN, not only achieves the lowest overall error over the estimated 
opponent’s next offer, but (along with the MLP) it also maximises the number of 
successful negotiations, while the processing time it requires is quite low, i.e. less 
than 90 ms in average. The polynomial fitting is outperformed by the RBF due to the 
fact that the former is prone to fluctuations of the values it is required to fit. The four 
varying parameters of the time-dependent PA strategy cause the poly7 to fail in 
several circumstances, whereas the RBF approximator generalises far better being 
able to store more information monitored. 

5   Conclusions  

Autonomous agents are a powerful technology that may enhance the intelligence, 
sophistication and performance of various processes that take place in the e-
marketplace. This paper presented a single-issue bilateral negotiation framework 
designed for self-interested agents that act in e-commerce environments, with 
extensibility to most multi-issue environments. In this framework, MLP and RBF 
NNs have been exploited, as well as cubic splines and least-square-based polynomial 
approximators aiming to predict the future offers of the negotiating Provider Agent. 
Extensive experiments were conducted over more than 28500 different settings in 
order to evaluate the designed negotiation strategies. These experiments indicate that 
the RBF NN is more suitable, as it maximises the number of successful negotiations, 
achieves the lowest overall error over the estimated opponent’s next offer, while the 
processing resources required are quite low. The practical value of the results 
presented in this paper are: the establishment of e-marketplace environment where the 
percentage of agreements is maximised, while the profit of the clients is increased; 
protection of the negotiating parties’ privacy, as the proposed solution requires no 
information other than the offers of the negotiators, and thus no private information is 
disclosed; online handling of single-instance negotiations that is the most popular and 
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lightweight type used in e-marketplaces, as no a-priori knowledge or training is 
required; easy implementation of the designed negotiating agents, as there are off-the-
shelf libraries with the proposed approximators; achievement of high accuracy 
prediction and evaluation for arbitrary CA strategies; and finally requirement for 
minimal processing, storage, and network resources.  
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Abstract. Address-Event-Representation (AER) is a bio-inspired communication 
protocol between chips. A set of AER sensors (retina and cochleas), processors 
(convolvers, WTA, mappers, …) and actuators can be found in the literature that 
have been specifically designed for mimicking the communication principle in the 
brain: spikes. The problem when developing complex robots based on AER (or 
spikes) is to command actuators (motors) directly with spikes. Commercial robots 
are usually based on commercial standards (CAN) that do not allow powering 
actuators directly with spikes. This paper presents a co-design FPGA and 
embedded computer system that implements a bridge between these two protocols: 
CAN and AER. The bridge has been analyzed under the Spanish project 
VULCANO1 with an arm robot and a Shadow anthropomorphic hand. 

Keywords: CAN, AER, spike-based, neuromorphic engineering, anthropomorphic 
robot, FPGA, VHDL, embedded computer. 

1   Introduction 

Controller Area Network (CAN) is an industrial protocol that minimizes the number 
of unrecovered transmission errors using a set of mechanism for detecting and 
signaling errors. This protocol is so efficient that it is usually used at automotive, 
robots and mobile robots for communicating sensors and actuator to a central 
processor. CAN is nowadays a typical interface for commercial robots, motors or 
even sensors. On the other hand Address-Event-Representation (AER) is a neuro-
inspired communication protocol for transferring information between silicon neurons 
in different chips. Neuromorphic engineers work actively in developing sensors, 
processors and actuators that mimic the nervous system behavior. 

Neuroinformatic aims to join together several field specialists (biologists, 
psychologists, engineers, physicists, chemists, and informatics) in order to develop 
auto-reconfigurable systems that mimic the human body and specially emulate the 
human brain. Neuromorphic engineers work in the study, design and development of 
neuro-inspired artifacts developed with artificial mechanisms, like VLSI chips for 
sensors [1][2][3], neuro-inspired processing, filtering or learning [4][5][6], neuro-
inspired control-pattern-generators (CPG) [7], neuro-inspired robotics [8] and so on. 
                                                           
1 This work has been supported by Spanish goverment grant VULCANO (TEC2009-10639-

C04-02). 
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All these mechanisms share the way of producing, transforming and transferring 
the information: the spike-based representation of the information, like in a mammal 
neural system. A neuromorphic VLSI chip is designed in order to gather several 
thousands of silicon spike-based neurons. A problem arises when those neurons have 
to communicate outside the chip with other neurons of a different chip. Typically, 
neuromorphic engineers have adopted the so-called solution Address-Event-
Representation (AER). AER was proposed by the Mead lab in 1991 [9] for 
communicating between neuromorphic chips with spikes (Figure 1). Each time a cell 
on a sender device generates a spike, it communicates with the array periphery and a 
digital word representing a code or address for that pixel is placed on the external 
inter-chip digital bus (the AER bus). In the receiver chip, spikes are directed to the 
pixels whose code or address was on the bus. In this way, cells with the same address 
in the emitter and receiver chips are virtually connected by streams of spikes. Cells 
that are more active access the bus more frequently than those less active. There is a 
growing community of AER protocol users for bio-inspired applications in vision, 
audition systems, and robot control, as demonstrated by the success in the last years 
of the AER group at the Neuromorphic Engineering Workshop series [7] and the 
CapoCaccia Cognitive Neuromorphic Engineering Workshop [10]. The goal of this 
community is to build large multichip and multi-layer hierarchically structured 
systems capable of performing massively-parallel data-driven processing in real time. 

 

Fig. 1. Rate-coded AER inter-chip communication scheme 

Furthermore, the application of these systems to real applications demonstrate the 
benefits of the spike-based representation, allowing extremely low latencies between 
spikes produced by a sensor and the first spike arriving to the actuator (in the order of 
few microseconds), as demonstrated in the EU project CAVIAR [11]. 

The implementation of spike-based Proportional-Integral-Derivative (PID) controller 
allows to complete the last stage of a neuromorphic system, by powering the equivalent of 
a muscle in a robot directly with spikes [8] (a DC motor). 

Nevertheless, commercial robots are usually black-boxes consisting in a set of 
motors or actuators, and sensors with a common interface that allows communicating 
with a computer that is usually in charge of solving the cinematic and dynamic 
equations needed to implement tasks like grasping, tracking, manipulating an object, 
etc. One of these common interfaces is the Controller Area Network (CAN) bus. The 
CAN bus was developed by Robert Bosch GmbH company for communicating 
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messages in a distributed environment ensuring real-time capabilities and using only 
two wires. The number of nodes, the distance between them, the bus bandwidth, the 
error detection and correction mechanism, the arbitration policy and other aspects of 
the CAN protocol can be found in [12]. 

In this paper we present a hardware-software bridge between the AER bus and the 
CAN bus. The bridge has been implemented using the hardware platforms developed 
under Spanish Government granted VULCANO project. These platforms have been 
designed for covering the implementation of more complex spike based operations. 
VULCANO has the aim of developing and joining together a set of AER chips (retina 
sensors and filters) into a layer of image filtering. The result of this layer is fussed by a 
second layer implementing a set of brain-inspired algorithms for sensory fusion and 
visual-motor coordination. The implementation of this second layer is based on a co-
design platform composed by a FPGA and an embedded computer (Toradex Colibrí). 
This embedded computer provides a CAN interface. Arm and hand robots used in 
VULCANO offer CAN interfaces for motor control and sensors monitoring.  

Section II offers a brief review of the most important characteristics of the CAN 
protocol. Section III explains the scenario in VULCANO project. Then, in section IV 
we describe the architecture of the AER-CAN bridge and we present a performance 
study. 

2   Controller Area Network (CAN) 

CAN physical layer establishes that the information is represented by the voltage 
difference between two wires. Logical bits are called dominant (‘0’) when the voltage 
difference between the two wires is high and recessive (‘1’) when they are similar. The 
network is composed by a set of nodes sharing a unique pair of wires (CAN bus). 
When several nodes write at the same time on the bus, if only one node writes a 
dominant bit, then the CAN bus will conserve the dominant bit, and if all the nodes 
write recessive bits, the CAN bus conserves the recessive value.  

Each node connected to the CAN bus is always monitoring the bus, even when a 
node is transmitting. If several nodes are transmitting at the same time, a node can lose 
the CAN bus if it monitors a dominant bit when it is transmitting a recessive bit.  

Distributed nodes are free to use the bus when a message is finished. Nodes do not 
need to have an arbiter selecting which node is able to transmit each time, because the 
protocol is auto-arbitrated thanks to the characteristic of dominant and recessive bits. 
All the messages are transmitted starting with a start of frame bit (SOF) and then, the 
identifier of the message. This identifier is used for arbitrating which node will use the 
CAN bus. When a node is writing its identifier on the CAN bus, if a recessive bit is 
written (‘1’) and a dominant bit (‘0’) appears on the bus, this node has lost the 
competition and it has to wait until the winner node finished its message transmission. 
Figure 2 bottom shows a competition example. A message includes protocol 
information, a variable number of data bytes from 0 to 8, followed by a 16-bit Cyclic 
Redundancy Code (CRC) for error detections (see Figure 2 top). 

The medium access and transport protocol layers establish that when a node is 
transmitting a message, the rest of the nodes are checking the message. Therefore, in 
the CAN protocol non-transmitter nodes are responsible of the correctness and the 
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efficiency of message transmissions by monitoring all the bits of a message and 
collaborating in the ACK bit of a message when an error is found. Even more, the 
transmitter node is also monitoring the CAN bus during the transmission of its own 
message and it is also checking if each bit written in the bus is correctly read: if the 
transmitter node writes a recessive bit in the bus, it has to read a recessive bit during 
the rest of the time that this bit must appear on the bus. 

 

Fig. 2. CAN message (top) and priority arbitration example (bottom) 

The maximum speed of the CAN standard is 1 Mega bit per second (Mbps) for up 
to 40 meters of cable distance between the furthest nodes. This implies one 
microsecond per bit. Every bit time is divided in several parts: synchronization, 
propagation (400 ns for 40 meters), segment one and segment two. Synchronization 
part is very small (usually one clock cycle of the CAN controller clock). The 
propagation part must be preserved in order to ensure the correct reception of the 
signal in both sides of a 40 meters cable. Finally segments 1 and 2 complete the bit 
time up to 1 microsecond. Receivers will check the state of the CAN signal between 
segment 1 and 2. These segments are equal to a setup and hold time of digital circuits. 

CAN standard has several similarities with AER protocol:  

- Both are event-based protocols. AER sensors or actuators produce either a stream 
of events that represents the sensor value, or its change, or the actuator intensity or 
change. CAN nodes codify in a unique message the sensor value or the command 
parameters.  

- Both use addresses for identifying messages. When using AER, an emitter chip 
uses a set of addresses depending on the number of emitter neurons. In CAN, each 
node can work (transmit or receive) a set of messages with different identifiers. An 
identifier in CAN is not used for identifying neither an emitter nor a receiver; they 
are used to identify messages produced by sensors or received by actuators. 
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On the other hand there are several important differences: 

- CAN is a serial and synchronous bus, while AER is typically parallel and 
asynchronous. 

- CAN maximum speed is 1 Mbps. This is considerably low respect to AER that can 
work at peak rates higher than 25 Mega-events-per-second (400 Mbps for 16-bit 
buses)[4]. Nevertheless there are improvements to the CAN protocol that reach up 
to 16Mbps (CAN+) [13]. 

- CAN includes in the message transmission additional information for increasing 
the robustness. AER transmits the address of a neuron without any other 
complementary information.  

- AER codify the information in frequency or by the number of repetitions of the 
same address in the bus, while CAN send a unique message with the command and 
value in up to 8 bytes. 

For those applications with low speed requirements there is a reduced number of 
neurons or identifiers and scenarios with strong noise interferences, so it could be 
adequate to inherit the properties of the CAN bus in order to implement a serial and 
robust AER protocol. For example, the spike motor actuation and the motor sensor 
monitoring. An AER system is able to process visual information in a very fast way 
and with a low latency. The AER system can produce a stream of spikes for actuating 
into a set of muscles (or motors in robotic). Since the motor is a mechanical object, it 
has a huge delay in implementing the position or velocity orders, when compared to 
the AER processing system. Due to this limitation of the motors, it is justified to 
include an AER-CAN interface without losing performance. 

3   Actuators and Sensors through CAN 

VULCANO focuses on the AER for developing a sensory-motor system completely 
based on spikes. From sensing and filtering the visual information, developing AER 
retina and AER convolvers, to the adaptation and development of anthropomorphic 
robots (hand and arm) and their interfaces, through the development of high level 
algorithms for sensory fusion, visual-motor coordination and the cinematic and 
dynamic of the robots. 

The robotic arm consists into a set of articulations based on commercial motors. 
Each of these motors is mounted with a controller that receives CAN messages with 
commands. These commands can be either a) new positions or degree for the 
articulation, with a fixed intensity and speed, or b) a request for the value of a sensor, 
like the position of the articulation, the intensity of the motor, the speed, …  

Existing AER based controllers for DC motors [8] requires to access directly to the 
motor and to receive directly the information of the sensors in order to adapt the 
frequency of spikes to be sent to the motor for modifying the position, speed or power 
of the motor. This kind of AER controller cannot be used in such a commercial 
platform because the robot will lose all the robustness and efficiency that the CAN is 
providing (apart from the warranty of the product). Therefore, in this case it is very  
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important and necessary to develop an AER-CAN interface able to receive streams of 
spikes from the last layer of the AER systems and convert it into CAN commands, 
and vice versa, to convert CAN sensory messages into a stream of spikes for the 
corresponding layer of the AER system. 

4   CAN Bridge Architecture and Performance 

Figure 5 shows a block diagram of a co-design prototype for implementing the sensory 
fusion, visual-motor coordination and kinematic/dynamic algorithms of robots in 
VULCANO. It consists in a Xilinx Spartan 3 400 FPGA connected to an embedded 
computer (Toradex Colibri with a Intel Xscale PXA270 under Windows CE) through 
Direct Memory Access interface (DMA). The FPGA is responsible for receiving, in the 
AER communication, all the sensing information coming from the cortex layer (AER 
retina + convolver) and spinal cord sensing (the robot sensors in AER format). This 
sensor information can be either 1) fussed in the FPGA and stored, through DMA, in 
the computer DRAM, or 2) packed into a sequence of time-stamped events in the 
DRAM computer memory, through DMA. Then, the embedded computer will use this 
information for executing the sensory fusion and visual-motor coordination. In the first 
case, the computer program can work in a completely digital way, being the spike-
based approach only resident in the FPGA. The computer receives digital values of the 
sensors, so a spike to digital conversion is done. In the second case, both the FPGA and 
the embedded computer are working with spikes, so the system takes all the 
advantages of a spike-based system, having very low latencies from sensors to 
actuators. DMA has a maximum bandwidth of 101’72 MBps between the Spartan 3 
and the Toradex computer. This bandwidth allows transmitting packetized AER 16-bit 
events and their 16-bit timestamps at a regular rate of 25 Mevps that is the maximum 
throughput of the USB-AER hardware interface [14]. 

Since the sensory fusion algorithm is executed in the embedded computer and the 
CAN protocol is accessible through the Intel XScale board, we have decided to access 
the CAN bus through the embedded computer and offer the additional sensor 
information directly to the sensory fusion algorithm. On the other hand, the visual-
motor coordination is also executed in the embedded computer, so it is faster and more 
adequate to send the CAN motor commands directly from the embedded computer. 

Each node of the arm-robot consists in a Schunk motor and a PowerCube 
communication interface in CAN mode. There are six nodes connected through CAN 
to the Toradex embedded computer. For each message received by the PowerCube 
interface of a motor node, a command is executed in the node. During the execution of 
that command, an acknowledgment message (ACK) is sent back. If a new command is 
received while the previous one is being executed, the old one is aborted and the new 
one is executed. These events allow the system to correct trajectories at the same time 
they are improved. 

We have analyzed the CAN traffic in order to extract the typical and maximum 
bandwidth of commands that is supported. As can be seen in figure 3, there is a  
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minimum Inter-Message-Interval (IMI) of 320µs that represents a very fast update time 
for motor commands compared to the response time of such a mechanical actuator. 
This time has been obtained when the commands are sent sequentially (a new 
command is not sent until the reception of the ACK of the previous one). A motor 
command of 6 data bytes requires 110µs to be transmitted and 120µs to receive and 
process it through PowerCube. Then it responds with an ACK message (2 data bytes) 
that requires 78 µs. Finally there is a 12 µs pause before the next motor command 
appears in the CAN bus. With these data the performance of the system is a bandwidth 
of 3,125 K commands per second (Kcps). In Figure 4 (right), it is shown a performance 
graph considering different command lengths (from 1 to 6 bytes) and two different 
communication mechanisms: 1) Sequentially and 2) Interlaced (the sparse time 
between the command CAN message and the ACK is used to send a second command 
message to another motor, as represented in figure 4 left). The maximum bandwidth 
that can be extracted from the AER-CAN interface is 5Kcps. 

 

Fig. 3. Oscilloscope capture of CANRX over time during two CAN message transmissions  
(6 data bytes) for different motors. Acknowledge CAN messages are sent back (2 data bytes). 

TX processing ACK t 
TX processing ACK t 

 

Fig. 4. Performance in Commands per second for sequential and interlaced CAN messages 

If we suppose the 1) case with 320 µs of IMI, as it is shown in figure 3, then it 
means that the FPGA can receive a considerable set of AER events (i.e., 320 events if 
we consider an Inter-Spike-Interval of 1µs or higher) in order to calculate the new 
updated position of each node of the arm before sending a new CAN message. 
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Toradex board with CAN 
interface and Colobri PXA270 

connected to AER-Robot board. 

Robotic arm used  in 
VULCANO 

 

Fig. 5. AER-CAN bridge block diagram and prototype boards used under VULCANO project 

5   Conclusions 

In this paper we present a bridge between AER and CAN buses that allow attaching 
commercial closed robots to neuro-inspired and spike-based sensory-processing 
systems developed under AER. The bridge is not able to transmit spikes directly to 
motors, but it is able to translate a stream of spikes from the AER system into an 
equivalent CAN message for modifying the degree, intensity and power of a fixed 
articulation in a robot without bandwidth problems. Furthermore, this AER-CAN 
bridge allows reading robot sensors and translating the information received into a 
stream of spikes for AER sensory fusion respect to visual information. 
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Abstract. This paper presents a hierarchical neuromorphic system for tracking 
objects. We use AER (Address Event Representation) for transmitting and 
processing visual information provided by an asynchronous temporal contrast 
silicon retina. Two AER processing layers work in cascade for firstly detecting 
different objects, and secondly tracking them even with crossing trajectories. 
The output of the system offers not only the position of the tracked object but 
also the speed in pixels per second. The system is fully hardware implemented 
on FPGA (Spartan II 200), which is part of the USB-AER platform developed 
in part by authors. A 97.2% of the Spartan II is used for 128x128 pixels input 
resolution and 6 maximum objects recognition and tracking. 

Keywords: object tracking, real-time, Address Event Representation, AER, 
neuromorphic, neuro-inspired, FPGA. 

1   Introduction  

This paper presents a neuromorphic [1] real time object tracking using visual 
information provided by a silicon retina1; this information is processed and 
transmitted using Address Event Representation (AER) [2].  

There are two previous works in the field of object tracking which also use AER 
for processing and transmitting the visual information. Our system has two important 
differences from these two previous approaches: first, we present a fully hardware 
system, described in VHDL and implemented in a FGPA, while in [3] and [4] a 
computer and a DSP were used for events computing, respectively. Second, our 
system uses only two events for getting the object position and with only two object 
positions it is possible to estimate the object velocity.  

Followed in this section we review the Address Event Representation (AER) 
communication protocol; the hardware platform used, the USB-AER Board [5], 
developed by the Robotics and Computer’s Architecture Lab; and the Silicon Retina [6] 
used, developed by the Institute of Neuroinformatics (INI) of the University of Zurich. 
                                                           
1 Authors would like to thank to Tobias Delbruck and his group for their silicon retina, and to 

VULCANO project (TEC2009-10639-C04-02) for supporting this work. 
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Section 2 is devoted to system’s description; in section 3 we present some experiments 
to demonstrate the system’s capabilities; finally, in section 4 we present some 
conclusions. 

1.1   The AER Communication Protocol 

The AER protocol was proposed for neuro-inspired information transmission from 
one neuro-inspired chip to another. The basics of AER consist in assigning an address 
to each cell (neuron) in a chip. Cell activity is transmitted showing the cell’s address 
in a common bus; two flow control signals are commonly needed (REQ and ACK), to 
start and stop the transmission. 

As a result, the activity of every cell will appear in the common bus. Usually the 
activity is frequency coded. In this way, if the cell’s activity is high, its address will 
appear in the bus more frequently than other with lower activity. Each address 
occurrence, in the bus, is known as an event. So, we can say that the activity of each 
cell is coded in events frequency. Since the AER bus multiplexes all the events in a 
common bus, an arbiter is needed in the transmitter. Fig. 1.a shows the organization 
of AER communication. To transmit each event, a simple handshake protocol is 
normally used (see Fig. 1.b). 

a) 

 

b) 

Fig. 1. AER protocol: a) AER transmission overview, b) AER Handshake protocol 

1.2   USB-AER Board 

The USB-AER board was developed by the Robotic and Computer’s Technology Lab 
of the University of Seville, to give support to AER-based systems developers. The 
USB-AER board was initially developed for AER-based systems testing and 
debugging. This board implements several modules for AER stream sequencing, 
monitoring, mapping (to change on the fly the address space); depending on the 
FPGA firmware. 

The flexibility of USB-AER board allows implementing any others functionalities 
such as the one presented in this paper. 

A picture of the USB-AER board is shown in Fig. 2. USB-AER board core is a 
Spartan-II 200 Xilinx FPGA, connected with a 12ns, 512Kwords of 32 bits SRAM 
memory bank. The board uses a Silicon Laboratories C8051F320 microcontroller to 
implement the USB and the MMC/SD interfaces. 
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Fig. 4.b shows the proposed architecture, in each layer the first cell receives the 
complete AER sequence and extracts, retains and processes several events; which and 
how many events are extracted depend on the application; the rest of the events are 
resent to the second cell in the layer. This procedure is repeated in the rest of the cells 
in a layer and in the rest of the layers. 

 

a) 

 

b) 

Fig. 4. Neural architectures: a) classical neural parallel network, b) cascade neural network 

The most important advantage of this architecture is that each cell only processes 
the extracted events. Furthermore, this scheme presents an implicit inhibition 
mechanism, that is, the processed events by one cell are eliminated from the AER 
sequence and do not interfere with the computation. This scheme allows reducing the 
AER sequence complexity from one cell to the next. 

In this system all cells use AER for information transmission, so each cell has 3 
AER ports: one AER input and two AER outputs. The first output gives the result of 
events computation and the second one resends the refused events.  

2.2   Objects Tracking Procedure 

Following, we present the object tracking procedure used by the architecture 
presented above. We only use one layer, where each cell, called TrackCell, consists of 
two sub-cells: one is devoted to object’s position determination, called CMCell,  and 
the other, called VCell, is devoted to object’s velocity estimation. Fig. 5.a shows these 
cells. 

From now on, we suppose that the input is the visual information provided by the 
silicon retina, so events correspond to the movement in the scene.  

The first cell in the layer receives all the events. Just after the first event is 
received, the CMCell only extracts and computes events from a small area around this 
first event (area of interest), resending the rest of the events to the second cell. If 
during a period of time CMCell does not receive enough events, typically 10 events, it 
will reset. On the contrary, if during this period of time CMCell receives enough 
events from the area of interest, it computes the object position as the mean value 
between the last positive event location and the last negative event location. After the 
object position computation, CMCell moves the center of the area of interest to the 
object position. This procedure is repeated after each event is received. If CMCell 
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receives events near the area of interest (a few pixels around) it will change the area 
size allowing adapting it to the object size. Fig. 5.b shows the CMCell state machine 
diagram. 

a) 

b) 

Fig. 5. a) CMCell+VCell and b) CMCell state machine diagram 

The output of the CMCell consists of an AER sequence that encodes the object 
position. This information is used by VCell to estimate the object’s velocity. 

VCell takes the object position periodically and computes the velocity as the mean 
value of the last two object positions. Initially, the period used is 100ms, but it 
changes depending on the velocity computed. If the velocity is high the period will be 
reduced. On the contrary, if the velocity is low the period will be increased. The 
velocity is also transmitted using AER.  

With this scheme it is possible to track as many objects as TrackCells can be 
synthesized in a FPGA in cascade. In our case, due to USB-AER board FPGA 
capacity only 6 objects can be tracked simultaneously.   

The key point of this procedure is that events are processed as soon as they are 
received, without frame integration. Therefore the response time of each cell is very 
short; in fact it is the delay time (order of ns). 

3   Experiments and Capabilities 

In this section we present some experiments to demonstrate the system’s capabilities 
and performance. The hardware configuration consists of a silicon retina and a USB-
AER board. 

In order to see what happened in the system the results are stored in the USB-AER 
SRAM and periodically they are downloaded to a PC and displayed on the screen.  
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3.1   Synthetic Stimulus 

In these two first experiments we use a USB-AER board for AER sequence 
generating (no retina used). The USB-AER generates an AER sequence emulating the 
retina behavior but without noise and impreciseness. The AER sequence emulates a 
4x4 pixels object describing a square. In the first experiment the object’s velocity is 
50 pixels/s and in the second 40000 pixels/s. 

Fig. 6.a shows AER sequence fused with the system’s output, both accumulated 
during 1s when the object’s velocitiy is 50 pixels/s. The gray dots are the AER 
sequence reconstruction and the system’s output are drawn in blue. The first value, 
near to the row, is the velocity modulus and the second is the VCell period. Fig.6.b 
shows the system’s output when the object’s velocity is 40000 pixels/s.  

 

 
a) 

 

 
b) 

Fig. 6. System’s output for synthetic stimulus fused with the reconstruction of the AER sequence: 
a) 50 pixels/s b) 40000 pixels/s 

With this experiment we demonstrate the system’s capability for determining the 
position and estimating the object velocity, even when the object velocity is very 
high. 

3.2   Synthetic Objects 

In these experiments we use a silicon retina observing a TFT monitor which is 
displaying objects moving in the scene at different location and velocities.  

Circle at different velocities 
In this experiment a circle starts moving slowly (26.6 pixels/s) from the right bottom 
corner to the right up corner, it then moves faster to the left up corner (40 pixels/s), 
then much faster to the left bottom corner (80 pixels/s) and then fastest to the right 
bottom corner again (160 pixels/s).  Fig 7.a shows a scheme of the scene. 

Fig. 7.b shows the system’s output fused with the reconstruction of the retina 
output, both accumulated during 6.2s. It can be observed how the system determines 
the object position and the velocity in every moment. The velocity estimation presents 
some discrepancies from the true object velocity (up to 25%). This error is due to the 
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retina imprecision and the speed of the estimation. In this system, real time is more 
important than accuracy. Furthermore, biological systems do not obtain a quantitative 
object velocity value, but a qualitative value. This system obtains a very good 
approximation to the real velocity. 

 

a) 
 

b) 

Fig. 7. Second experiment: a) experiment configuration, b) system output fused with silicon 
retina output 

With this experiment we demonstrate the system’s capability for adapting to object 
velocity in real time, that is, the system can track objects even when the object’s 
velocity is changing. 

Four objects at different velocities with crossing pathway 
In this third experiment we present a more complex scene: 4 objects moving at different 
velocities with crossing pathways. Fig 8.a shows the experiment’s configuration.  

 
a) 

 
b)

Fig. 8. Third experiment: a) experiment configuration, b) system output fused with retina output 
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Fig.8.b shows the system’s output fused with the retina’s output reconstruction 
(accumulated during 2s). Each color represents the output of one TrackCell. Each 
TrackCell uses a different period for velocity estimation. Once again the object 
velocity estimation presents some discrepancies with the real velocities: the objects 
velocities are constant, and the system’s output does not show constant velocities, the 
reason for that was explained above. 

With this experiment we demonstrate the system capability for several objects 
tracking even when the pathways are crossing. 

4   Conclusion 

This paper presents a neuromorphic system for real-time object tracking using new 
cascade architecture. The system is fully hardware implemented, described in VHDL; 
each TrackCell (CMCell+VCell) block only requires 315 slices of a Spartan-II 200 
Xilinx FPGA (13.4%). The response time is the minimum possible and depends on 
the sensor, typically the first object position is obtained after 10 events, and a new 
position after each new event. The maximum object speed for its tracking and speed 
prediction is 40000 pixels/s. 

Results show that the system can determine the position and estimate the velocity 
of several objects simultaneously, even in difficult situations: velocity change and 
crossing pathways. And in ideal situations it can estimate the object velocity with 
100% accuracy. 
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Abstract. This paper is based on the simulation of a convolution model for bio-
inspired neuromorphic systems using the Address-Event-Representation (AER) 
philosophy and implemented in the supercomputer CRS of the University of 
Cadiz (UCA). In this work we improve the runtime of the simulation, by 
dividing an image into smaller parts before AER convolution and running each 
operation in a node of the cluster. This research involves a test cases design in 
which the optimal parameters are set to run the AER convolution in parallel 
processors. These cases consist on running the convolution taking an image 
divided in different number of parts, applying to each part a Sobel filter for 
edge detection, and based on the AER-TOOL simulator. Execution times are 
compared for all cases and the optimal configuration of the system is discussed. 
In general, CRS obtain better performances when the image is divided than for 
the whole image. 

Keywords: AER, convolution, parallel processing, cluster, supercomputer, bio-
inspired, AER simulator. 

1   Introduction 

Nowadays computer systems are increasing their performance looking for the solution 
of real-world problems using models inspired in biology. These systems, called bio-
inspired systems, analyze the operation of parts of the body and try to implement it in 
a similar manner through electronic and/or computer systems. 

Address-Event-Representation systems are composed of sets of cells typically 
distributed in a matrix that process the information spike by spike in a continuous 
                                                           
* This work has been supported by Spanish Government grant VULCANO (TEC2009-10639-

C04-02) of the Minister of Science and Innovation. 
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way. The information or results of each cell is sent in a time multiplexed strategy 
using a digital bus, indicating which position is producing the event. 

If we represent a black and white image as an array of cells where each pixel value 
is in gray scale, the white level would correspond to a frequency value determined by 
allocating the largest amplitude values, higher brightness values. The signal caused by 
each pixel is transformed into a train of pulses using PFM (pulse frequency 
modulation) [1]. 

Based on the interconnection of neurons present on human vision, the continuous 
state of transmission in a chip is transformed into a sequence of digital pulses (spikes) 
of a minimum size (of the order of ns) but with an interval between spikes of the order 
of hundreds of microseconds (us) or even milliseconds (ms). This interval allows time 
multiplexing of all the pulses generated by neurons into a common digital bus. Each 
neuron is identified with an address related to its position into the array. Every time a 
neuron emits a pulse, its address will appear in the output bus, along with a request 
signal, until acknowledge is received (handshake protocol). The receiver chip reads 
and decodes the direction of incoming events and issues pulses for the receiving 
neurons. 

One of the operations performed by AER systems, applied to artificial vision, is the 
convolution. The first operations in the brain cortex consist of convolution for object 
edges detection, based on calculations of brightness gradients. In the design presented 
in [2], a system is described where a single convolution processor performs all 
operations for the whole image. 

Based on this idea, and the divide and conquer premise, this paper is arguing that 
the division of the image into smaller parts before AER convolution processing in 
parallel will reduce the runtime. With this new design a convolution could be 
proposed where a multiprocessor system may perform operations in less time. 

2   Methodology and Test Cases 

The process of experimentation is to verify, through an exhaustive analysis, which 
would be the different runtimes of the convolution of an image. Each runtime will 
correspond to different divisions. All division convolutions are performed in parallel, 
instead of performing the convolution of the whole image. 

We have used the Cluster of Research Support (CRS), part of the infrastructure of 
the UCA, for improving execution times of the simulation tool AER TOOL. In order 
to run this simulator on CRS we propose a new simulation model parameterized and 
adapted to running tests in parallel processors. 

2.1   Supercomputer CRS (Cluster of Research Support) 

The CRS is composed of 80 nodes. Each node has 2 Intel Xeon 5160 processors at 3 
GHz with 1.33GHz Front Side Bus. Each processor is Dual Core, so we have 320 
cores available. A total of 640GB of RAM memory, 2.4TB of scratch and Gigabit 
Ethernet communication architecture with HP Procurve switches allow to obtain a 
peak performance of 3.75 TFLOPS [3]. 
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In terms of software features, to manage distributed work, Condor1 tool is used. 
Condor is a job manager system that specializes in calculation-intensive tasks. The 
coding for the simulation was done using MATLAB and AER TOOL simulator [4] 
for MATLAB. 

Developing this set of tests on a real physical implementation would be highly 
expensive. The supercomputer CRS provides the possibility of an AER simulation 
model implementation in parallel with acceptable runtimes, using the software 
installed and existing libraries. 

2.2   Test Image and Successive Divisions 

For this simulation we have designed an image in Adobe Photoshop CS, using gray 
scale, where the pixel having the darkest value will have a value close to 0 and the 
brightest will be close to 255. The GIF image size is 128x128 pixels of 0-255 gray 
levels. 

The idea of dividing the original image and perform parallel convolution arises 
from trying to take advantage of distributed processing systems to expedite the 
process. This involves running a series of tests with different numbers of divisions. 

Firstly, we have obtained the process runtimes of the convolution of the original 
image without divisions. Secondly the image has been divided into 4 parts (64x64 bits 
each), performing the convolution in a different processor. Then, the sequence has 
been repeated by 16 divisions (32x32 bits each). Next, using 256 divisions (8x8 bits 
each), and finally we have concluded with 1024 divisions (4x4 bits each). 
Conceptually, the operation would be as shown in Fig. 1. 

 

 
1 Division 

 
4 Divisions 

 
16 Divisions 

 
64  Divisions 

 
256 Divisions 

 
1024 Divisions 

Fig. 1. Divisions of the original image to simulate 

 
                                                           
1 http://www.cs.wisc.edu/condor/ 
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Edge detection operation by convolution was performed at each division in a 
different node, estimating that for smaller image size the runtime will be reduced. 

2.3   Topology Diagram Implementation 

For this research, parametric model simulation software has been developed, whose 
test cases are specified by variable assignment. 

Once the simulation variables are set, the system runs following the block diagram 
shown in Fig. 2. 

 

Fig. 2. Simulation block diagram 

First, the division of the image is performed using specified parameters. Then, the 
Uniform method [2] was used for events generation algorithm. When applying this 
algorithm, a minimum time interval between consecutive events of 0.2 ms and a 
maximum of 400K events per frame are specified. The next step generates all files 
necessary for processing the AER TOOL in the CSR cluster. Then, the convolution 
filter is performed for each division on a different node. Finally, we got as many 
outputs as image divisions were generated, with the result of applying the operation. 

For the convolution filter Sobel edge detection was used in horizontal averaging 
the diagonal values of a 3x3 size. 
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Parameters that have been considered for the study are: 

− Number of cores: 4, 8, 16 and 32. 
− Number of divisions of the image: 

− 1 image of 128x128 pixels. 
− 4 divisions of 64x64 pixels. 
− 16 divisions of 32x32 pixels. 
− 64 divisions of 16x16 pixels. 
− 256 divisions of 8x8 pixels. 
− 1024 divisions of 4x4 pixels. 

− Convolution matrix: Sobel of 3x3. 
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Once we have recorded the runtimes of each stage, analyzed the graph generated 
and detected the highest peak on the surface, we can indicate the optimal design for 
the system. 

3   Results and Discussion 

CSR cluster is a shared computational resource at UCA. Execution times may depend 
on the cluster workload and users. A variation in the order of milliseconds has been 
detected. In order to minimize these undesirable situations we have selected a low 
workload day (Saturday) and a reduced number of nodes respect to the maximum 
available number of nodes in the cluster. Tests were performed 3 times and the 
averaged execution times are represented in tables 1- 4 and their respective figures. 

The test took place on 9/10/2010 with a workload of 30% consumed by other 9 
users running their own independent application of this test. 

Processing time for each stage and the total can be seen in the following tables, 
expressing all the time in seconds for each number of nodes. Data movement time 
haven’t considered because it’s not possible to access using user privileges in cluster 
management. 

Table 1 presents both the event generation and the convolution execution times for 
selected image divisions and using 4 nodes (16 cores) of the CSR. It can be observed 
that there is no significant difference for 1 or 4 divisions. Nevertheless, for 64 or 256 
divisions, runtimes are doubled and a significant difference for 1024 divisions can be 
seen. However, when generating events it can be seen that the lower is the number of 
divisions, the higher is the execution time, except for 1024 divisions. In the case of 
parallel execution it can be seen that leaving the image on its original size and 
dividing it into 4 pieces of 64x64 has a significant time difference too. It can be also 
observed that there is a runtime increment for 64 image divisions. For the total 
runtime (table 5, 4 nodes column), the best execution times correspond to 64 
divisions. 

Table 2 presents corresponding runtime results when tasks are scheduled for 8 
nodes of the cluster. Now it can be seen that runtimes are improved in general terms, 
but these results do not imply significant changes. For the image division task, the 
lowest execution time remains for 1 division. For the event generation task, the lowest 
result is obtained for 256 divisions. And for the convolution task, runtime is also the 
lowest for 4 divisions, like for 4 nodes. 

In Table 3 runtime results correspond to the use of 16 nodes of the cluster. Image 
division task has similar results than for lower number of nodes. Event generation 
task runtime offers significant changes for 8x8 blocks (when divided into a total of 
256 images), but their convolution runtimes do not produce improvements. In the 
parallel execution of convolutions, it is found that 64x64 divisions have reduced 
runtime. For 32x32 and 16x16 images runtime is very similar, but when you have 8x8 
images runtime increases. This increment is due to the coordination of a large number 
of processors in the cluster that requires more data traffic between them, resulting in 
an overall implementation delay. 
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In Table 4 results are presented when 32 nodes of the cluster are used. Image 
division task runtime and event generation runtime show similar results to those 
presented for 16 nodes. Parallel convolution task runtimes are improved for 4, 8 and 
16 divisions. Therefore increasing the number of nodes working in parallel does not 
imply runtimes reduction, but for larger number of divisions, runtimes also increase, 
starting at dawn when they are 64 divisions of blocks of 16x16 pixels and shooting 
when divisions reach the 1024 block of 4x4 pixels. 

Table 1. Runtimes summary for 4 nodes 

N. div Tdiv img Tgener. Even. Runtime. paral
1 24 ms 413,9 s 5,6 s
4 26 ms 101,1 s 5,3 s

16 35 ms 59,1 s 7,3 s
64 40 ms 38,8 s 13,1 s

256 42 ms 20,7 s 37,6 s
1024 94 ms 25,7 s 135,5 s  

Table 2. Runtimes summary for 8 nodes 

N. div Tdiv img Tgener. Even. Runtime paral
1 25 ms 395,6 s 9,3 s
4 30 ms 109,8 s 6,6 s

16 31 ms 62,8 s 7,6 s
64 30 ms 38,8 s 17,0 s

256 43 ms 20,9 s 27,2 s
1024 95 ms 25,8 s 81,5 s  

Table 3. Runtimes summary for 16 nodes 

N. div Tdiv img Tgener. Even. Runtime paral
1 26 ms 1199,2 s 8,3 s
4 26 ms 171,9 s 5,9 s

16 26 ms 108,9 s 17,4 s
64 28 ms 41,9 s 19,3 s

256 43 ms 22,7 s 34,8 s
1024 96 ms 31,3 s 76,8 s  

Table 4. Runtimes summary for 32 nodes 

N. div Tdiv img Tgener. Even. Runtime paral
1 30 ms 423,7 s 6,3 s
4 30 ms 107,7 s 10,5 s

16 30 ms 59,9 s 14,9 s
64 35 ms 41,0 s 34,8 s

256 43 ms 20,8 s 57,0 s
1024 100 ms 25,8 s 195,6 s  
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If we represent the total runtime with respect to the maximum number of nodes and 
the number of divisions, we get Table 5, noting the lowest total runtime shaded. 

If instead of using the total runtime, we take the parallel runtime and we represent 
it in the same domain as Table 5, we obtain Table 6, noting the minimum runtime 
shaded. 

It can be highlighted the case of 4 nodes and 4 divisions of 64x64 pixels blocks 
which have a faster execution, but not much different block sizes with the 32 or 128. 

Table 5. Summary of total runtime as the number of divisions and the number of nodes 

N div 4 nodes 8 nodes 16 nodes 32 nodes
1  420 s 405 s 1213 s 430 s
4 107 s 117 s 178 s 118 s

16 67 s 71 s 127 s 75 s
64 52 s 56 s 62 s 76 s

256 59 s 49 s 59 s 79 s
1024 165 s 111 s 113 s 225 s

Table 6. Summary of parallel runtime depending on the number of divisions and the number of 
nodes 

N div 4 nodes 8 nodes 16 nodes 32 nodes
1  5,6 s 9,3 s 8,3 s 6,3 s
4 5,3 s 6,6 s 5,9 s 10,5 s

16 7,3 s 7,6 s 17,4 s 14,9 s
64 13,1 s 17,0 s 19,3 s 34,8 s

256 37,6 s 27,2 s 34,8 s 57,0 s
1024 135,5 s 81,5 s 76,8 s 195,6 s

4   Conclusions 

In this work we have designed a test case set for AER convolution processing on a 
supercomputer, the CSR cluster of UCA, Cadiz, SPAIN. We have executed and 
compared all the test cases. If we rely on the data obtained we obtain the following 
conclusions: 

− Referring to the data in Table 5, we can see that the total runtime minor by running 
a maximum of 8 nodes in parallel and 256 divisions of the image into blocks of 8x8 
bits. This case is very similar to the case of a maximum of 8 nodes in parallel and  
64 divisions of the image into blocks of 16x16 bits. Then, the two implementations 
would be valid for our system. 

− If we look at the data in Table 6, in which only the parallel runtimes are shown, we 
see that the test case for a maximum of 4 nodes with 4 divisions of 64x64 bits of 
the image, obtained lower runtimes. 

− If we consider that, in a hardware implementation the event generation time 
disappears when taking images directly from an acquisition event-based system 
(i.e. silicon retina), the best option is to have 4 nodes in parallel with 4 divisions of 
64x64 bits. 
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This work represents the first steps on the execution of more complex AER system 
simulations on the cluster, which will improve considerably the performance of 
parameters adjustment of hierarchical AER systems where several convolution 
kernels work together in a multilayer system for more complex tasks as face 
recognition, etc, already illustrated in [7]. 
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Abstract. The rods and cones of a human retina are constantly sensing and 
transmitting the light in the form of spikes to the cortex of the brain in order to 
reproduce an image in the brain. Delbruck’s lab has designed and manufactured 
several generations of spike based image sensors that mimic the human retina. 
In this paper we present an exhaustive timing analysis of the Address-Event-
Representation (AER) output of a 64x64 pixels silicon retinomorphic system. 
Two different scenarios are presented in order to achieve the maximum 
frequency of light changes for a pixel sensor and the maximum frequency of 
requested directions on the output AER. Results obtained are 100 Hz and 1.66 
MHz in each case respectively. We have tested the upper spin limit and found it 
to be approximately 6000rpm (revolutions per minute) and in some cases with 
high light contrast lost events do not exist. 

Keywords: Bio-inspired, Spike, Retinomorphic Systems, Address Event 
Representation.  

1   Introduction 

The human retina is made up of several layers. The first one is based on rods and 
cones that capture light. The following two additional layers of neurons are composed 
of different types of cells [1]. Next one layer is composed of bipolar, horizontal and 
amacrine cells. Each cell has specific skills; the horizontal cells implement a previous 
filter that has an inhibitory affect on the photoreceptors when light is shone onto 
them, the bipolar cells are responsible for the graded potentials generation. There are 
two different types of bipolar cells, ON cells and OFF cells that produce on and off 
graded potentials. The last type of cells of this layer are the amacrines, they connect 
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distance bipolar cells with ganglion cells. The last layer of the retina is composed by 
ganglion cells. They are responsible for the action potentials or spikes generation. 
Information travels along the optic nerve that is composed by the axons of ganglion 
cells. 

Delbruck’s silicon retina [2] consists of a set of 64x64 temporal differential light 
sensors that mimic the behavior of bipolar cells. There are several researchers from 
different labs and countries working on this type of bio-inspired and spike-based 
systems. They are called neuromorphic engineers. Telluride Neuromorphic 
Engineering Workshop and CapoCaccia Cognition Neuromorphic Engineering 
Workshops [3][4] are events where these researchers present and interchange ideas 
and results. This type of systems is called retinomorphic and they have a pixels 
structure. Each pixel should copy the behavior of one bipolar cell plus the sensing 
light. 

This type of system was firstly proposed at 1988 by Mead and Mahowald [5] with 
an analog model of a pixel. But it was in 1996 when Kwabena Boahen presented two 
works [6][7] that established the basis for the silicon retinas and their communication 
protocol. After them, Culurciello [8] described a gray level retina with 80x60 pixels 
and a high level of response with AER output. The most important fact in all these 
works is the design of the spikes generator. Other way to design retinas, apart from 
AER, is with visual microprocessors based on the cellular neural network universal 
machine. A review of this type of designs could be find at [9].   

In this paper we have used the 64x64 Delbruck retina developed under the EU 
project CAVIAR. This retina uses an Address Event Representation (AER) 
communication strategy (Fig. 1). If any pixel of the retina needs to communicate a 
spike, an encoder assigns a unique address to it and then this address will be put onto 
the bus using a handshake protocol. AER was proposed by Mead lab in 1991 [10] as 
an asynchronous communication protocol for inter neuromorphic chips transmissions. 
Two handshake lines of request (REQ) and acknowledge (ACK) are managing the 
communication. 

 

Fig. 1. Spiking pixels using AER communication between neuromorphic chips 
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2   64x64 AER Retina Chip 

We used a silicon bio-inspired retina of 64x64 pixels (Fig. 3) designed by P. 
Lichtsteiner and T. Delbruck at Neuroinformatics Institute at Zurich [2]. This retina 
generates events corresponding to changes in log intensity, so static scenes do not 
produce any output. For this reason, each pixel has two outputs, ON and OFF events 
or two directions if we look through AER. The type of the event depends on the sign 
of the derivative of the light evolution respect to the time; if there is a positive change 
of light intensity within a configurable period of time a positive event should be 
transmitted. Consequently if it is a negative change of light intensity, then a negative 
event appears on the output AER bus. Due to the sign of the events, the address space 
used by this retina goes from 0 to 8191; although only 4096 addresses could be 
spiking. The frequency of output events is proportional to the light amplitude 
changes. The bigger the light intensity change, the more output events are produced. 
This frequency of output events can be adjusted through available bias, but in that 
case the activity of idle pixels is also increased. We have configured the retina in 
order to reduce the AER traffic of those pixels with no intensity changes, which could 
imply a decrease of the output frequency of spikes for a particular pixel whose 
intensity is changing. 

At Delbruck’s paper [2] there are several tests to characterize the retina but we 
need to know the behavior at the worst condition in order to use the retina at any 
industrial application (the aim of Spanish Project VULCANO). That kind of 
environment typically requires detecting and producing a decision taking and an 
action to really fast moving or rotating objects. It is very important to know exactly 
the maximum detected change of pixel light in the AER retina in order to determine 
the maximum frequency of rotation for a particular object. It is also important to 
know if there is any lost event at those frequencies. With those data it is possible to 
determine the best rpm observed for any kind of industrial machinery.  

At CAVIAR project [11] a standard for the AER protocol was defined by Häfliger. 
This standard defines a 4-step asynchronous handshake protocol (Fig. 2 and Table 1). 

Next section presents the experimental methodology to calculate exactly the times 
expressed at Häfliger standard. With those times and the number of pixels spiking at 
the same time, it is possible to determine the bandwidth limit of produced events and, 
if present, the percent of lost events.  

 

Fig. 2. Timing for a valid AER transmission with a 4 phase handshake protocol. Single sender 
and receiver [11].  
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Table 1. Timing requirements of a 4-step asynchronous handshake protocol (Fig.2) 

Times min  max  Avg 
t1 0s ∞  
t2 0s ∞ ≤ 700 ns 
t3 0s ∞  
t4 0s 100 ns  
t5 0s 100 ns  
t6 0s ∞  

3   Experimental Methodology  

In this section we present and describe two different methods in order to extract the 
bandwidth limit and the percent of lost events. 

We have used several AER-tools for these experiments. We have used the jAER 
viewer and Matlab functions, available at the jAER wiki [12]. Furthermore, a logic 
analyzer from manufacturer Digiview (Model DVS3100) (Fig. 3) has been used. 

3.1   Environment 

In order to make the tests two different scenarios have been used.  
The first one described in Fig. 3 is mainly composed of a mechanical drill. The 

reason to use this type of mechanical tool is because they provided a huge margin of 
spin frequency. This fact allows us to compare the spin frequency and the maximum 
frequency of one pixel, which is our first goal.   

 

Fig. 3. Picture of the scenario prepared for the first test. Components are 1. Mechanical Drill, 2. 
Logic Analyzer, 3. Sequencer Monitor AER and 4. 64x64 pixels retina. 

For the second test, we have taken advantage of the problem from the typical 
environment of a laboratory. The fluorescent tube makes all the objects at the room 
change their luminosity with the power network frequency (50 Hz at Spain). For us, 
that frequency is not visible, but the retina notice it, so it is possible to achieve that all 
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the pixel spiking focus the retina on the tubes. With this scenario, the logic analyzer 
will show the proper times of each spike and the Häfliger times could be resolved.    

The Sequencer Monitor AER board called USB2AER, has been used in both 
experiments. This board consists of two main components, the Cypress FX2LP 
USB2.0 transceiver and a Xilinx Coolrunner 2 CPLD with 256 macroblocks of digital 
logic (XC2C256). It has three 16 bit word-parallel AER ports following a 4 phase 
handshake protocol (2 additional REQ and ACK signals). The power consumption is 
60 mA while monitoring and sequencing and the sustained bandwidth of the board is 
5 Meps (Mega Events per second) [13].  

3.2   Maximum Spike Frequency 

For this test we have assembled the retina to an USB2AER Monitor Sequencer 
Interface [13] that connects an AER bus to the computer sending packets of USB 
composed of sequences of Address-Events and timestamps that indicate the time 
instant when the event was coming from the AER retina.  

In order to determine the frequency it is necessary to focus on a few pixels of the 
retina. To obtain this response of the retina we have stimulated it with a high range of 
frequency of the mechanical drill. The range goes from 0Hz to 100Hz (which is 
equivalent to a mechanical range from 0rpm to 6000rpm). The assembly appears at 
Fig. 3. The retina has been placed so the drill is stimulating just a few pixels of the 
retina. These pixels are producing output AER traffic which frequency depends on the 
drill spin frequency. 

Using the Java application associated to the USB2AER monitor available at 
Sourceforge, called jAER viewer, we have captured a sequence of AER. Under 
Matlab we have extracted the most repetitive addresses and we have processed them 
in order to know which pixels are spiking. Additionally, all directions were ordered 
and the most repetitive direction was obtained. Also, we have looked for that direction 
inside the information from logic analyzer and studied the sampled frequency for that 
pixel for each spin frequency of the drill.  

Note that, for high frequency luminosity changes, between two consecutive events 
of one pixel, all the other active pixel events should fit. 

3.3   Maximum Frequency of Requested Directions 

For the final aim of this test we cannot use the AER monitor board because its USB 
interface will limit the bandwidth peak of events to the size of the buffer and clock 
speed.  

To determine this maximum frequency on the output AER bus of the retina it is 
necessary to illuminate all pixels in order to saturate the arbiter inside the retina that is 
managing the writing operation of events on the AER bus. So firstly we need to 
connect the retina to the AER monitor in order to check that the whole retina is 
illuminated and, therefore, all the pixels are producing events. Then the AER monitor 
is disconnected and the retina is connected to the logic analyzer with a jumper 
connecting the request and acknowledge signals. The aim is to calculate the time 
expressed by the standard of Häfliger.  



154 F. Perez-Peña et al. 

Captured data by logic analyzer has been processed with Matlab in order to 
determine the minimum, medium and maximum inter-spikes-interval times.  

4   Results and Discussions 

The results obtained for the first testing scenario are shown in Fig. 4. It shows the 
evolution of spike frequency for the most repetitive direction calculated in front of the 
spin frequency of the drill expressed in rpm.  

The graph shows that when the drill is quiet, there is no output frequency of events. 
So it can be said that the minimum frequency is 0 Hz. With increments at the spin 
frequency the spiking frequency level increases up to 100Hz which is the saturation 
level. 

Using Matlab, we have fitted the values obtained within a linear polynomial 
regression. The coefficient of determination r-square of the regression is 0.7684. It 
shows a quite reliable approximation of the trend. The regression line is represented 
as a discontinuous line at the graph. 

The nonlinear and non systematic behavior could be explained from two points of 
view: on the one hand is the fact that at those kind of industrial machinery with high 
rpm there is a process to stabilized the head and that could provoke some wrong 
values; in the other hand is that we have just choose the most repetitive pixel instead 
of an average of a few of them.   

 

Fig. 4. Maximun spike frequency evolution for the spike frequency in front of the spin of the 
drill expressed at rpm  

We have raised, step by step, the spin of the drill from 6000 rpm to 7000 rpm in 
order to test the retina. In this range, the target began to disappear from the retina 
view. This is the empiric limit for this retina.  

Another result of this analysis should be highlighted: if the maximum frequency is 
100 Hz, it is necessary to fit the 4096 addresses within this 10 ms (Fig. 5) in order to 
aim no miss events.  

In both trials, the times by Häfliger standard have been obtained as it is shown in 
table 2:  
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Table 2. Comparative timing table from the obtained at trials and defined by Häfliger standard 

Times Häfliger  Laser Trial  Fluorescent Trial 
t1 (0 - ∞) 10 ns 200 ns 
t2 (0 - ∞) 60 ns 30 ns 
t3 (0 - ∞) - - 
t4 (0 – 100 ns) 990 ns 60 ns 
t5 (0 – 100 ns) 20 ns 60 ns 
t6 (0 - ∞) 370,16 µs 470 ns 

Note that t3 is included in t4 and it is impossible to be measured because the valid 
address is still on the bus until the next one arrives.  

At the fluorescent trial we were looking for the maximum frequency of any 
requested address. That is the inverse of consecutive request times and the same as the 
sum of t2, t4, t5 and t6 that result 1.66 MHz (Fig.5). 

If we join together the 10 ms obtained at the drill scenario between two 
consecutive events of the same pixel, that could be called time frame, and t2+t4+t5+t6 
obtained on the tubes scenario between any two consecutive events, a maximum 
number of events could appear within these 10ms, as shown in Fig. 5.  

 

Fig. 5. Time Frame in the worst condition of luminosity change for the retinomorphic system 
composed of a 64x64 pixels retina  

Note that, with these timings, up to 16666 addresses could be placed within the 
time frame. If we had considered an address space of 4096 pixels, it would have 
confirmed no lost events. This situation has appeared in high luminosity change 
conditions, which shows the excellent behavior for an industrial application.   

5   Conclusions 

In this paper we have presented a study for the timing and limits of a retinomorphic 
system composed of a 64x64 pixels retina in an industrial application. Two scenarios 
were assumed to test the retina; one to determine the maximum spike frequency and 
the other one for the maximum request frequency. With those results we have 
checked the upper limit of spin drill to be approximately 6000 rpm. Also, the results 
shown in Fig. 5 reveal that in the worst condition of luminosity change for our retina  
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there will be no lost events. Therefore, this AER retina can be used on industrial 
applications that do not require pixels changing at frequencies higher than 100Hz and 
that do not produce AER bandwidths higher than 1.66Meps for the present analog 
bias configuration of the AER retina. 
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Abstract. Spike-based systems are neuro-inspired circuits implementations 
traditionally used for sensory systems or sensor signal processing. Address-Event-
Representation (AER) is a neuromorphic communication protocol for transferring 
asynchronous events between VLSI spike-based chips. These neuro-inspired 
implementations allow developing complex, multilayer, multichip neuromorphic 
systems and have been used to design sensor chips, such as retinas and cochlea, 
processing chips, e.g. filters, and learning chips. Furthermore, Cellular Automata 
(CA) is a bio-inspired processing model for problem solving. This approach 
divides the processing synchronous cells which change their states at the same time 
in order to get the solution. This paper presents a software simulator able to gather 
several spike-based elements into the same workspace in order to test a CA 
architecture based on AER before a hardware implementation. Furthermore this 
simulator produces VHDL for testing the AER-CA into the FPGA of the USB-
AER AER-tool. 

Keywords: spiking neurons, address-event-representation, usb-aer, vhdl, fpga, 
image filtering, neuro-inspired, cellular automata. 

1   Introduction 

Cellular organization in biology has been an inspiration in several fields, such as the 
description and definition of Cellular Automata (CA). They are discrete models that 
consist of a regular grid of cells. Each cell has an internal state which changes into 
discrete steps and knows just one simple way to calculate the new internal state like a 
rudimentary automaton. Cellular activity is carried out simultaneously like it occurs in 
biology. Von Neumann referred to this system as a Cellular Space that is known 
currently as Cellular Automata [1].  

The first self-reproducing CA, proposed by von Neumann consisted of a 2D grid of 
cells, and the self-reproducing structure was composed of several hundreds of 
elemental cells. Each cell presented 29 possible states [2]. The evolution rule was 
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