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Chapter 1

Introduction

Since when we are very young we can learn new concepts very quickly and eas-
ily distinguish between different kinds of object or sound. If we see a single

object or hear a particular sound, we are then able to recognize such sample or even
different versions of it in other scenarios. As an example, if one sees a iron chair
and associates the object to the general concept of “chairs”, he will be able to detect
and recognize also wooden or wicker chairs. Similarly, when we hear the sound of
a particular event, such as a scream, we are then able to recognize other kinds of
scream that occur in other different environments. We learn and store models of
the reality, which we then unconsciously apply in new situations in order to under-
stand the surrounding environment. Such learning abilities can be attributed to the
power and flexibility of the brain that exploits the functions and characteristics of
the auditory and visual systems. These systems have been studied along years and
have inspired the work of many researchers in different disciplines such as cognitive
neuroscience, psychology, visual and auditory perception, etc.

In hearing research, on one side, a great deal of information about the single com-
ponents of the outer, middle and inner ear has been collected. Existing models aim
at explaining the psychology of hearing from what we know about the functions of
each anatomical components. For instance, Poveda and Meddis (2001) and Meddis
(2006) modeled the conversion of the sound pressure waves into electrical stimuli on
the auditory nerve in the outer and middle ear. Jeffress (1948), instead, proposed an
early model of superior olivary nucleus of the brainstem, which inspired the work
of researchers on sound source localization Blauert (2013). Nowadays, a complete
understanding of hearing is not available, but the abundance of models of the single
parts and the use of computers are helping to reach the goal.

On the other side, historically, a great interest has been dedicated by the scien-
tific community to the study of the visual system, starting from the seminal work
of Hubel and Wiesel (1962), Nobel prize for medicine, about the discovery of neu-
rons devoted to detection of bars and edges in the primary visual cortex of cats.
Their work opened a fruitful research path that led to the understanding of the
complete organization of the visual system. Moreover, it inspired computer vision
researchers that proposed models of the neurons in area V1 of the primary visual
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Figure 1.1: Architectural scheme of a pattern recognition system. The input data are pre-
processed, according to specific needs of the system, and then features are computed to ex-
tract important properties from such data. The features to be computed can be determined
by an engineering process or can be learned from the data (feature learning). Feature selec-
tion procedures are usually involved in order to determine a sub set of discriminant features
that are then used to traing a classifier, which determines a model of the training data. Such
model is then used in the operating phase of the system, while a classifier is employed to take
decisions on the input data.

cortex, such as the Gabor model (Daugman, 1985) and the CORF model (Azzopardi
and Petkov, 2012). Other researchers, instead, recognized the importance of hierar-
chical organization of the visual system and applied it to computer vision (Geman
and Geman, 1984).

In this thesis, we start from the consideration that our brain and in particular the
visual and auditory systems are as sophisticated as fascinating pattern recognition
systems. The architecture of a pattern recognition system is drawn in Figure 1.1.
At a first stage in auditory and visual systems, basic and simple characteristics are
extracted from the scene, which are then combined and elaborated in later stages
in the brain in order to extract relevant information and take decisions. This re-
minds of data acquisition and features extraction stages in traditional pattern recog-
nition systems, followed by modules where the data are further processed (feature
learning and selection, model training) in order to take decisions, such as detection,
recognition, classification or rejection. Quite simply, humans are amazing pattern-
recognition machines.
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1.1 Scope

In this thesis, we investigate the construction of pattern recognition systems that
are based on the computation of features inspired by the characteristics of human
auditory and visual systems. We specifically focus on the task of learning a repre-
sentation of the pattern of interest directly from the input data (feature learning in
Figure 1.1) by using biological inspired approaches and to select discriminant fea-
tures for improved classification (feature selection in Figure 1.1). The main research
questions that motivated the work presented in this thesis are:

• Can biology-inspired filters detect important properties of acoustic and visual
signals in a more effective way than traditional approaches?

• How would such filters perform when used as feature extractors in pattern
recognition systems for real-world applications?

The first question has led to the proposal, in Chapters 4 and 5 of two biologically-
inspired filters for processing acoustic signals and for image analysis, respectively.
These two filters are inspired by some properties of the outer and middle ear in the
auditory system and of simple cell neurons in area V1 of the primary visual cortex,
respectively.

In order to fulfill the second research question, we employed the proposed filters
in two important real-world applications, namely the detection of acoustic events
for intelligent surveillance and the delineation of blood vessels in retinal fundus
images. Since intelligent audio surveillance is a recent research field and no public
data sets are available for testing events detection algorithms, we constructed two
data sets of abnormal events that can occur in everyday-life. We present them in
Chapters 2 and 3 together with an approach based on traditional pattern recognition
techniques. Moreover, in Chapter 3 we design a framework for the deployment of a
real-world system for audio surveillance of roads.

As mentioned in the previous section, one of the interesting properties of human
biological systems is the capability of quickly learning the model of new objects
or sounds. Such models are flexible for the recognition of similar versions of the
learned samples. This posed the third research question:

• Can the structure of a filter be learned from a single training sample and then
applied for the recognition of similar patterns?

This question is addressed in Chapters 4 and 5. One of the characteristics of the
proposed filters is the trainability as their structure is learned in an automatic config-
uration process given a prototype pattern of interest. In the application phase they
are for variations of the patterns of interest. We further investigate the flexibility of
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using such filters by proposing, in Chapter 6, a method for automatic selection of a
set of filters, which optimize the performance on the delineation task.

Applied research has the purpose of solving relevant problems and producing in-
novation that can improve the quality of our lives. One of the constrains that has to
be taken always into account is the computational resources that will be required by
the approach under investigation. This posed the last, but not least, question that
has guided this work:

• Is the processing time of the proposed filters appropriate for their application
in practical real-world systems?

Attention to the amount of resources required by pattern recognition tools cov-
ers a strategic role in the development of innovative systems. To this extent, during
the development of the filters, we evaluated the impact that each operation has in
the processing of the input signal and took into account their overall required pro-
cessing time.

1.2 Thesis Organization

The chapters of this thesis are organized as follows.
In Chapter 2, we introduce the problem of audio events detection for intelli-

gent surveillance applications and propose a system for detection of glass breaking,
gun shot and scream sounds in public noisy environments. The proposed system is
based on the bag-of-features classification approach (Joachims, 1998), which is able
to learn a feature set directly form the data (feature learning). Since audio surveil-
lance is a relatively new research field and public data sets were not available, in
this chapter we also present a new large data set of audio events that we made
available for benchmark purpose. We provide a quantitative analysis of the perfor-
mance that compares the results of the proposed method with the ones achieved by
existing methods on the new data set.

In Chapter 3 we present an application of the method proposed in Chapter 2 to
surveillance of roads for the automatic detection of hazardous situations. In partic-
ular, we design a practical system and provide a deployment strategy for different
kinds of roads (from very calm country roads to very busy cities or motorways).
The proposed architecture is based on models of noise caused by moving vehicles
in roads. Moreover, we present a data set of tire skidding and car crash sounds, for
evaluation of the detection algorithm.

In Chapter 4 we present novel filters, which we call CoPE (Combination of Peaks
of Energy), for feature extraction in audio signals. The proposed filters are inspired
by the way the sound waves are converted into neural impulses on the auditory
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nerve in the human auditory system. An important characteristic of CoPE filters is
trainability: their structure is determined in an automatic configuration process on
a given sample of interest. The process of learning important features is addressed
in this chapter in a more direct way than in previous chapters. We involve the pro-
posed trainable-features in a system for audio events detection based on the use of
CoPE filters to automatically extract important features of event of interest. The pro-
posed system outperforms performance of the method based on the bag-of-features.
This confirms that biology-inspired CoPE filters are suitable for audio analysis.

In Chapter 5 we address an important application in medical image analysis,
that is the delineation of blood vessels in retinal fundus images. We introduce train-
able bar-selective COSFIRE filters, or B-COSFIRE for brevity. Their selectivity is not
predefined in the implementation but rather determined from a user-specified pro-
totype pattern (e.g. a straight vessel) in an automatic configuration process. We
evaluate the performance of the proposed method on three data sets: DRIVE (Staal
et al., 2004), STARE (Hoover et al., 2000) and CHASE DB1 (Owen et al., 2009).

We present an approach for automatic selection of a set of B-COSFIRE filters (fea-
ture selection in the scheme of Figure 1.1) that are the most relevant for the application
at hand in Chapter 6. The discriminant qualities of the filters are evaluated by us-
ing machine learning and information theory techniques. In particular we employ
Generalized Matrix Learning Vector Quantization (Schneider et al., 2009b), genetic
algorithms and entropy score. We apply the proposed method for the delineation of
blood vessels in retinal fundus images and evaluate its performance on two bench-
mark data sets: DRIVE (Staal et al., 2004) and STARE (Hoover et al., 2000).

The above introduced five chapters have been submitted to peer reviewed jour-
nals. Chapters 2, 3 and 5 are published, while Chapter 6 has been accepted for
publication and Chapter 4 is currently under review.




