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Chapter 7

Summary and Outlook

7.1 Summary

In this thesis we proposed novel pattern recognition methodologies for audio and
images analysis based on the use of biology-inspired filters. The filters that we pro-
pose draw inspiration from some properties of the components of the middle ear
in human auditory system and by the characteristics of simple cells in area V1 of
the primary visual cortex. We employed the proposed filters in two important ap-
plications, namely the detection of audio events in surveillance systems and the
delineation of blood vessels in retinal fundus images.

Audio surveillance is a very recent research field and the state-of-the-art meth-
ods did not provide yet a reasonable approach to solve the problem of audio events
detection in open environments. Moreover, to the best of our knowledge, there were
no publicly available data sets for benchmarking of detection algorithms. Thus, we
created and made publicly available for algorithm evaluation two data sets, namely
the MIVIA audio events and the MIVIA road events data sets. The MIVIA audio
events data set is composed of glass breaking, gun shot and scream events, mixed
with various background sounds and with different values of signal-to-noise ratio.
The MIVIA road events data set, instead, contains events of car crashes and skidding
tires, which are abnormal events that can occur in roads.

In Chapter 2, we proposed an approach for audio events detection in noisy envi-
ronments, which is based on the bag-of-features classification paradigm. The basic
idea of the proposed approach is that the events of interest are composed of small
perceptual units of hearing, which we call aural words. While a single aural word
describes short-time characteristics of the audio signal, the occurrence and distri-
bution of such aural words within a larger interval of time is likely representative
of the presence of a given event. The classification results that we obtained on the
MIVIA audio events data set were higher than the ones achieved by existing meth-
ods and motivated the implementation of a prototypical system for the live analysis
of sound.

On the same trail, in Chapter 3 we proposed an application of the developed
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audio events recognition system to roads surveillance. To this concern we designed
an architecture for practical deployment of an audio surveillance system. The pro-
posed architecture is built on an accepted model of traffic noise, namely the CoRTN
model (United Kingdom Department of Environment and welsh Office Joint Pub-
lication, HMSO, 1975), and provides a tool for positioning of microphones so as
to monitor long stretches of road. We evaluated the performance of the proposed
system in different scenarios. In particular, we studied how the SNR and the de-
tection rate vary depending on the sound source distance, the vehicles speed and
the number of passing vehicles per hour. Moreover, we collected and made pub-
licly available a data set of abnormal events that can occur in roads. The proposed
system for audio events detection achieved better performance than other existing
methods and showed a reasonable robustness to variations of the SNR level of the
events of interest.

Humans, however, are able to recognize sounds even when the SNR is negative,
due to the characteristics of the auditory system. Starting from this consideration
and inspired by some properties of the outer and middle ear in the human audi-
tory system, in Chapter 4 we designed novel filters, that we called CoPE filters,
for audio stream analysis. The performance achieved by the proposed CoPE filters
outperformed the ones of existing methods and demonstrated their high stability
with respect to variations of the SNR of the events of interest. It is worth pointing
out that the proposed filters performed well even in case of null or negative SNR
values. One important property of such filters is trainability as they determine the
important features by an automatic configuration process on a prototype sound of
interest. Thus, they do not require domain knowledge for manually creating a fea-
ture set to describe the sounds of interest. A configured CoPE filter can be thought
of as a particular feature extractor, determined directly form the data.

In Chapter 5, instead, we focused on an important image analysis task and pro-
posed B-COSFIRE filters for the delineation of blood vessels in retinal fundus im-
ages. Unlike the original COSFIRE filters that combine the output of Gabor filters (?),
B-COSFIRE filters take as input the responses of DoG filters, whose spatial arrange-
ment is determined during an automatic configuration process performed on a
given prototype pattern of interest. We demonstrated that they are highly suitable
for delineation of bar-like structures in images. In the case of delineation of blood
vessels in retinal images, we proposed to combine the responses of B-COSFIRE
filters that are selective to different kinds of vessels, namely straight vessels and
vessel-endings. This combination contributed to outperform existing unsupervised
methods and to achieve comparable results to approaches that are based on machine
learning techniques.

We further extend the adaptation capabilities of B-COSFIRE filters in Chapter 6.
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We proposed to employ machine learning and information theory techniques to de-
termine an optimal set of B-COSFIRE (both vessel- and vessel-ending-selective) fil-
ters for the improvement of the quality of the delineation output. We configured a
large set of B-COSFIRE filters selective for vessels of various thickness. Then, we
employed different feature selection methods, including Generalized Matrix Learn-
ing Vector Quantization (GMLVQ) (Schneider et al., 2009a), class entropy and a
genetic algorithm. The high results achieved by the proposed approach are at-
tributable to the combination of the generalization capabilities of the B-COSFIRE
filter with an automatic procedure for the selection of the important filters for the
application at hand.

The proposed CoPE and B-COSFIRE filters share the same working principle.
They are both trainable as their structure can be automatically configured to be se-
lective to a specific pattern of interest. They take as input and then combine the re-
sponses of simpler filter responses (i.e. time-frequency energy peaks for CoPE and
DoG responses for B-COSFIRE). In the application phase, the input filter responses
are blurred so as to be tolerant to deformations of the pattern of interest. Thus, they
have intrinsic generalization capabilities that can be exploited in complex classifica-
tion systems.

The work proposed in this thesis draws a research path from traditional to
biology-inspired pattern recognition. It contributes to design robust and flexible
pattern recognition systems that exploit the fundamental working principles of the
human auditory and visual systems. The proposed trainable filters aim at reducing
the feature engineering effort usually required for the design of a new system.

7.2 Outlook

In the following we propose some research lines that can be followed for extending
the work contained in this thesis.

Audio events detection in environments with uncontrolled noise sources has re-
cently raised a great interest of the increasing request by people of living in safer
places. Background noise can be composed of various sounds, which are typical for
some environments but not typical for others. To this concern, the work proposed in
this thesis could be extended towards the improvement of robustness with respect
to various background noise. Usually, it is not trivial to foresee the kinds of sound
that can occur in every environment, so making not possible the creation of a gen-
eral model for background noise. For the construction of a complete and effective
audio surveillance system, the proposed audio event detectors (the one based on
bag-of-features in Chapter 2 and the one based on CoPE filters in Chapter 4) could
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be extended with a background sound modeling and subtracting module Ntalam-
piras et al. (2011); Crocco et al. (2014). This will strengthen the detection system and
will make it automatically adaptable to different environments.

The proposed CoPE filters are inspired by some physiological evidence of the
functioning of the middle ear of the human auditory systems. In particular they are
inspired by the way the cochlea membrane vibrates when is stimulated by incoming
sound pressure waves and how such vibrations cause a firing activity of inner-hair
cells (IHC) towards the auditory nerve. There is neuro-physiological evidence that
the firing of IHC is subjected to an inhibition mechanism that avoids the short-time
firing of the same neurons Lopez-Poveda and Eustaquio-Martı́n (2006). At a larger
scale, it means that the effect of an acoustic event depends on what other acoustic
events have occurred in the recent past. The investigation of such inhibition mech-
anism in the selection of the sub-components of CoPE filters could contribute for
stronger robustness to noise and higher generalization abilities. Only the significant
peaks that corresponds to IHC firing activity will be thus selected in the configura-
tion and application phases of the filter.

One important property of the CoPE filters is trainabity. Their structure is deter-
mined during an automatic configuration process given a pattern of interest. This
corresponds to high flexibility of the proposed filters, which can be employed in
other audio analysis applications. For instance, a song is composed of repeated
patterns, usually rhythmic but also melodic. The principle of CoPE filters can be
used to model and then detect such patterns in unknown audio streams. Further-
more, different musical genres typically involve different rhythmic structures and
sometimes even different instruments, with specific frequency characteristics. Thus,
the proposed CoPE filters can be employed in various applications such as mu-
sic genre recognition (Sturm, 2014), ornamentation detection and recognition (Neo-
cleous et al., 2015), audio fingerprinting (Cano et al., 2005), etc.

The B-COSFIRE filters proposed in Chapter 5 are effective for the delineation
of blood vessels in retinal fundus images. We configured filters selective for bar-
like patterns, such as vessels and vessel-endings. However, the selectivity of the
B-COSFIRE filters is not fixed a-priori but rather determined during an automatic
configuration process, performed on a prototype pattern of interest. The quality of
the delineation output can thus be improved by configuring filters that are selective
for other patterns, such as bifurcations or crossovers, and combine their responses
with the one of the bar-detectors.

B-COSFIRE filters reproduce some properties of simple cells in area V1 of pri-
mary visual cortex, which are devoted to detection of edges and bars. Some of
these cells receive inhibition from receptive fields with opposite polarity, which pro-
duces sharper responses to bar-like stimuli. One direction for the extension of the
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B-COSFIRE filters is to include the inhibition mechanism, called push-pull inhibi-
tion. It is expected to strengthen the response of the filter along by suppressing the
noise in the surrounding of the borders of thicker bars and along thinner bars.

Another direction for future work is to consider the depth dimension and con-
figure B-COSFIRE filters for 3D bar structures that can be applied, for instance, to
detect the blood vessels in angiography images of the brain. B-COSFIRE filters can
be also employed in other applications where delineation of elongated structures is
required, such as the quantification of length and width of cracks in walls (Muduli
and Pati, 2013) for earthquake damage estimation or the monitoring of the flow of
rivers from aerial images in order to prevent flooding disasters (Zhang et al., 2009).

The procedure proposed in Chapter 6 is a framework for the automatic selec-
tion of a set of B-COSFIRE filters, whose combined responses improve the quality of
the delineation output. The original set of B-COSFIRE filters used in Chapter 6 can
be extended to include, for instance, filters selective to bifurcations and crossovers.
This will increase the flexibility of the proposed approach and its capability of deter-
mining a set of filters optimized for the application at hand. Moreover, the method
can be considered as a general approach for filters selection and employed, for in-
stance, for the optimization of the CoPE filterbank proposed in Chapter 4.

Both CoPE and B-COSFIRE filters are implemented in MATLAB and in sequen-
tial mode. Although they have already shown to be fast and to require small compu-
tational resources, their real-time responses can be improved by parallel implemen-
tation. Most of the computations are, indeed, independent and can be performed
on different cores, such as on CUDA architecture. This will contribute to faster pro-
cessing and to the possibility of building larger banks of filters.




