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Foreword

The 20th edition of the Portuguese Conference on Pattern Recognition, RECPAD
2014, is held at the Universidade da Beira Interior, Covilhã, Portugal on October
the 31st, 2014.

It is a great honor for UBI and for the members of the Organizing Commit-
tee to have this opportunity to organize this conference on the year of its 20th

anniversary.
We received 41 submissions of which 39 were accepted. All submissions were

double blind and were reviewed by two members of the Technical Committee.
The conference will have a Best Poster Award and also the ceremony of the APRP
Master Thesis Award.

We will have an invited lecture by Prof. Francesc Moreno-Noguer, who is an
Associate Researcher at the Institut de Robòtica i Informàtica Industrial (CSIC-
UPC), Barcelona, Spain. Prof. Moreno-Noguer will present a talk on Monocular
3D detection of rigid and non-rigid shapes.

We are very happy to have the support of the following sponsors, which made
possible for us to keep the registration fees low: EyeSee Solutions (Platinum spon-
sor), Indra and InovaPrime (both Gold sponsors).

On behalf of the organising committee we would like to thank all the people
involved in this event, namely, the members of the Technical Committee, the Por-
tuguese Association for Pattern Recognition, APRP, specially its president, Prof.
Jaime S. Cardoso and the staff at the Royal Veiga Factory Museum at UBI, which
will held the conference. The help of Mrs. Dulce Serralheiro is also gratefully
acknowledged.

Above all, the conference is made by the participants and our final words are to
thank you all for submitting your work and for coming to UBI on the celebration
of the 20 years of RecPad. We hope you enjoy this year’s edition of RecPad.

The organizing committee.
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Abstract

Auscultations acquired from children patients (27 patients, 10.2±3.9 years,
35.7±20.8 kg, 132.3±25.5 cm), were automatically segmented into their
components first (S1) and second (S2) heart sounds. A set of time, fre-
quency, and wavelet based features, were extracted from the S2, and ana-
lyzed in relation to the noninvasive cuff-based measures of blood pressure
(mean blood pressure of 78±8.8 mmHg). A multivariate regression anal-
ysis was performed to determine which features better related to the blood
pressure measurements. The best results, in the leave-one-out evaluation,
were obtained using the frequency features set (MAE 6.08 mmHg, MAPE
7.85%, ME 0.31 mmHg).

1 Introduction

Standard methods of blood pressure (BP) monitoring are uncomfortable
and inadequate for long term evaluation, leading to the search of new
techniques applying different physiological properties of the cardiovascu-
lar system, such as the Pulse Transit Time (PTT) [9], vascular transit time
(VTT) [6], and the heart sound [3, 8].

In this study, time-frequency features extracted from the second heart
sound (S2) were analyzed in relation to the noninvasive peripheral BP
measures.

2 MATERIAL AND METHODS

Data collected with a Littmann R© 3200 electronic stethoscope (4 kHz),
and the DigiScope Collector, from 27 patients, 10 female. Data were
anonymized and shipped to Portugal with the approval of the RHP and
University of Porto Ethics Commitees. Noninvasive systemic BP was
measured in the arm and sitting position (Table 1), and Mean Blood Pres-
sure (MBP) was approximated according to Equation 1 [1]. PCGs col-
lected over the pulmonary auscultation spot were segmented as described
in [5]. Total auscultation time was of 307.5 s (432 detected S2s).

MBP≈ 2DBP+SBP
3

(1)

.

2.1 Heart Sound Features Extraction and Blood Pressure

Detected S2s were analyzed for each patient, and time and frequency
based features extracted. Temporal contour envelopes were extracted,
based on the local maximums and minimums of the signal, and inter-
polated using a cubic Hermitian spline. For each positive envelope, the
two largest peaks are detected (estimated A2 and P2 components). The
lag between peaks was also extracted. Similarly, the energy of the signal
was obtained (Equation 2), and the peaks of the energy envelope extracted
as before (A2, P2, and lag). The difference between positive and negative
contour envelopes was used to extract periods of sound and silence (10%
threshold), storing S2 duration and the zero-crossing rate.

E =
1

win

win

∑
i=1

PCG(i)2 (2)

where win is the window length.

Shannon entropy was also extracted from each S2 (Equation 3).

Entropy =
1
n

n

∑
i=1

pilog(pi) (3)

for a set of events with PDF {pi, i = 1, ...,n}.
Following time-based analysis, frequency analysis of each S2 seg-

ment was performed extracting spectral roll-off (85%), centroid, and peak
frequency [2]. Short-time spectral analysis was performed on the S2,
subdivided into smaller windows, and the spectrum estimated (Hamming
window). The spectral features previously referred were then extracted
from the maximum energy window. Order 6 Daubechies wavelet trans-
form was also obtained, and energy distribution over the approximation
and details was extracted and incorporated in the features matrix [5].

Features were extracted from each heart sound, for each patient, and
median values of all detected S2s were assigned to each patient. Features
were used in a multivariate linear regression model of the MBP (Equa-
tion 4), and adjusted for the total data using the three different features’
sets (least square error). For each features’ set a stepwise feature selection
was performed, and a linear multivariate model adjusted and evaluated us-
ing a leave-one-out approach (reduced number of data points available).

M̂BPi = a0 +a1x1(i)+ ...+alxl(i)+ e(i) (4)

where ai is the estimated weight of attribute xi on the estimation M̂BPi.

2.2 Evaluation Criteria

According to the British Hypertension Society, requirements for Grade A
BP monitors are that measurements within a 5 mmHg range includes at
least 60% of data, measurements within 10 mmHg comply 85% of data,
and measurements within 15 mmHg range include 95% of the data [7].
Cumulative percentages, Mean absolute error (MAE, Equation 5), mean
absolute percentage error (MAPE, Equation 6), mean error (ME, Equa-
tion 7), and error standard-deviation were calculated. According to the
US Association for the Advancement of Medical Instrumentation stan-
dard, a BP device must display MAE inferior to 5 mmHg, and an error
standard-deviation inferior to 8 mmHg [9]. For each set linear correlation
coefficient was obtained, and a Bland-Altman analysis performed [4].

MAE =
1
m

m

∑
i=1

∣∣∣MBPi− M̂BPi

∣∣∣ (5)

MAPE(%) =
1
m

m

∑
i=1

∣∣∣MBPi− M̂BPi

∣∣∣
MBPi

(6)

ME =
1
m

m

∑
i=1

MBPi− M̂BPi (7)

where m is the number of patients.

3 RESULTS AND DISCUSSION

Table 2 presents the results obtained for each model regarding correlation,
and estimation errors, and Figure 1 presents the Bland-Altman plots for
the error analysis of the frequency features set model, which exhibited
lower error. The best results in the cross-validation were obtained for
the model using the S2 spectral features, which relation has also been



Table 1: Sample mean, standard-deviation, and range values of the demographic data, and blood pressure measurements.
Age (years) Weight (kg) Height (cm) SBP (mmHg) DBP (mmHg) MBP (mmHg)

Mean 10.2 35.7 132.3 104.6 64.7 78.0
Standard-Deviation 3.9 20.8 25.5 12.9 8.4 8.8

Range (min-max) 3-18 8-97 69-183 90-145 50-90 63.3-103.3

Table 2: Model results of estimated blood pressure, using S2 characteristics, in relation to measured blood pressure: correlation coefficient (ρ), mean
absolute error (MAE), mean absolute percentage error (MAPE), mean error (ME), error standard-deviation (SD), and percentage estimates within
error bands of 5, 10 and 15 mmHg

% Estimates Within Error Band
Features ρ MAE (<5) MAPE (%) ME Error SD (<8) 5 mmHg (>60%) 10 mmHg (>85%) 15 mmHg (>95%)

Total Data Linear Model
Total 0.82 4.11 5.28 0.00 5.03 62.96 100.00 100.00
Time 0.40 5.91 7.48 0.00 8.05 48.15 85.19 92.59

Frequency 0.60 5.03 6.54 0.00 7.03 66.67 85.19 96.30
Wavelet 0.36 5.98 7.62 0.00 8.20 55.56 81.48 96.30

Leave-One-Out Adjusted Linear Model
Total 0.22 7.48 9.69 -0.12 9.98 44.44 70.37 88.89
Time -0.37 9.18 11.85 -0.88 12.66 37.04 70.37 77.78

Frequency 0.39 6.08 7.85 0.31 8.29 48.15 81.48 88.89
Wavelet 0.23 6.22 7.92 -0.22 8.81 48.15 81.48 92.59

(a) (b)

(c) (d)
Figure 1: Estimated Mean Blood Pressure (MBP): (a,c) measured MBP
versus estimated; (b,d) Bland-Altman plot. (a,b) results for the linear
model using all frequency features, and total data; (c,d) results for the
leave-one-out adjusted model of frequency features.

reported in the literature [2, 3]. Figure 1, presenting the Bland-Altman
analysis, shows that estimations have a wide variation, with no apparent
relation between the mean MBP and the error.

Limitations in our study are the reduced number of patients, use of a
children population (not homogenous), the fact that only one measure of
BP was obtained for each patient not allowing for individual calibration
and repeatability analysis, and the limited range of BPs evaluated. Also,
the linear multivariate model may not be adequate, since these features
may exhibit non-linear relations to the BP [8]. A MAE of 6.08 mmHg
was observed in the leave-one-out cross-validation of the frequency fea-
tures set, which although is below the required standards for BP mon-
itors, present as encouraging results for this exploratory study. Heart
sound characteristics may be linked to normal physiological changes dur-
ing growth, that should be analyzed in detail.

4 CONCLUSIONS

Children PCGs were segmented into S1 and S2 components, and individ-
ual S2s analyzed, demonstrating that S2 characteristics are related to the
measured MBP. In this exploratory study the spectral features extracted
from the S2s presented the best results, comparable to those presented in
the literature.
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Abstract
The study of cell morphology and cell mobility variation when cells are
grown on top of patterned substrates is becoming a very important factor
in tissue regeneration.

In this paper we present a novel approach to automatically detect and
remove periodic background patterns in brightfield microscopy images.
This background removal process is fundamental to perform cell tracking
as the periodic background pattern would otherwise lead to erroneous cell
detection and association. The detection of the background is performed
by searching for the periodic background pattern organization through
the analysis of keypoints automatically obtained from images. Using this
information we are able to both detect and reconstruct the periodic back-
ground and finally remove it from the original images.

We tested the proposed approach on microscopy images with differ-
ent periodic background patterns. The effectiveness of the method was
validated by visual inspection and by the cell tracking results obtained.

1 Introduction

The analysis of cell behaviour when interacting with different micropat-
terned surfaces has gained increasing interest in the last years [1]. Bi-
ologist researchers started producing micropatterned surfaces (figure 1)
on biomaterials to study the possibility to modulate cell behaviour only
through topography stimulus of biomaterials [1]. Those cell/surface in-
teractions are analyzed in order to access cell metabolic activity, adhesion
morphology, proliferation and lineage differentiation. Measurements of
cell alignment, elongation and guided mobility on the surface are essen-
tial to confirm these interactions. Currently, measurements are performed
mainly by visual inspection alone because there is not an automatic alter-
native.

The required cell mobility and morphology analysis is already per-
formed on other studies where the background is flat [2]. Nevertheless
it is known that there is an dependency between segmentation and inter-
ferences or changes in the image background like changes or distortions
of image intensity or illuminance [3]. In order to facilitate cell detec-
tion and tracking for mobility and morphology analysis we propose a new
approach to automatically remove the periodic background pattern from
the original image. The main steps of the proposed approach are: first
we detect the background pattern based on its periodicity, if it exists, we
synthesize the full background image; finally we subtract the background
from the original image obtaining only information related to the existing
cells.

2 Proposed methodology

To detect if any periodic pattern exists in the image under analysis we
measure the image entropy. A high entropy value, over a predefined
threshold, indicates that we have high pixel values variation and we as-
sume that it occurs in case of a periodic patterned image. If a background
pattern exists the first step for its detection is to extract keypoints from
the image that will allow to infer the pattern periodicity, using the Lapla-
cian of Gaussian filter (LoG) [2]. We apply this approach to the images
under analysis obtaining keypoints in positions that are related to both the
background pattern and cell’s position (figure 2). As we observe in im-
ages from figure 2, as expected, the keypoints appear on locations with
cells. However, they also appear in the regions of the background pattern

Figure 1: Brightfield images with cells on top of different micropatterned
surfaces: a) Flat surface; b) Pillar pattern surface; c) Line pattern surface.

Figure 2: Keypoint extraction from different background pattern bright-
field images (line color/shape represent different SIFT clusters).

Figure 3: Scheme used for detecting the pattern background periodicity.
The background pattern is defined with a specific periodic interval s1 and
s2, orientations θ1 and θ2, and image origin offset defined by (ox, oy).

with the same periodicity as the pillars from the background (figure 2 -
left) and the same orientation as the lines that compose the background
(figure 2 - right).

After obtaining the keypoints we extract for each a SIFT descriptor
which we use together with k-means clustering (k = 4) to choose the
largest cluster of descriptors that corresponds to the keypoints obtained
on the pattern repetition (figure 2 - red bold continuous circles). The se-
lected keypoints are used for the pattern periodicity analysis.

2.1 Background pattern periodicity analysis

In order to detect the periodic background pattern we follow the scheme
in figure 3. As we consider the periodic pattern to have two orthogonally
independent periodicity spacings, we first search only over ox, oy, θ1 and
s1 to find those that best fit our model. Given a set of values for ox, oy, θ1
and s1 we generate the predicted locations for our periodic pattern along
the axis defined by θ1. Given the selected LoG detection’s coordinates in
the image, we project each detection’s location onto the axis defined by θ1
along its normal. Each of those projections is then assigned to the nearest



063
064
065
066
067
068
069
070
071
072
073
074
075
076
077
078
079
080
081
082
083
084
085
086
087
088
089
090
091
092
093
094
095
096
097
098
099
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125

Figure 4: Foreground and background separation: a) Original image; b) similarity map (white high value); c) Foreground regions; d) Background
detection; e) Periodic background pattern detection and reconstruction.

Figure 5: Background removal and cell tracking results: a,c) Result from subtracting the reconstructed background pattern from the original image;
b,d) Cell tracks on top of the original image.

periodic pattern location, and the distance to the predicted periodic pattern
is computed. As this distance calculation would favor smaller spacing in
the periodic pattern it is normalized dividing by s1. The set of parameters
that lead to the lowest average distance are those assumed to represent the
periodic pattern of the background in the image. Given ox, oy, θ1 and s1
we fix ox, oy and vary s2 setting θ2 = θ1±90, but allowing for a 20 degree
tolerance. If in this θ interval we find a second low average distance
and the corresponding s2 value is equal to s1 value found previously, we
assume that the background periodic pattern is pillar type (figure 4 - a,
top). We make this assumption because for both θ values (separated by
±90 degrees) we have the same keypoints periodicity. Otherwise, we
assume a line background periodic pattern (figure 4 - a, bottom).

Given the information found we classify each region as being periodic
background pattern or foreground using template matching.

2.2 Foreground removal

To detect the foreground regions we measure the similarity of each region
with their 8 neighbour regions (according to the pattern periodicity found)
using cross correlation.

As we measure the similarity between regions according to the pattern
periodicity we will obtain high cross correlation coefficient in presence of
background pattern regions, and low values for foreground regions (fig-
ure 4 - b). From this analysis we then assume a specific threshold that
separates the foreground regions (figure 4 - c) from the background pat-
tern (figure 4 - d).

2.3 Background reconstruction

The final step to obtain the entire background pattern image is to recon-
struct the foreground regions based on the pattern’s periodicity. We define
a patch (9×9) and search the image. When the center pixel of the patch
is located at a foreground location we synthesize the periodic background
pattern and replace it in the image. To synthesize the background we use
the similar background patches located according to the parameters (θ1,
θ2, s1, s2, ox,oy) previously estimated. We average those similar patches
to synthesise a valid background patch for that location and replace it in
the background image. If pixels of that patch overlaps with already exist-
ing background, those pixels are combined weighting the new pixels with
0.1 and the old pixels with 0.9. Examples of the final results are given in
figure 4 - e.

3 Discussion and conclusion

We applied our approach on several brightfield microscopy images with
different periodic background patterns and cells on top. For each origi-
nal image we obtained the periodic background pattern and then we sub-
tracted it from the original image and observed the results (figure 5 - a,c).
From the results we were able to visualize that the differences are given
mainly due to the cell presence which is an indicator that the background
reconstruction is performing well.

Given the removal of the periodic background pattern we use the LoG
filter to detect cells and we obtain detections only on locations with cells
with no background pattern interference. From the cell detection result
the cell tracking is then possible (figure 5 - b,d).

Future work will be done on the analysis of cell morphology and mo-
bility which is now possible based on the development methodology for
periodic background pattern removal. The influence of different back-
ground pattern (resultant of different micropatterned surfaces) on cell mo-
bility and morphology will be quantified and compared.
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Abstract

Today the programmable Graphics Processing Unit (GPU) has raised a
noticeable interest for applications that demand high-computational power.
In particular, biometric applications containing thousands of samples and
features need efficient tools to process data. GPUMLib is an open source
library with machine learning techniques endowed with GPU that is able
to handle the significant memory and computational burden needed for
signature matching. In this paper, the SVM component imbued with
GPUMLib has been used for signature matching yielding good perfor-
mance results assessed by the F-Score and False Positive Rate (FPR) in
the GPDS database.

1 Signature Matching Background

Signature matching is a very important problem in authentication which
covers a broad range of areas such as personal identification, security and
bank transactions. Many efforts have been put to tackle the verification of
signatures which contain biometric information. Often the databases are
very large and such big data appears difficult to handle. Additionally, in
offline settings, the lack of the dynamic characteristics makes the problem
hard to solve.

This problem is very difficult for many reasons. The biometric data is
a scanned 2D image. Unlike on-line verification there is lack of dynamic
characteristics (e.g. velocity, pen pressure, acceleration, etc.) which re-
flect each individual motion style and are harder to fake. Additionally the
biometric features in original and faked signatures can be extremely simi-
lar which makes the problem even harder. Examples are the shapes, sizes
and variations of signatures that lead to a confluence of factors extremely
tricky to verify. Also, the sheer volume of biometric data in many ap-
plications require fast tools for model selection in order to expose better
models. Preprocessing of offline handwritten biometric data is complex
and motivates the holistic study of many features capable of proper cap-
turing the intra-variational characteristics of the individual signatures and
the optimal group of features for building a better model.

Fast machine learning algorithms that are able to extract relevant in-
formation from large repositories play an important role. Therefore, we
use in this work GPUMLib1 which is an open-source machine learning
library that will be described next.

2 GPUMLib

The GPUMLib framework is endowed with a wide range of machine
learning algorithms implemented in CUDA using GPU. At its core, the
library contains a set of CUDA kernels that support the execution of Ma-
chine Learning (ML) algorithms on the GPU. Usually, in order to imple-
ment an ML algorithm on the GPU several kernels are required. However,
the same kernel might be used to implement different algorithms.

Each ML algorithm has its own C++ class that is responsible for:
transferring the information (inputs) needed by the algorithm to the de-
vice (GPU); calling the algorithm kernels in the proper order; and trans-
ferring the algorithm outputs and intermediate values back to the host.
This model allows non-GPU developers to take advantage of GPUMLib,
without requiring them to understand the specific details of CUDA pro-
gramming.

Moreover, GPUMLib provides a standard memory access framework
to support the tasks of memory allocation and data transfer between the
host and device (and vice-versa) in an effortless manner.

1http://gpumlib.sourceforge.net/

Genuine Signatures Forged Signatures

Figure 1: Genuine and forged signatures from the GPDS database.

3 Computational Experiments

In this section we describe the dataset, present the experimental setup and
indicate the performance metrics for signature matching assessment.

3.1 Dataset

The database contains data from 300 individuals. For each individual
there are 24 genuine signatures, plus 30 forgeries of his/her signature
making 54 images per individual and a total of 16200 images. The 24
genuine specimens of each signer were collected in single day writing
sessions. The forgeries were produced under the following conditions:
The forger imitates a genuine signature from the static image of the gen-
uine signature (scanned at 300 DPI) and the forger is allowed to practice
writing the signature for as long as s/he wishes. Each forger has to imi-
tate three signatures of five signers in a single day writing session. The
genuine signature shown to each forger is chosen randomly from the 24
genuine ones. Therefore, for each genuine signature, there are 30 simple
forgeries made by 10 forgers from 10 different genuine specimens. The
dataset used consists of 16200 handwritten off-line signature recognition
(each signature is a 649× 462 pixels image). Additional information on
this database can be found in Ferrer et al. [3].

3.2 Experimental Setup

For the test set we used 9 images and the remaining 45 for the training set.
Both training and testing sets were randomly generated from the initial
data, being the test set composed of 4 genuine signatures and 5 forged.
The experiments were run 10 times per configuration.

With regard to feature extraction from the GPDS database previous
research can be found in [1], [2] and [3]. From the aforementioned stud-
ies the best features so far were extracted from the original dataset. Fol-
lowing these authors and our previous work [5] in Table 1 we present the
extracted features and the corresponding number of attributes from the
GPDS image dataset.

3.3 Performance Metrics

We defined several measures based on the possible outcomes of the clas-
sification, namely, False Positive Rate (FPR = FP

FP+T N ), and False Dis-
covery Rate (FDR = FP

FP+T P ), as well as combined measures, such as,
the van Rijsbergen Fβ measure, which combines recall (R = T P

T P+FN ) and
precision (P = T P

T P+FP ) in a single score (F-Score = F1 = 2PR
P+R ), yielding

an harmonic average between precision and recall.



Table 1: Number of attributes of each feature.

Feature Attributes

Best Fit 4
Discrete Cosine Transform (DCT) 5
Geometric Parameters (Cartesian) 180
Geometric Parameters (Polar) 192
Gravity Center 1
Histogram Frequencies (hist) 6
K-Means 10
Max Intensity Points (maxint) 1
Modified Direction Feature (MDF) 160
Six-fold-Surface 6
Three-fold-Surface 3
Wavelet Transform Feature 12

Table 2: NVIDIA GeForce 570 GTX characteristics.

Characteristic Value

Number of SPs 480
IEEE single precision (float) performance 748.8 GFlops
Number of SMs 15
Shading clock speed 1.56 GHz
Memory size 1.25 GB
Memory bandwidth 152.0 GB/s
Shared memory per block 48 KB

4 Results and Discussion

In this section we describe the three experiments to deal with the signature
matching problem using the SVM component of GPUMLib [4].

The Experience 1 comprises the identification of original and forged
signatures. For that purpose, we used all the 300 individuals and stud-
ied each group of features. The best feature combination DCT + MDF
was tested for all the supported kernel functions by our GPU-based SVM
Classifier [5]. The results obtained by 5-Fold cross-validation are shown
in Figure 2.

In the second experience2, instead of using all the 300 groups of sig-
natures we exploited several groups or combinations of features for each
individual. Therefore, this experiment consisted of identifying, for each
person, if a signature was either original or forged. Only the Radial Basis
Function (RBF) kernel was employed. For validation the test set consisted
of genuine 4 original plus 5 forged signature, as specified above.

In the Experience 3, we performed signature matching related to a
given individual, using a One-Against-One multi-class classifier, that is,
we trained and tested each individual class against one of the others. As
the cost involved in the training process is high, we only used the RBF
kernel and 5 K-Fold cross-validation procedure. The results are illustrated
in Figure 3.

5 Conclusions

Handwritten signature matching plays a crucial role in many important
transactions for security and privacy reasons. In this work, we presented
the performance analysis of the SVM component of the GPUMLib which
yielded good results in the GPDS database. To this end, several exper-
iments were performed using the features extracted in a previous work.
One possible direction of future work is to integrate multiple kernel learn-
ing in the GPUMLib for this kind of pattern recognition problems.
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Abstract 
A methodology to assess the border abruptness of a skin lesion is presented, 
starting to extract 97 abruptness features, followed by testing 4 feature selection 

methods and 5 machine learning classification algorithms to maximize the 

methodology performance. Two datasets with different image types, dermoscopic 
and mobile acquired images, previously annotated by specialists, were used. For 

dermoscopic images, the developed methodology achieves an accuracy of 81% 
regarding border segment classification, while for the mobile acquired images the 

accuracy reaches 74.8%. 

1 Introduction 

In Portugal, every year around 700 new cases of melanoma and 
10.000 new cases of nonmelanoma are diagnosed [1]. In addition, skin 
cancer represents the most frequent cancer type nowadays. Even though 
Malignant Melanoma (MM) accounts for only a small percentage of 
skin cancer, it is far more dangerous than others and it is responsible for 
most skin cancer related deaths. 

Prevention is essential to fight back the previous stated facts, so, 
recently many efforts have been made to design accurate computer aided 
diagnosis (CAD) systems capable of automatically analyse skin lesions, 
being most of them designed for dermoscopic images. In addition, the 
spreading of the new generation of mobile devices, with built-in image 
cameras with remarkable resolution, opens a window for the 
development of mobile-based approaches for initial diagnosis and 
screening of skin lesions. 

The most common criteria that clinicians and dermatologists follow 
to determine the risk of a given lesion being a melanoma is the ABCD 
rule of dermatoscopy [2]. It analyses four visual features of the skin 
lesion: asymmetry, border, colour and differential structures; then, the 
Total Dermatoscopy Score (TDS) is given by the multiplication of each 
feature score by a weight factor (1.3, 0.1, 0.5 and 0.5, respectively) and,  
depending on the value obtained, a grading of the lesion is possible with 
respect to their malignant potential. According to the ABCD rule, the 
border is divided into 8 segments (see Figure 1a) and the score ranges 
from 0 to 8, scoring 1 for the presence of each abrupt border segment. 

In this work, a methodology to assess the border abruptness score of 
a skin lesion image, as proposed by the ABCD rule, is presented. 

2 Datasets 

The methodology presented in this work was applied to two distinct 
image types: dermoscopic and mobile acquired images. 

The dermoscopic image set consists on images obtained from the 
EDRA Interactive Atlas of Dermoscopy [3]. From all images of the 
dataset, only the ones with a complete skin lesion visible were 
considered, giving a total of 298 digital images. 

The other dataset used was collected at the Portuguese Institute of 
Oncology of Porto, under the scope of the project Melanoma Detection 
[4]. The dataset contains 80 24-bit colour images with 652x652 pixels of 
resolution, acquired with a HTC One S mobile phone. 

All images from both datasets were annotated by medical experts 
regarding the border score of the lesion, as proposed by the ABCD rule. 
Table 1 summarizes the score classification for both datasets. 

3 Methodology 

The first step of this methodology consists in performing the lesion 
segmentation. For that, an adaptive segmentation algorithm was used, 
based on the Otsu’s threshold method [5]. The adaptive algorithm 
considers the threshold value as the mean intensity value of the squared 
region centred each the image pixel. 

Then, the axes of the lesion are calculated as described in [6], by 
considering the first axis of inertia as the primary axis, while the 
secondary axis is perpendicular to the primary axis and passes through 

the centroid of the lesion. The lesion is later divided in eight equal parts 
as depicted in Figure 1a. 

Afterwards, and in order to overcome possible border segmentation 
errors, three distinct regions are considered: inner border, border and 
outer border regions. As suggested in [6], a region inside the border with 
an area of 10% of the lesion and outside the border with the same area is 
considered as the border region, in addition two other regions with 20% 
of the area of the lesion were extracted, inside and outside the border 
region (see Figure 1b). 

                       (a)                        (b) 

Figure 1 - Example of the border segments division (a) and inner, border 
and outer regions considered (b). 

Table 1 – Doctor score of the border abruptness of the lesions. 

Score 0 1 2 3 4 5 6 7 8 # 

EDRA 83 8 32 40 37 20 27 0 51 298 

Mobile 25 37 10 5 2 0 1 0 0 80 

 

A total of 97 features were calculated for each segment of the lesion 
as summarized in Table 2 and briefly explained next. 

Features of colour and binary groups were proposed by other 
researchers, while the here called radial features combined existing 
principles in order to create a new approach. The images were also 
transformed from the original RGB colour space to the HSV and CIE 
Lab colour space, being the R, G, B, V and L channels used to extract 
border related features. 

For the colour group, statistics like mean and standard deviation of 
the inner, border and outer region were calculated for each indicated 
channel and considered as individual features [7]. The meanratio feature 
is obtained by subtracting the maximum by the minimum mean values 
of the inner and outer region and dividing it by the maximum value; the 
stdratio corresponds to the division of the standard deviation by the 
mean value of the border region. Moreover, for each channel, the 
magnitude of filtered image using the Sobel operator for the horizontal 
and vertical directions was calculated, and the corresponding mean and 
standard deviation obtained (meangrad and stdgrad) [7,8]. 

For the radial group, instead of considering all pixels from each area 
to obtain the features, the radial features use only the pixels belonging to 
the lines that divide each segment region in 9 equal parts, or by other 
words, to the lines that pass through the lesion centroid and make an 
angle multiple of 5 degrees with the principal axis. With this procedure, 
the ones intend to compare corresponding values in each inner, border 
and outer region to deduce the abruptness level of the border. Statistics 
such as mean, standard deviation, mean ratio, standard deviation ratio 
and mean slope [9] of the pixels intensities were obtained and 
considered as individual features. 

Finally, in the binary group, features like solidity and compactness 
index were also obtained from the binary mask of each segmented 
region [6,8]. 

For classification purposes, since the border annotations refer to the 
whole lesion, and no indication exists of which border segment is 
considered abrupt (1) or smooth (0), the features were ordered according 
to their meanratio value in the blue channel, and score 1 was attributed 
to border segments with higher values. 
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Table 2 – Summary of the extracted border features. 

Group Channels Features Refs. 

Colour R, G, B, 

H, V 

mean and std (regions: inner, border, 
outer), meanratio, stdratio, meangrad 
(border), stdgrad (border)   

[7,8] 

Radial R, G, B, 
H, V 

mean and std (inner, border, outer), 
meanratio, stdratio, meanslope 

[7,8,
9] 

Binary Binary solidity, compactness index [6,8] 

 

Feature selection was applied in order to improve classification 
results and four different methods were chosen: two filter-based and two 
wrappers. The filter-based methods used were the Correlation based 
Feature Selection (CFS) and the ReliefF; and search methods used for 
wrapper were Linear Forward Selection and Greedy. 

Five different classifiers were adopted in the training process, 
namely: Naïve Bayes, Support Vector Machines (Sequential Minimal 
Optimization), K-Nearest Neighbours (with k equal to 3), Boosting 
(Adaboost M1) and Random Tree. Moreover, in the feature selection 
step, the wrapper methods were performed independently for each 
classifier. 

4 Results 

The suggest method was developed using C++ and OpenCV library 
[10] and classification results were obtained with Weka software [11]. 

After extracting all features, performing feature extraction and 
classification with the various methods, statistics like sensitivity, 
specificity and accuracy were obtained to infer about the best 
combination for each dataset. For the EDRA dataset, 10-fold cross 
validation was used for the 2384 segments classification, corresponding 
to the 298 dermoscopic images. The low number of images in the 
Mobile dataset coupled with the low percentage of borders considered 
abrupt by the doctor, resulted in a very unbalanced set to classify. So, a 
training set with 60% of all border segments that were considered abrupt 
was selected and the same number of smooth segments, resulting on a 
training set of 52 segments of each class (1- abrupt and 0-smooth). The 
remaining 536 segments were used to test the classifiers. 

For the EDRA dataset, the best classification results were obtained 
by the 3-nearest neighbour classifier when using the wrapper method 
with LFS as search method. A total of 13 features were chosen by the 
selection procedure, where 7 belong to the colour group and 3 of them 
were extracted from the gradient images and the other 6 features belong 
to the radial group, with 3 being from meanslope statistic. 

The selected combination of features for the dermoscopic dataset 
achieved a sensitivity rate of 75.5%, a specificity of 84.9% and an 
accuracy of 81%, with the confusion matrix being depicted in Table 3. 
After grouping the results for each segmented region into the 
corresponding image lesion score (see Table 4), it is possible to observe 
that the automatic classification shows promising results when 
compared with the doctor classification, considering that is a 9-class 
classification problem. 

For the Mobile dataset, Naïve Bayes classifier using the wrapper 
approach with LFS as search method achieved the best performance. 
The selected features were meanratio, meangrad, radialmeanstdratio and 
meanIn from R, L, B and R channels, respectively. 

The confusion matrix for the selected features is shown in Table 3, 
what translates in 67.6% of sensitivity, 75.3% of specificity and an 
accuracy of 74.8%. Given the low percentage of borders considered 
abrupt by the doctor in the Mobile dataset, it was not possible to obtain 
the classification results for each lesion. Despite this, and considering 
the difficulty of analysing this type of images, 74.8% of accuracy can be 
considered quite satisfactory for our purposes. 

 

Table 3 – Confusion matrix of the best classifier for each dataset. 

 Doctor 
classification 

A
u

t 
o

m
.  1 0 

1 763 207 

0 247 1167 
 

 Doctor 
classification 

A
u

t 
o

m
.  1 0 

1 23 124 

0 11 378 
 

EDRA Mobile 

 

Table 4 – Confusion matrix of the best classifier considering 
 each lesion of the EDRA dataset.  

 Doctor classification 

  0 1 2 3 4 5 6 7 8 

A
u

to
m

at
ic

 C
la

ss
if

ic
at

io
n
 0 53 3 4 2 - - - - 1 

1 18 2 9 9 14 1 1 - - 

2 7 3 8 6 2 2 - - 1 

3 4 - 4 13 8 - 1 - 3 

4 1 - 6 5 8 4 1 - 3 

5 - - 1 2 6 7 5 - 4 

6 - - - 2 6 4 7 - 6 

7 - - - 1 1 1 11 - 12 

8 - - - - 2 1 1 - 21 

5 Conclusion 

In this work, a methodology to assess the border score of a skin 
lesion based on the analysis of the image is proposed. While most of the 
approaches proposed to date classify the lesion as a whole, this work 
focus in the binary classification of each border segment and only after 
infers about total score of the lesion, regarding the border abruptness 
classification. 

Two images types, dermoscopic and mobile acquired, are considered 
with 81% and 74.8% of accuracy rates achieved in the classification of 
border segments, respectively. 
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Abstract

Asthma and COPD are chronic lung conditions that affect over 250 mil-
lion people worldwide. They can result in breathlessness, a harsh decrease
in quality of life and even death, if not detected and duly managed. In this
paper, we aim to find the best and most efficient combination of signal
processing and machine learning methods to produce a smartphone app
that could accurately classify lung function, using microphone record-
ings as the only input. A dataset of 101 recordings of forced expiration
maneuvers from 61 patients was gathered. The signal processing com-
parison experiments were conducted in a backward selection approach,
reducing from 54 to 12 final envelopes, per recording. The classification
experiments focused first on differentiating Normal from Abnormal lung
function, and second in multiple lung function patterns.

1 Introduction

Chronic respiratory diseases such as Asthma and Chronic Obstructive
Pulmonary Disease (COPD) are incurable, yet treatable and their early
detection is crucial to provide a better quality of life. Major risk factors
include air pollution, tobacco smoking and occupational environments
containing dust and chemicals. The World Health Organization (WHO)
estimates that over 250 million people suffer from asthma and COPD and
3 million people died of COPD in 2005.

The increasing use of smartphones has enabled the emergence of sev-
eral health related systems. Their computational power is ever increasing
and, equipped with multiple sensors, it is possible to develop disease pre-
vention, diagnosis and monitoring applications.

The aim of this paper is to compare several groups of methods and
clinical parameters in order to find the most relevant, most efficient and
faster combination to produce a smartphone app for measuring and clas-
sifying lung function. The system’s input is restricted to the smartphone’s
built-in microphone, in order to avoid external components.

2 Background and Related Work

Traditional spirometers accurately measure a wide range of lung function
parameters but have the disadvantage of being very expensive and being
of sizable dimensions. Portable spirometers were developed to meet the
needs of home spirometry and thus, they disregard many unused functions
and measurements. Additionally, their cost and dimensions are smaller.
The most recent spirometers use laptops as computational platforms and
airflow sensors that use USB connections. This enabled to reuse the com-
puting platform and easily transport the system. The next logical step
concerning portability and affordability involves lung function estimation
with smartphones’ microphones. Some studies have already been con-
ducted in order to accurately measure the clinical parameters [1, 4, 5].

3 Data Collection Procedure

The dataset is composed by 101 recordings from 61 caucasian adult pa-
tients performing the forced expiration maneuver, without any mouth-
piece, at an arm’s length. Each recording was accompanied by the pa-
tient’s anthropometric data (age, height, weight and gender), clinical pa-
rameters, and classification of the patient’s lung function provided by the
recording physician. The classification types are normal and abnormal

(obstruction, restriction or mixed). The included patients were either part
of the Control and Burden of Asthma and Rhinitis (ICAR) clinical study,
where lung function was measured, or were attending allergology consul-
tations at CUF Porto Institute or CUF Porto Hospital.

4 Algorithms and System Architecture

4.1 Signal Processing

The audio input was initially segmented in order to remove non expiration
sounds, using both back-extrapolation [3] and sliding window maximum
ratio detection algorithms. Then, the signal was converted to pressure at
the lips, plips, through an Inverse Radiation Model, which was afterwards
converted to airflow at the lips, ulips, using a Pressure to Flow Conversion
Model, similarly to Larson et al. [1].

This second stage employed several methods to calculate the signal
envelopes. Such methods include the Hilbert Transform, Linear Predic-
tive Coding (LPC), orders 2, 4, 8, 16, and 32, Mean of Resonances, all of
which described on Larson et al. [1], and Shannon Entropy and Energy
envelopes described on Liang et al. [2].

On the final stage, the envelopes are filtered or smoothed with a Low
Pass Filter (LPF), Moving Average and a Savitzky-Golay polynomial fil-
ter (SG). The unprocessed envelopes are also approximated by a polyno-
mial function.

4.2 Parameter Extraction

For each recording, the spirometry parameters were calculated from each
of the final envelopes. The measurements extracted were PEF, FVC,
FEV1, FEV1/FVC, FEF25%−75%, FEF25%, FEF50%, FEF75% and a cus-
tom parameter proposed in Stein [4]. The envelopes are viewed as Flow-
Time curves, characteristic of spirometer reports.

PEF is defined as the Peak Expiratory Flow or the global maximum
of the audio envelope. By integrating the envelope with respect to time
the Volume-Time curve can be obtained. FVC is defined as the total vol-
ume expired of a FEM. FEV1 is the total volume expired during the first
second. FEF25%−75%corresponds to 1/2FVC / (t75%− t25%), in which tx%
is the time at which the volume corresponds to x% of the FVC. FEFx% is
the instantaneous flow value at x% of the total volume.

4.3 Machine Learning

For the clinical parameters’ regression Tree Bagging and Random Forests
were used, while spirometer measurements acted as ground truth or re-
gression target. Using the regressed clinical parameters, several classifi-
cation models were devised. The models used were Decision Trees, either
as one tree, Tree Bagging, Random Forest and AdaBoost, Support Vector
Machines (SVM) and Naïve Bayes.

5 Experimental Approach and Results

5.1 Parameter Regression Experiments

The algorithms used on the experiments were based on a backward se-
lection approach. Initially, all the signal processing methods were used
and the clinical parameters’ sets were obtained by successively removing
some methods out of the initial set. For each set, a 5-fold cross validation



Figure 1: Bland Altman plots of the errors between the spirometer target and the regressed values versus the mean between the target and regressed
values. The mean (dashdot) and ±2σ (dash) indicative lines are also shown.

Figure 2: Final Signal Processing Architecture

set was made to verify the models’ expected accuracy and to obtain the
average regression error and standard deviation. The method comparison
experiments included pre and post-processing filtering options and redun-
dancy verification of some envelope generating functions. Two types of
measurements were used to assess the method sets, the simple comparison
of the regression average error and parameter tree split count and distri-
bution which represents the gross importance of each envelope process.
An envelope process is, for instance, p→ plips→ LPC 32→ Polynomial
Approximation, as represented on Figure 2.

Almost all removed methods did not induce a significant change on
the regression results. When given two alternative method that did not
change the results the choice of which to discard was based on the rel-
ative importance presented by the split count test, or based on computa-
tional complexity arguments. Figure 2 presents the final signal process-
ing architecture based on the regression experiments of the methods stud-
ied. Throughout the experiments, regressing the parameters using Bag-
ging and Random Forest always presented very similar results. Therefore,
Random Forest was chosen for regressing the parameters for the classifi-
cation experiments, reducing overfitting and regression time. The Bland-
Altman analysis of the regressed parameters revealed that are the models
are valid, not very accurate on most parameters, and tend to over-estimate
the spirometers measurements of the lower volume or flow samples.

5.2 Classification Experiments

The classification process was first devised as a Normal against Abnor-
mal classification problem, referred to as two label experiments (TLE).
Then, multiple label experiments (MLE) were conducted, where the mod-
els tried to distinguish between Normal lung function and Obstruction,
Restriction and Mixed pathologies. For both problems, the experiments
varied on the feature space used. They compared different combinations

of sets A1 and B2, and the anthropometric values height and age.
Generally of TLE and MLE, the tree ensemble methods and Linear

SVM presented the best results. For simplicity of implementation and
speed of training and testing, Random Forest was chosen for the final
prototype. For both problems, incrementing the patients’ height and age
and removing Set B improved the results across the learning methods.
This results are consistent with the way physicians evaluate lung function.

6 Conclusion

The regression experiments enabled to reduce the 54 to 12 final envelopes,
per recording, without a significant change on the results. The regression
mean error for the less error prone parameters was 21%, 30%, 24% and
9.7%, for PEF, FEV1, FVC, and FEV1/FVC, respectively. The classifica-
tion models obtained an error rate of 8% and 17%, for the TLE and MLE,
respectively. Also, the TLE model presented a precision of 90.91% and
recall of 98.59%. In conclusion, our work demonstrated that smartphone
spirometry and automatic lung function triage is possible and the results
encourage further development of the systems.
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Abstract

In this paper, we propose a method for blind image inpainting, in which
the locations of the pixels which are missing or corrupted with impulse
noise are not known. A logarithmic transformation is applied to convert
the multiplication between the image and binary mask into an additive
problem. The image and mask terms are then estimated iteratively with
total variation regularization applied on the image, and `0 regularization
on the mask term. The resulting alternating minimization scheme simulta-
neously estimates the image and mask, in the same iterative process. Ex-
perimental results show that the proposed method can deal with a larger
fraction of missing pixels than two phase methods which first estimate the
mask and then reconstruct the image.

1 Introduction

It is known that faulty sensors or bit errors during transmission can cause
some pixels in an image to be lost or corrupted by impulse noise [5, 10].
In the case of missing pixel values, the corrupted pixels are assumed to
have a value equal to zero, and the problem of estimating the complete
image is called the inpainting problem.

We represent the image to be estimated with n pixels as a vector, say
in lexicographic ordering, x ∈ Rn. Let m < n be the number of observed
pixels or pixels free from impulse noise. The mapping from x to the
partially observed image y is given by,

y = A
(
x+ng

)
, (1)

where the mask operator A is a n×n identity matrix with the diagonal ele-
ments equal to zero, corresponding to missing pixels, and ng is an additive
Gaussian noise term corrupting the observed pixel values.

When the index set of the observed pixels or the observation mask A
is known, the inpainting problem can be solved by one of several existing
methods for image reconstruction from a sparse set of observations [1, 2].

Adaptive filtering [10], [9] can be used to detect outliers and remove
impulse noise for low levels of missing/damaged pixels. Some two phase
methods such as [6] have a mask detection step in which the mask is
detected through the use of one of these filters and the image is estimated
in a separate step.

1.1 Contributions

In this paper, we propose a method to estimate the image x without know-
ing the observation mask A apriori, i.e., we simultaneously estimate the
image and the mask. We formulate the masking operation as a summation
after logarithmic compression, and apply a total variation (TV) [8, 12]
regularizer on the image term, and an `0-norm regularizer on the term
corresponding to the mask. The TV regularizer encourages the estimate
of x to be piece-wise smooth, while the `0-norm regularizer encourages
the mask term to be sparse. Experimental results show that our proposed
method can deal with as many as 95% of the pixels missing, which is
higher than reported in literature.

2 Proposed Method

Given the observation y, our goal is to estimate the image x and the mask
A. Since A is a diagonal matrix A = diag(a) and the masking operation is
element-wise multiplication, we will optimize over the vector of diagonal
elements a ∈ {0,1}n. When a pixel with index i is observed, the corre-
sponding mask element ai = 1, and when pixel i is lost, ai = 0. Thus, a
pixel k in vector y is defined as, yi = xi ×ai.

We do not know apriori if a given pixel yk corresponds to an observed
one (ak = 1) or not (ak = 0). Rather than have ai = 0 when the pixel is

not observed, we can define ai to be a small value in the order of 10−K

or smaller, K being a positive integer greater than or equal to 3. Defining
vi = log(ai), we have,

vi =

{
0, if i is observed
−K, otherwise

(2)

If the maximum possible pixel value is 255, the value of K must sat-
isfy K > log255. Assuming that y and x are always positive, applying
a logarithmic transformation on (1) converts it into an additive model,
gi = ui +vi, where ui = logxi, and gi = log(yi +δ ). A small positive bias
term δ > 0 is added to y to guarantee positivity.

Our problem is now estimating the vectors u and v, given the log
transformed observation g. We assume that our image x, and therefore
its logarithmic transformation u are piece-wise smooth. We therefore ap-
ply a TV regularizer on the log transformed image u, and the `0-norm
regularizer on the log-transformed mask v. Our estimation problem is
therefore,

(û, v̂) = argmin
u,v

1
2
‖g−u−v‖2

2 +
λ1

2
TV (u)+

λ2

2
‖v‖0, (3)

where λ1,λ2 > 0 are the respective regularization parameters.
Formulations of the form (3) with different regularizers have appeared

in the context of image decomposition [13] and deblurring with a sum of
regularizers [3]. Alternating minimization schemes involving a sum of
the `0-norm and a convex term were also used in [4, 11] for sparse image
recovery. Since (3) is a separable problem, we can apply a simple iterative
alternating method as in [3].

Isolating the terms in each variable keeping the other fixed, leads to a
Gauss-Seidel scheme. Solving for u at iteration t,

û(t) = argmin
u

1
2
‖g−u−v(t)‖2

2 +
λ1

2
TV (u). (4)

This is a TV regularized denoising problem, the solution of which can be
computed efficiently using Chambolle’s algorithm [7].

Similarly, for v at iteration t we have,

v̂(t) = argmin
u

1
2
‖g−u(t) −v‖2

2 +
λ2

2
‖v‖0. (5)

This problem although non-convex, has a solution given by the hard thresh-
old,

v̂(t) = Hλ2
(g−u(t)), (6)

where Hλ2
(.) is the hard threshold operator and is defined element-wise

as,

v(t)
i =

{
0, if (gi −u(t)

i ) ≤ λ2,

(gi −u(t)
i ), otherwise.

(7)

This iterative process is run until the relative difference between suc-
cessive estimates falls below a given threshold. The estimates of the im-
age and mask are computed by inverting the logarithmic transformation,
x̂ = 10û and â = 10v̂.

3 Experimental Results

All experiments were performed on MATLAB on an Ubuntu Linux based
server with 64 GB of RAM.To test our proposed method, we generate a
random binary mask with a fraction of its elements equal to zero and mul-
tiply it element-wise to our image corrupted with additive Gaussian noise.
The criteria used to evaluate the accuracy of estimation are the Improve-
ment in Signal to Noise Ratio (ISNR), which is defined as 10log10

(
‖y−x‖2

‖y−x̂‖2

)
,



(a)

(b) (c)

(d) (e)

Figure 1: Inpainting with the Lena image: (a) original image, (b) observed
with Gaussian noise (SNR 5 dB) and 95% pixels missing, (c) observed
with Gaussian noise (SNR 20 dB) and 95% pixels missing, (d) estimate
of (b) using the proposed method. ISNR = 15.12 dB, SSIM = 0.634,
(e) estimate of (c) using the proposed method. ISNR = 15.89 dB, SSIM
= 0.689.

the structural similarity index measure (SSIM) [15], and the fraction of in-
correctly estimated mask pixels. The latter is computed using the binary
exclusive or (XOR) operation with the original mask.

The iterative process was run until the relative difference between
successive iterates ‖x̂(t+1)− x̂(t)‖/‖x̂(t+1)‖ fell below a threshold of 10−3.
In the results presented in this paper, the values of the regularization pa-
rameters used were λ1 = 0.008 and λ2 = 0.1, which were found to work
well. Figure 1 shows the worst case results obtained with the proposed
method for the 512 × 512 Lena image. The binary mask has only 5%
of its pixels equal to 1, which means that 95% of the pixels were ran-
domly discarded. Figures 1(b) and 1(c) show the observed images ob-
tained with this mask, with additive Gaussian noise with Signal to Noise
Ratios (SNR) of 5 dB and 20 dB, respectively.

Table 1 compares the proposed method with other methods for blind
inpainting, for Gaussian noise with σ = 15. The fraction of missing pixels
is varied from 0.1 to 0.9. The methods, fast two phase deblurring with TV
[6], Adaptive Outlier Pursuit (AOP) [16], and K-ALS [14] were run for
the ranges of fractions of missing pixels, as reported by their authors. We
can see from these tables that [16] and [14] produce better ISNRs with
fewer missing pixels, but our proposed method produces a better ISNR
for higher percentages of missing pixels. While [6] is more accurate in
estimating the observation mask, it produces a lower ISNR.

4 Conclusions

We have presented an iterative method for inpainting an image without
knowing the locations of the missing pixels, based on alternating min-
imization to simultaneously estimate the image and observation mask.
The method can deal better with a larger fraction of missing pixels than
existing methods. Preliminary results show that the method is promising
for the removal of impulse noise. Current and future work include op-
timizing the regularization parameters, a detailed convergence analysis,
and extension of the framework to non-Gaussian observation models.

Table 1: Comparison for blind inpainting, with the Lena image, σ = 15
(SNR = 10.1 dB).

Fraction Method ISNR CPU time SSIM Mask

missing (dB) (sec) errors (%)

Proposed 15.03 62.31 0.912 0.032
0.1 AOP 12.04 94.76 0.795 1.45

KALS 16.13 378.19 0.893 1.54
Proposed 18.72 53.1 0.906 0.053

0.25 [6] 1.29 264.09 0.392 0.016
AOP 15.23 145.45 0.778 3.93

KALS 16.71 377.94 0.846 4.62
Proposed 19.90 53.46 0.895 0.042

0.4 [6] 5.49 265.88 0.43 0.018
AOP 15.69 204.07 0.759 7.12

KALS 7.06 370.87 0.464 19.40
Proposed 19.98 58.78 0.882 0.02

0.5 [6] 4.98 900.09 0.385 4.15
AOP 10.19 319.36 0.643 12.37

0.7 Proposed 19.49 63.14 0.842 0.0088
0.9 Proposed 17.22 92.29 0.738 0.0038
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Abstract

Efforts in biometrics are being held into extending robust recognition
techniques to in the wild scenarios. Nonetheless, and despite being a very
attractive goal, human identification in the surveillance context remains
an open problem. In this paper main we introduce the concept for a novel
biometric system – Quis-Campi – that effectively bridges the gap between
surveillance and biometric recognition while having a minimum amount
of operation restrictions. We propose a fully automated surveillance sys-
tem for human recognition purposes, attained by combining human de-
tection and tracking, further enhanced by a PTZ camera that delivers data
with enough quality to perform biometric recognition. Along with the
system concept, implementation details for both hardware and software
modules are provided.

1 Introduction

Biometrics is one of the most active fields in the area of computer vi-
sion, which is justified by our societies’ increasing concern about secu-
rity. Biometric systems significantly rely on the accurate extraction of
individuals’ distinctive features, which is conditioned by the acquisition
environment and constraints. As such, the most reliable systems are de-
ployed on controlled scenarios and count on subject cooperation. On the
other side, surveillance cameras are widely deployed and can constitute
a good source of input for biometric systems. Filling the gap between
biometrics and visual surveillance is quite a desirable goal, allowing to
produce automata capable of recognizing human beings in the wild, with-
out their cooperation and, possibly, even without their awareness.

When moving to in the wild scenarios the acquisition constraints are
substantially lowered and, most of the time, subject cooperation is not
even expectable. In order to deal with such challenging conditions alter-
natives are sought over three axes [3]: 1) improve the existing algorithms
so they can handle more degraded data; 2) resort to multi-modal biometric
systems so that the usage of multiple traits can compensate for their lack
of “quality”; 3) explore new biometric traits that could better cope with
this new reality. Despite the recent efforts, no system yet exists capable
of dealing effectively with all the issues introduced by in the wild biomet-
rics, and even those systems able to cope with less constrained conditions
(e.g. the Iris On The Move project [5]) still lack an ideal level of user
abstraction.

Despite the several applications of visual surveillance, most of ex-
isting surveillance systems are focused on activity recognition (e.g. W 4

project [2]), and not that many of them are prepared to handle surveillance
scenarios from a watchlist approach (e.g. Kamgar-Parsi et al. [4]). In this
paper we present a novel biometric recognition system, designed to work
covertly in a non-habituated and non-attended fashion, over non-standard
environments. Our main goal is to conceive a system that links together
both biometrics and visual surveillance, being able to conduct biometric
recognition over typical surveillance scenarios, with the minimum possi-
ble amount of operation restrictions.

2 The Recognition System

The optimal recognition system would operate on any environment, thus
minimizing the amount of operation restrictions. Since we are trying to
bridge biometrics with the visual surveillance, we have developed our sys-
tem in a typical surveillance scenario: a parking lot (Figure 3(a)). Such
scenario is particularly harsh for recognition purposes, for a number of
reasons: 1) it is a non-standard environment, with irregular lighting that
changes not only during the day, but also accordingly to weather condi-
tions, reflections, etc.; 2) complex background regions and the varying
resolution of humans poses increasing challenges for both detection and

recognition phases. 3) subjects can come from any direction, and they
are rarely facing the camera which is typically placed on an upper posi-
tion. Furthermore, the system should run in real-time. That being said,
the recognition system we propose is devised over three main layers (Fig-
ure 1): hardware control, scene understanding, and recognition modules.

2.1 Hardware Control

To mimic a surveillance scenario, a wide-view camera was mounted on
the exterior wall of a building, at a first-floor level (approximately 5m
above the ground), and pointing towards a parking lot. Although this kind
of camera offers a more complete overview of the scenery, it does not
provide enough quality for recognition methods to work at the distances
the driveway ranges from (15 to 35 meters) – Figure 2(a).

To provide recognition methods with reasonable quality data, a PTZ
camera was added to the system. This way, pointing and zooming over a
specific region allows acquiring a detailed view of detected subjects. As
we can see from Figure 2(a), there is a substantial difference in the usable
face and periocular pixel area between the two cameras as a function of
the working distance. A Canon VB-H710F was used as the wide-view
camera, and a Hikvision DS-2DE5286-AEL as the PTZ camera, with a
framerate of 30 frames per second (fps) at maximum resolution. However,
the independence between cameras demands a camera synchronization
module able to map coordinates from the wide-view camera referential to
the Pan-Tilt-Zoom (PTZ) coordinate system, allowing the acquisition of
the high-resolution view of a portion of the scene (Figure 2(b)).

Hardware Control

Wide-view 
Camera

Pan-Tilt-
Zoom 

Camera

Camera Sync 
& High-Res. 
Data Acquis.

Scene Understanding
People 

Detection 
& Tracking

Head 
Landmark 
Detection

Recognition Modules

Iris 
Recognition

Periocular 
Recognition

Ear 
Recognition

Gait 
Recognition

Face 
Recognition

Score Fusion 
& Decision

Figure 1: Working diagram of the proposed system, and the three-layer
architecture: hardware control (top), scene understanding (middle) and
recognition modules (bottom).
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Figure 2: Visible face and periocular width, in pixels, as function of the
system’s working distance (a), and illustration of the acquired data for
both cameras (b).



2.2 Scene Understanding

At the scene understanding layer, the system has two main modules: 1)
people detection and tracking; and 2) facial landmark detection.

The first module is responsible for locating the people as they enter
the scene, and tracking them until they are no longer visible. It takes as
input the video feed from the wide-view camera, and has three main steps:
background subtraction, upper-body detection and tracking, illustrated in
Figure 3.

Further to that, the second module of the scene understanding layer
is applied to that closer view, identifying which facial landmarks are vis-
ible, thus deciding the weight of each recognition module. Being able to
describe which facial traits are visible and where, is far more important
that actually getting a close estimation of the head’s pose, as we can tell
to which extent the trait is reliable or not.

2.3 Recognition Modules

For recognition purposes the proposed system relies on a multi-modal
biometric approach that combines face, iris, periocular, ear shape and gait
information.

The face is not only one of the most common and widely used bio-
metric trait, but also one of the most successful applications of image
analysis and understanding. Several face recognition systems are com-
mercially deployed, and a lot of techniques accessible [7] for both still
and video images. However, as stated by Bledsoe [1], the “great variabil-
ity in head rotation and tilt, lighting intensity and angle, facial expression
and aging” make face recognition an extremely hard challenge. Since in
surveillance scenarios the impact of such factors is even more significant,
it is mandatory to rely on robust approaches (e.g. [6]).

The ocular region is one of the most explored in biometry. Iris in par-
ticular is a very popular biometric trait, delivering very high recognition
accuracy under controlled environments. Although iris performance, as a
biometric trait, is severely impacted in non-ideal setups, due essentially to
its reduced size and moving profile, researchers are putting efforts in over-
come those limitations. The periocular region represents a good trade-off
between the whole face and the iris, being easy to acquire without user
cooperation, and not requiring a constrained close capturing. As such, is
one of the strongest candidates for the purposes of our system.

The shape of the ear can also be used as biometric trait, as the struc-
ture of its cartilage is unique for each individual. Despite all ear recog-
nition methods traditionally require some degree of user cooperation, if
proper alignment estimation can be established and the ear imaged with
few or no occlusion, it can be used as biometric trait in the wild.

Gait is the only trait that will be imaged from the wide-view cam. Ac-
quiring data about way a person walks is non-invasive, and can be done
at-a-distance. The majority of the gait recognition methods in the litera-
ture do not require high-resolution data, so they can run over surveillance
camera data.

3 Final Considerations

In this paper we present the concept of a fully automated surveillance and
biometric recognition system, able to complement human detection and
tracking with biometric recognition over in the wild surveillance environ-
ments. Although practical implementation is required, we are confident
on the feasibility of such system, with special attention to its concept.

(a) Wide-view Feed (b) Background subtraction. (c) People tracking

Figure 3: Illustration of the preliminary results obtained by the people
detection and tracking module: a) sample image acquired with the wide-
view camera; b) foreground regions attained by background subtraction;
c) people tracking module results.

3.1 Further Work

Further work should be considered over three axis: 1) a representative
dataset should be acquired, not only with a large number of subjects go-
ing through typical surveillance scenes, but also with the system running
over different environments (e.g. outdoor parking lot vs indoor lounge);
2) the software modules are still to be developed, so that the effective
recognition performance can be assessed; 3) several state-of-the-art tech-
niques should be tested for each module, and results validated over the
different scenarios.
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Abstract

The rising challenges in the field of face recognition are leading to a re-
newed interest in the area. The present work proposes an alternative to
face recognition under the effect of occlusions. An automatic modeling
of SIFT descriptors, regardless of the number of detected keypoints and
using a GMM-based Universal Background Model method, is proposed.
Such approach allows a tight coupling between individual models and a
robust likelihood-ratio decision step. The algorithm was tested on the AR
databases and presented state-of-the-art performance.

1 Introduction

Over the past few years, face recognition has been on the spotlight of
many research works in biometrics. The face is an easily acquirable trait
with a high degree of uniqueness. These marked advantages, however,
fall short when low-quality images are presented to the system.

It has been noted that the performance of face recognition algorithms
is severely compromised when dealing with non-ideal scenarios such as
non-uniform illumination, pose variations, occlusions, expression changes
and radical appearance changes [3]. Whereas technological improve-
ments in image capturing and transmitting equipment managed to atten-
uate most noise factors, partial face occlusions still pose a genuine chal-
lenge to automated face recognition [1].

In the present work we propose a robust alternative to face recognition
under partial occlusions. Our proposal is based on the idea of maximum
a posteriori adaptation of Universal Background Model, as proposed by
Reynolds et al. for speaker verification [5]. We evaluate the proposed
algorithm on a dataset characterized by a variety of occlusions and facial
expressions.

2 Proposed Methodology

2.1 Algorithm Overview

The proposed algorithm is schematically represented in Figure 1. Dur-
ing enrollment a new individual’s biometric data is inserted into a pre-
viously existent database of individuals. Such database is probed during
the recognition process to assess either the validity of an identity claim -
verification - or the k most probable identities - identification - given an
unknown sample of biometric data.

MAP 
Adaptation

SIFT

UBMN

IDSMN

N=2

N=3

N=4

N=5

N=6
N=7 N=8

N=9 N=10
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IDSMN

UBMN
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Estimation
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UBMN IDSMN

SIFT Likelihood
Estimation

Recognition
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Figure 1: Example images from one subject of the AR database.

A set of M partial face models is trained for each subject, as exempli-
fied in Figure 1. By training models that only describe features of limited
regions of the face we confer our algorithm a robustness to events where
all other regions are occluded. The full database of N individuals is, thus,
composed by a total of M×N individual models, obtained by maximum a
posteriori (MAP) adaptation of a corresponding set of M Universal Back-
ground Models (UBM). Both UBM and MAP adaptation will be further
motivated in the following sections.

The recognition phase is carried out using the projection of the fea-
tures extracted from an unknown sample onto both the M UBM and the
corresponding M individual specific models (IDSM) of interest. A likelihood-
ratio between both projections yields a set of M recognition scores, that
are then used to perform a joint decision.

2.2 Universal Background Model

The motivation behind the UBM strategy can be easily understood if the
problem of biometric verification is interpreted as a basic hypothesis test.
Given a biometric sample Y and a claimed ID, S, we define:

H0: Y belongs to S
H1: Y does not belong to S

as the null and alternative hypothesis, respectively. The optimal decision
is taken by a likelihood-ratio test:

p(Y |H0)

p(Y |H1)

{
≥ θ accept H0

≤ θ accept H1
(1)

where θ is the decision threshold for accepting or rejecting H0, and p(Y |Hi),
i ∈ {0,1} is the likelihood of observing sample Y when we consider hy-
pothesis i to be true.

Biometric recognition can, thus, be reduced to the problem of com-
puting the likelihood values p(Y |H0) and p(Y |H1). It is intuitive to note
that H0 should be represented by a model λhyp that characterizes the hy-
pothesized individual, while, alternatively, the representation of H1, λhyp,
should be able to model all the alternatives to the hypothesized individual.

From such formulation rises the need for a model that successfully
covers the space of alternatives to the hypothesized identity. The most
common designation in literature for such a model is universal back-
ground model or UBM [6]. Such model must be trained on a large set
of data, so as to faithfully cover a representative user space and a signifi-
cant amount of sources of variability. Individual models, λhyp, specialized
to each enrolled subject, can then be adapted from the UBM in a fast and
robust way by MAP adaptation.

2.3 Hypothesis Modeling

On the present work we chose Gaussian Mixture Models (GMM) to model
both the UBM, i.e. λhyp, and the individual specific models (IDSM), i.e.
λhyp. This choice is extensively motivated in many works of related ar-
eas. From the most common interpretations, GMMs are seen as capable
of representing broad “hidden” classes, reflective of the unique structural
arrangements observed in the analyzed biometric traits [5]. Besides this
assumption, Gaussian mixtures display both the robustness of paramet-
ric unimodal Gaussian density estimates, as well as the ability of non-
parametric models to fit non-Gaussian data [4].

All models are trained on sets of Scale Invariant Feature Transform
(SIFT) keypoint descriptors. The invariance of SIFT features to many
undesirable factors such as scale, translation, rotation and partially to il-
lumination, affine and 3D transformation, confer them a strong appeal in
the area of unconstrained biometrics.



2.3.1 MAP Adaptation

IDSM are generated by the tuning of the UBM parameters, in a maximum
a posteriori (MAP) sense, using individual specific biometric data. This
approach provides a tight coupling between the IDSM and the UBM, re-
sulting in better performance and faster scoring than uncoupled methods,
as well as a robust and precise parameter estimation, even when only a
small amount of data is available [7]. The adaptation process consists
in two main estimation steps. First, for each mixture of the UBM, a set
of sufficient statistics are computed from a set of M individual specific
feature vectors, X = {x1...xM}:

ni =
M

∑
m=1

p(i|xm) (2)

Ei(x) =
1
ni

M

∑
m=1

p(i|xm)xm (3)

Ei(xxt ) =
1
ni

M

∑
m=1

p(i|xm)xmxt
m (4)

where p(i|xm) represents the probabilistic alignment of xm into each UBM
mixture. Each UBM mixture is then adapted using the newly computed
sufficient statistics, and considering diagonal covariance matrices. The
update process can be formally expressed as:

ŵi = [αini/M+(1−αi)wi]ξ (5)

µ̂i = αiEi(x)+(1−αi)µi (6)

Σ̂i = αiEi(xxt )+(1−αi)(σiσi
t +µiµi

t )− µ̂i µ̂i
t (7)

σi = diag(Σi) (8)

where {wi,µi,σi} are the original UBM parameters and {ŵi, µ̂i, σ̂i} rep-
resent their adaptation to a specific speaker. To assure that ∑i wi = 1 a
weighting parameter ξ is introduced. The α parameter is a data-dependent
adaptation coefficient. Formally it can be defined as αi =

ni
r+ni

. The rel-
evance factor r weights the relative importance of the original values and
the new sufficient statistics. In the present work we set r = 16.

2.4 Joint Decision

The whole training process is repeated M times for each of the M partial
face regions, defined a priori. In the present work we used M = 14 as ex-
emplified in Figure 1. During the recognition step the unknown test image
is cropped into the M alternative partial face regions and each recogni-
tion score against the corresponding UBM and IDSM is carried out. This
yields a total of M likelihood-ratio scores for each test image and hypoth-
esized identity. The joint decision is carried out by using the sum of the
local likelihood-ratio scores.

3 Results and Discussion

3.1 Tested Dataset and Experimental Setup

We chose to assess the performance of the proposed algorithm of the AR
database [2]. This database contains over 4000 frontal face images from
126 individuals, acquired under variable illumination, expression, and oc-
clusion. Occlusions can be divided into two main categories: sunglasses
and scarf. An example of all images from a single individual is presented
in Figure 2.

Figure 2: Example images from one subject of the AR database.

All unoccluded images from every individual are chosen to train both
the local UBMs and IDSMs. The remaining scarf and sunglass occluded
images are tested separately, so as to better allow an analysis of the con-
sistency of the proposed algorithm when exposed to variable types of oc-
clusion.

3.2 Recognition Performance

The most relevant results regarding the biometric performance of the pro-
posed algorithm are summarized in the first line of Table 1. The cho-
sen metrics were the rank-1 recognition rate (R1) and the equal error
rate (EER). The R1 refers to the rate of correctly identified individuals,
whereas the EER is observed at the decision threshold, θ , where the errors
of falsely accepting and falsely rejecting H0 occur with equal frequency.

Work Sunglasses Scarf Average
Proposed 95.67% 0.0327 96.50% 0.0251 96.09% 0.0289

Min et al. [3] 75.00% – 92.08% – 83.54% –
Li et al. [1] 97.00% – 52.00% – 74.50% –

R1 EER R1 EER R1 EER

Table 1: Comparison between the obtained results for the AR database
and some state-of-the-art algorithms.

Table 1 also presents a few results from some recent state-of-the-art
works on the AR database. It is readily observed that the proposed al-
gorithm presents the most consistent and robust behavior, regardless of
the nature of the present occlusions. While the work by Li et al. presents
higher performance for sunglasses occlusion, their performance regard-
ing the alternative scarf occlusion is considerably lower than the one ob-
tained with the proposed algorithm. Min et al. present a work that seems
to have exactly the opposite problem, with good performance observed
for scarf occlusion, but lower results for sunglasses. The proposed algo-
rithm, thus, presents the significant advantage of being able to achieve
high performance regardless of the nature and location of the occlusion
by performing recognition on a set of robust local descriptors.

4 Conclusion and Future Work

In the present work we propose an alternative to face recognition when
the images present occluded regions, thus hindering the functioning mode
of the most traditional methodologies. The obtained results in the AR
database indicate the robust and consistent nature of our algorithm, in-
dependent of the nature and location of the occlusions. One effect that
we have not considered is how variable illumination might cause a degra-
dation in performance. As the chosen SIFT descriptors are known to be
only partially invariant to illumination, high variations of such parameter
might lead to the aforementioned nefarious effect. Furthermore, as only
a few locations of the image contain meaningful information for the bio-
metric recognition step it would be interesting to find a more robust and
efficient alternative to the simple sum-rule joint decision presented in this
work.

Acknowledgment

This work is financed by the ERDF European Regional Development
Fund through the COMPETE Programme (operational programme for
competitiveness), FCOMP-01-0124-FEDER-037281 and by National Funds
through the FCT Fundação para a Ciência e Tecnologia (Portuguese Foun-
dation for Science and Technology) within project PEst-C/EEI/LA0014/2013
and PhD grant SFRH/BD/87392/2012.

References
[1] Yue Long Li, Li Meng, Ju Fu Feng, and Ji Gang Wu. Downsampling sparse representation

and discriminant information aided occluded face recognition. Science China Information
Sciences, 57(3):1–8, 2014.

[2] Aleix M Martinez. The AR face database. CVC Technical Report, 24, 1998.
[3] Rui Min, Abdenour Hadid, and Jean-Luc Dugelay. Efficient detection of occlusion prior

to robust face recognition. The Scientific World Journal, 2014, 2014.
[4] D. Reynolds. Gaussian mixture models. Encyclopedia of Biometric Recognition, pages

12–17, 2008.
[5] D.A. Reynolds, T.F. Quatieri, and R.B. Dunn. Speaker verification using adapted gaussian

mixture models. Digital signal processing, 10(1):19–41, 2000.
[6] Douglas A Reynolds. An overview of automatic speaker recognition technology. In

Acoustics, Speech, and Signal Processing (ICASSP), 2002 IEEE International Conference
on, volume 4, pages IV–4072. IEEE, 2002.

[7] K. Shinoda and N. Inoue. Reusing speech techniques for video semantic indexing [appli-
cations corner]. Signal Processing Magazine, IEEE, 30(2):118–122, 2013. ISSN 1053-
5888. doi: 10.1109/MSP.2012.2230520.

2



Liveness detection methods in fingerprint recognition

Ana F. Sequeira
afps@inescporto.pt

Ana Rute Louro
ee08206@fe.up.pt

Jaime S. Cardoso
jaime.cardoso@inescporto.pt

INESC TEC and Faculdade de Engenharia,
Universidade do Porto,
Porto, Portugal

Abstract

Biometric recognition is nowadays a mature technology with several ap-
plications. However, biometric systems based on fingerprint are vulnera-
ble to direct attacks consisting on the presentation of a fake fingerprint to
the sensor. This work focuses on fingerprint liveness detection methods
as an attempt to overcome that vulnerability. Two methods from the state-
of-the-art in iris liveness detection were tested with fingerprint databases
containing different kinds of fake samples. One aim of the work was to
investigate how these iris techniques would perform with fingerprint fake
samples. The other purpose was to diversify the classification scenario
by broaden the classification task from being made within each type of
samples to being made in sets mixing the types of fake samples.

1 Introduction

Biometric recognition is a mature technology used in many government
and civilian applications such as e-passports, ID cards, and border con-
trol. Examples include the US-Visit (United States Visitor and Immigrant
Status Indicator Technology) fingerprint system, the Privium iris system
at Schiphol airport, and the SmartGate face system at Sydney Airport [1].
Fingerprints recognition systems (FRS) are widely used, in fact, probably
this was the first biometric trait to be used to identify people. Fingerprints
are small lines/ridges and valleys in the skin of fingertips. Their config-
uration is formed at around the seventh month of fetus development due
to a combination of genes and environmental factors and do not change
throughout life (except if an accident, such as a severe burnt, happens)
[5, 6]. The influence of environmental factors in the fingerprint formation
results in such variations in its configuration that it is considered impos-
sible to have two fingerprint looking exactly alike [5, 9].

Some fingerprint recognition techniques use correlation-based meth-
ods to directly compare images but most of the fingerprint recognition
and classification algorithms employ a feature extraction stage [5]. Also,
some preprocessing, segmentation and enhancement steps are often per-
formed to simplify the task of minutiae extraction.The main steps of a
FRS system may bee seen in Fig. 1.

Figure 1: Fingerprint recognition system block diagram.

Biometric recognition systems in general, and FRS in particular, can
be spoofed by presenting fake samples of the biometric trait to the sensor
used in a specific system. The fake samples can be acquired with or with-
out user cooperation: an authorized user may help an hacker to create a
clone of his fingerprint; or the fingerprint is obtained from a glass or other
surface (latent fingerprints) [5, 7]. Latent fingerprints can be painted with
a dye or powder and then "lifted" with tape or glue. However, these prints
are, usually, low quality as they can be incomplete or smudged and thus
are not very accurate. The easiest way of creating a fake sample is by
printing the fingerprint image into a transparent paper. A more successful
method is to create a 3D fake model with the fingerprint stamped on it.
This can be done by creating a mold that is then filled with a substance

(silicon, gelatin, Play-Doh, wax, glue, plastic). Then this mold is used
to create a thick or thin dummy that an intruder can use, an example is
depicted in Fig. 2.

Figure 2: Finger model and mold (Adapted from [5, 6]).

Texture features are good descriptors for fingerprints, as they are for
iris. Therefore, some liveness detection methods for both these traits are
texture-based. However, detecting the liveness of a fingerprint is even
harder than detecting the liveness of an iris, as both the material used in
the fake models and the epidermis of a finger are not alive. Liveness de-
tection can be performed through additional hardware or by processing
the obtained image. Hardware-based solutions work by measuring some
physical characteristics (such as blood pressure, temperature, pulse, or
pupil dilation, voluntary eye blink, among others) and have the disadvan-
tage of being expensive and requiring intervention at the device level. We
confined this work to software-based approaches. In this work we applied
two methods previously used in iris liveness detection in fingerprints im-
ages with fake samples to access their performance in fingerprint liveness
detection. Having in mind that in real-world solutions the system are not
“aware” of the kind of attack that might be performed, we chose to merge
fake samples forged with different materials to compose a new set of im-
ages captured by the same sensor but comprising different materials for
the fake samples.

2 Implemented Methods

2.1 Weighted Local Binary Patterns (wLBP)

The Weighted Local Binary Patterns (wLBP) method [10] combines Lo-
cal Binary Patterns (LBP) with a Scale Invariant Feature Transform (SIFT)
[4]. The process starts with the generation of a Gaussian scale space. The
output of this operation is a smothed image in six scales. For each scale,
the gradient orientation of each pixel is calculated and an histogram of
gradient orientations is created. Every histogram is then converted into
a descending rank, from 7 to 0. The LBP method labels the pixels of
an image by comparing them with their neighborhood. Combining the
LBP method with SIFT results in weighted maps. Three simple maps are
constructed using the 3 first scales and a fourth map results from the com-
bination of the last scales. Each map is divided in 8 by 8 blocks, the first
and last lines of blocks are discarded in order to avoid obstructions, and
three statistical features are extracted from each block (standard deviation
of the wLBP histogram, mean of wLBP map and standard deviation of
the wLBP map). That results in a 576 dimensional feature.

2.2 Gray Level Co-occurence Matrices (GLCM)

The Gray Level Co-occurence Matrices (GLCM) method [8] is based on
Gray Level Co-occurence Matrices (GLCM) which characterize the re-
lationship between neighboring pixels. Fourteen features are extracted
from each GLCM matrix [3]: angular second moment, contrast, corre-
lation, variance, inverse difference moment, sum average, sum variance,
sum entropy, entropy, difference variance, difference entropy, two infor-
mation measures of correlation and the maximal correlation coefficient.
These features are orientation dependent, so, four different values can be



Biometrika
Ecoflex Gelatin Latex Modasil Wood Glue

µ σ µ σ µ σ µ σ µ σ
wLBP 0.78 0.22 3.82 0.61 1.54 0.40 0.98 0.38 1.38 0.38
GLCM 0.92 0.31 2.29 0.58 3.44 0.544 3.66 0.91 4.82 0.71

Table 1: Results of method 1, for Biometrika (errors in %).

obtained corresponding to each feature based on each of the following
four orientations (0◦, 45◦, 90◦, 135◦). The mean and standard deviation
of the four values (four orientations) of each 14 measures, compose a set
of 28 features.

3 Experimental Setup
3.1 Datasets
The methods were tested in two subsets of the fingerprint datasets made
available for the LivDet2013 competition. The images of these datasets
were acquired with four different sensors: Biometrika, Crossmatch, Ital-
data and Swipe and the fake samples were built using seven different ma-
terials: Body Double, Latex, Play-Doh, Wood Glue, Gelatin, Silicon and
Modasil. For more details on these sets see [2]. The subsets tested for this
work were Biometrika and Swipe. This choice was made based on pre-
vious results in which Biometrika and Swipe performed better for wLBP
and GLCM methods, respectively. Biometrika subset comprise 2000 real
samples and 400 samples for each material. For building the fake samples
of Biometrika the materials used were: Ecoflex, Gelatine, Latex, Modasil
and Wood Glue. Swipe subset comprise 2374 real samples and approxi-
mately 500 samples for each material. For the fake samples of Swipe the
materials used were: Latex, Wood Glue, Body Double and Play-Doh.

3.2 Methodology
The feature extraction was performed using the two methods, wLBP
and GLCM (see section 2) in the whole image. For the classification
task we used Support Vector Machines (SVM), with a polynomial kernel,
and for optimizing the parameters a “grid-search” was performed on C
and d parameters: the exponential growth of C = 2N was tested, with N
varying from −1 to 15 and the polynomial degree (d) was tested with
the following values {1,2,3,4,5}. We also used cross-validation so that
the data was divided randomly in 62.5% of the samples for training and
37.5% for testing. Two different classification scenarios were studied:
within each material (Method 1) and using a mix of all materials (Method
2 -“mixed sets”). In methods 1 and 2, the classification error was obtained
by averaging the error in 50 runs and in each run the data was divided
randomly in 62.5% of the samples for training and 37.5% for testing.

3.3 Experimental Results and Discussion
In the first classification scenario, which is the typical one in literature and
in most competitions in the field, the Biometrika and the Swipe subsets
are evaluated testing the different materials separately (Method 1). The
results obtained are presented in Table 1 and Table 2, respectively.

Swipe
Body Double Latex Play-Doh Wood Glue

µ σ µ σ µ σ µ σ
wLBP 6.93 0.78 8.78 0.93 5.51 0.92 5.23 0.68
GLCM 4.53 0.64 3.60 0.67 3.54 0.74 3.51 0.77

Table 2: Results of method 1, for Swipe (errors in %).

Observing the results of Table 1, we may observe that, for Biometrika,
the best results of the both methods are obtained using the same material,
Ecoflex, 0.78% and 0.92%, respectively. In Table 2, for Swipe, we may
observe that the best results of both methods are also obtained using the
same material, Wood Glue, 5.23% and 3.51%, respectively. In an overall
analysis, better results are obtained with the Biometrika subset and, in
general, the wLBP method leads to better results.

Considering that, in practice, the system is not aware a priori of the
kind of fake sample to be used in an attempt to fool the system the classi-
fication performed in method 1 is not very realistic. Method 2, presented
in section 3.2, was applied aiming to overcome this limitation. In this

scenario, the training and test sets comprise all the known varieties of dif-
ferent materials used to build the fake samples. On one hand, we gather
the whole information but, on the other hand, we do not train our system
to face a single material. We do not restrict the study to one material at a
time, as traditional approaches do. The results obtained for the Biometrika
and the Swipe subsets using method 2 are presented in Table 3.

Biometrika Swipe
µ σ µ σ

wLBP 2.71 0.35 8.37 0.60
GLCM 5.00 0.62 6.61 0.66

Table 3: Results of method 2 for Biometrika and Swipe datasets (errors in
%).

Comparing the results of Tables 1 and 2 with the results of Table 3,
we may observe that, for both methods, WLBP and GLCM, the best result
is given by method 1, in both Biometrika and Swipe datasets. Therefore
we conclude that performing the classification task within each material
separately leads to better results than using a set with all the fake samples
mixed together.

4 CONCLUSIONS AND FUTURE WORK
In this work, two methods for iris liveness detection were applied in fin-
gerprint images. Comparing our results with the ones from LivDet2013[2]
we may consider our results encouraging of further investigation since in
some cases the results outperform those. Regarding the two different clas-
sification scenarios, we concluded that the results worsened when we go
from training and testing within the same fake samples to mixing all the
materials (but fixing the sensor). This is not unexpected since the vari-
ability in the types of fake samples is expected to increase the difficulty
of the classification task. This finding leads us to think that the traditional
approach we find in the literature is a somehow optimist. As future work
we intend to broad this study to more datasets for fingerprint liveness de-
tection and possibly compare this methods with state-of-the-art methods
in this field.
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Resumo 
A detecção de veículos e edifícios através de imagens aéreas é um 
problema complexo em visão computacional e detecção remota. A 
maioria dos trabalhos de investigação nesta área aborda apenas um 
destes temas. Neste trabalho é proposta uma abordagem para resolver 
ambos os problemas, baseada na transformada de Hough, características 
SIFT e classificadores MSV (Máquinas de Suporte Vectorial), usando 
imagens aéreas de alta resolução obtidas a partir de um UAV 
(Unmanned Aerial Vehicle). Duas componentes importantes da 
metodologia desenvolvida são a identificação de zonas com veículos e a 
identificação de telhados rectangulares com transformada de Hough. Os 
resultados experimentais mostram que o algoritmo proposto é robusto 
em ambos os problemas.  

1 Introdução 
A detecção de veículos e de edifícios através de imagens aéreas é 

um problema actual em visão computacional e em aplicações de 
detecção remota. A investigação nesta área tem aumentado 
significativamente  devido à sua aplicação em sistemas geoespaciais, 
planeamento e monitorização urbana, cartografia e aplicações militares, 
nomeadamente  seguimento e localização de infraestruturas sensíveis, 
entre outros [1] e [2]. Têm sido propostas várias metodologias, desde as 
mais simples até às mais complexas como a fusão de diferentes 
métodos. Na detecção de veículos é comum a utilização de 
classificadores. Em [3], após a identificação de zonas potencialmente 
possuidoras de veículos através do Harris corner detector, são extraídas 
características baseadas em Histogramas de Coeficientes de Gabor, e de 
seguida é usado um classificador MSV ou K-Nearest Neighbors. Com 
base nos algoritmos e resultados obtidos em [3], Moranduzzo [4] propôs 
outra  abordagem mas com resultados melhores, em que as 
características de cor e SIFT são recolhidas e posteriormente 
classificadas com Máquinas de Suporte Vectorial. Esta metodologia, 
recorrendo a classificadores, é também aplicável à detecção de edifícios. 
Em [5] é proposta a realização de uma segmentação inicial com o 
algoritmo mean-shift, seguida de extracção de características de cor e 
multi-scale orientation histogram e posteriormente a classificação com 
Máquinas de Suporte Vectorial. Uma metodologia que não recorre a 
classificadores, que diminui o tempo de computação e exclui o uso de 
conjuntos de treino, é proposta por Pakizeh [6]. Inicialmente os centros 
dos edifícios são estimados através da intensidade da imagem, 
confirmando-se ou não a sua existência através da forma, recorrendo à 
transformada de Hough.  

Neste trabalho propõe-se uma abordagem simultânea a ambos os 
problemas, tal como [1], baseando-se na Transformada de Hough e em 
características SIFT para a detecção e identificação de Edifícios e 
Veículos, respectivamente. Esta abordagem efectua a detecção de 
edifícios sem recurso a classificadores e apresenta uma abordagem 
alternativa que identifica, com elevada probabilidade, os locais onde 
existem veículos. 

2 Metodologia Proposta 
As imagens RGB utilizadas foram  obtidas por UAV voando a baixa 

altitude sobre a Academia Militar na Amadora e produzindo imagens 
com alta resolução (3000x4000 pixéis). 

 A metodologia proposta encontra-se indicada na Figura 1. 
Dividindo o problema, a imagem que se pretende discriminar é utilizada 
em duas partes distintas: detecção de veículos e detecção de edifícios. 
Na primeira, são extraídas características SIFT e informação de cor que 

são classificadas através de máquinas de suporte vectorial. Aos 
resultados da classificação é aplicado um algoritmo de fusão de pontos 
importantes com intuito de obter a localização mais provável de 
veículos. Na segunda parte da metodologia proposta, após um pré-
processamento baseado na cor dos telhados dos edifícios, usa-se a 
transformada de Hough para a detecção de rectas e um algoritmo para 
detecção de formas rectangulares. 

2.1Veículos 
A) EXTRACÇÃO DE CARACTERÍSTICAS (SIFT e COR) 
Para a extracção de características SIFT usou-se a biblioteca open 

source VLFeat que, entre outros, implementa o algoritmo SIFT, descrito 
em [7]. Após este procedimento, é extraída informação de cor (RGB e 
HSV) dos pixéis identificados como pontos de interesse pelo SIFT, 
sendo construído um vector de 134 elementos: SIFT+RGB+HSV (128 + 
3 + 3). São considerados pontos de interesse pelo algoritmo SIFT 
aqueles cujo vector de características seja invariante a rotação, 
mudanças de intensidade e de escala, e transformações afim, numa 
imagem. 

 
B) CLASSIFICAÇÃO DE CARACTERÍSTICAS COM MSV 
Constituído o conjunto de pontos importantes da imagem, é usada 

uma máquina de suporte vectorial com o objectivo de identificar os 
pontos importantes que pertencem a veículos. Admite-se a existência de 
um veículo quando a percentagem de pontos importantes classificados 
como tal é superior a um determinado limiar definido pelo utilizador. O 
veículo é identificado como o ponto médio dos pontos importantes 
pertencentes à classe veículo. 

 
C) FUSÃO DE CARACTERÍSTICAS 
Conhecendo todos os pontos com elevada probabilidade de 

existência de veículos, e uma vez que estes são em maior número do que 
a quantidade de veículos existentes, é aplicado um algoritmo para os 
agrupar por veículo. O critério de agrupamento, inspirado em [4], 
baseia-se na distância entre pontos. É definido um limiar de distância 
para serem considerados pontos vizinhos e sempre que a distância seja 
menor que esse limiar, dois pontos são fundidos num só. O processo 
repete-se enquanto existirem pontos menos distantes entre si que o 
limiar definido. 

 
D) SELECÇÃO DE ZONAS COM VEÍCULOS 
Nesta fase, são identificadas zonas da imagem com grande 

probabilidade de existência de veículos. Para tal, considera-se que o 
tejadilho de um veículo tem, tipicamente, forma quadrangular e que os 
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seu vidros, observados por vista aérea, são escuros. Assim, admite-se 
que zonas com potenciais veículos, são constituídas por dois quadrados 
(interno e externo). Estas zonas são identificadas na imagem se o desvio 
padrão da intensidade dos pixéis contidos em cada quadrado for 
pequeno e se os pixéis contidos no quadrado externo forem, 
maioritariamente escuros. Por fim, são identificados os veículos 
resultantes da fase C que pertençam às zonas selecionadas.  

2.2 Edifícios 
A) PRÉ-PROCESSAMENTO 
O pré-processamento é realizado com base na cor, neste caso, 

vermelho, cor predominante nos telhados. Utilizando a imagem com 
componentes R, G e B, a segmentação baseia-se no facto de o vermelho 
se caracterizar por ter a componente R elevada comparativamente à G e 
B num determinado pixel. A segmentação é dada por: 

 
𝑣𝑒𝑟𝑚𝑒𝑙ℎ𝑜 = 𝑅 −max 𝐺,𝐵   (1) 

 
 

B) SEGMENTAÇÃO COM TRANSFORMADA DE HOUGH 
À imagem obtida na fase anterior, é aplicado o detector de arestas de 

Canny. De seguida a imagem é percorrida por uma janela quadrangular 
sobre a qual é aplicada a transformada de Hough e posteriormente 
procuradas formas rectangulares.   

O detector de Canny é um método que permite a detecção de arestas 
numa imagem com base na direcção e intensidade do gradiente 
calculado em todos os pixéis. 

A transformada de Hough é um método para detecção de formas 
parametrizáveis (círculos, linhas, elipses...). A transformada é aplicada a 
todos os pontos de uma imagem, de tal modo que os pertencentes à 
forma geométrica a parametrizar sejam mapeados no mesmo ponto do 
espaço de parametrização. 

 
C) IDENTIFICAÇÃO DE FORMAS RECTANGULARES 
A identificação de formas rectangulares é realizada com base nos 

segmentos de recta detectados com a transformada de Hough. O 
algoritmo desenvolvido detecta um potencial edifício com forma 
rectangular, se existirem quatro segmentos de recta 𝐴𝐵,𝐶𝐷,𝐸𝐹,𝐺𝐻 que 
verifiquem todos os requisitos, condicionados por limiares:  

 
1. 𝐴𝐵 ∥ 𝐶𝐷   ∧ 𝐸𝐹 ∥ 𝐺𝐻 
2. 𝐴𝐵 ≅ 𝐶𝐷 ∧ 𝐸𝐹 ≅ 𝐺𝐻  
3. 𝐴𝐵 ⊥ 𝐸𝐹   

4. 𝑐𝑎𝑟

𝐴𝐸 𝐴𝐹
𝐵𝐸 𝐵𝐹

𝐴𝐺 𝐴𝐻
𝐵𝐺 𝐵𝐻

𝐶𝐸 𝐶𝐹
𝐷𝐸 𝐷𝐹

𝐶𝐺 𝐶𝐻
𝐷𝐺 𝐷𝐻

= 4 

 
Nota: 𝐴𝐵 , segmento de recta; ∥ , paralelo a; ∧ , conjunção; ≅ , 

aproximadamente igual a; 𝐴𝐵 , comprimento do segmento de recta 
𝐴𝐵; ⊥, perpendicular a; 𝑐𝑎𝑟 𝐴 , característica da matriz A (número 
máximo de linhas/colunas linearmente independentes). 

3 Resultados 
Na detecção de edifícios, é factor condicionante o limiar que define 

o nível de vermelho a segmentar. O limiar definido condiciona a forma 
do telhado que será usada pelo detector de arestas e consequentemente a 
detecção de formas rectangulares. A segmentação baseada na cor não 
tem a robustez ideal uma vez que o tom de vermelho varia entre 
telhados. A transformada de Hough, apesar de depender de parâmetros 
ajustáveis que condicionam os resultados, é robusta para arestas bem 
definidas e, neste caso, para formas rectangulares, como se verifica na 
Figura 2. 

No que respeita à detecção de veículos verifica-se, para a Figura 2, 
uma taxa de detecção (TD) de 75% calculada a partir de 
TD=VP/(VP+VN), onde VP (verdadeiros positivos) expressa o número 
de veículos detectados e VN (verdadeiros negativos) corresponde aos 
veículos presentes na imagem que não foram identificados pelo 
algoritmo. Estes resultados são justificáveis com a MSV binária 

utilizada uma vez que é complexo treinar o classificador com todas as 
classes passíveis de existir numa imagem. 

4 Conclusões 
Neste trabalho foi desenvolvido uma metodologia para detecção de 

edifícios e veículos em imagens aéreas. Para a detecção de veículos é 
usado um classificador baseado numa máquina de suporte vectorial, 
seguida de um algoritmo de fusão por forma a obter um ponto por 
veículo. Relativamente a edifícios, utilizou-se a transformada de Hough 
após pré-processamento baseado na cor. 

O algoritmo proposto apresenta uma abordagem simples e eficiente 
na detecção de rectângulos através da transformada de Hough e uma 
nova forma de seleção de zonas com veículos, constituindo-se uma 
ferramenta robusta na resolução de ambos os problemas de detecção. 
Com a metodologia proposta, são identificados 9 em 12 veículos, bem 
como o edifício presente na imagem. 
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Resumo 
  

Este trabalho apresenta um estudo sobre a classificação da densidade 

vegetacional. Foi utilizado um método de seleção de características, 

designado Back Feature Selection (BFS), e foram implementados quatro 

classificadores: Sparse Multinomial Logist Regression (SMLR), K-

Nearest Neighbor (KNN), Linear Classifier using Principal Component 

expansion on the joint data (PCLDC) e Multi-Class Support Vector 

Machine (MSVM). O classificador que produziu o melhor resultado foi 

o SMLR obtendo um desempenho de 85% para um conjunto de 20 

características selecionadas automaticamente. 

1 Introdução 

Nos processos de decisão militar, o terreno é um fator determinante na 

forma como decorrem as operações militares. O conhecimento do 

terreno pode ser decisivo para o sucesso de uma missão permitindo obter 

vantagens sobre o inimigo. Selecionar a camuflagem correta, definir 

corredores de mobilidade para o ataque ao inimigo, levá-lo até terrenos 

onde percam mobilidade são estratégias que se podem usar quando se 

detém o conhecimento do terreno. Neste sentido, o conhecimento da 

densidade vegetacional numa determinada zona é uma mais-valia para o 

processo de tomada de decisão. Face a esta necessidade, é apresentada 

neste trabalho uma solução para a classificação da densidade 

vegetacional em ambiente militar. Assim distinguiram-se três classes: 

vegetação densa, vegetação esparsa e vegetação escassa.  

 Na classificação da vegetação, a primeira tarefa consiste na extração 

e seleção de características das imagens seguindo-se a sua classificação. 

Li [1] sugeriu um método de fusão de características, cor e textura, com 

o objetivo de classificar três espécies de vegetação diferentes, utilizando 

imagens aéreas de alta resolução espacial. Esta metodologia com recurso 

a um classificador MSVM obteve 83,5% de Overall Accuracy (OA).  

 Chapman [2] propôs uma solução para caracterização da vegetação 

através de fotografias aéreas com informação na banda do visível e 

imagens com informação na banda do infravermelho. Aplicou um 

método baseado em árvores de regressão e classificação (CARTs) e o 

classificador Random Forest com o qual obteve 96,8% de classificações 

corretas.  

 Wang [3] apresentou um trabalho para delimitar as fronteiras das 

florestas a partir de imagens aéreas. O método utiliza o algoritmo JSEG 

(algoritmo de segmentação) que recolhe características Green 

Vegetation Index (GIV) e Gabor wavelet texture. Com recurso a um 

classificador KNN obtém 95 % de OA, tendo a particularidade de a 

aprendizagem não ser supervisionada.  

 Neste trabalho pretende-se analisar a influência da seleção e do 

número de características no resultado da classificação, bem como 

estabelecer uma comparação entre a performance de vários 

classificadores.  

2 Metodologia 

 

2.1 Dados utilizados 

As 5 imagens aéreas ortorrectificadas cedidas pelo Instituto Geográfico 

do Exército (IGOE) representam uma vasta área da zona militar de 

Mafra e contêm informação nas três bandas RGB (red, green e blue), 

com um tamanho médio de 12000 por 12000 pixéis, sendo que cada 

pixel representa 8 centímetros no terreno. Estas imagens foram 

posteriormente reduzidas em 90%  por razões computacionais.  

 Foram definidas classes (vegetação densa, vegetação esparsa e 

vegetação escassa) e identificadas as regiões de interesse, que 

caracterizassem as classes definidas. As regiões de interesse são 

imagens com tamanho de 100 pixéis por 100 pixéis (superROI’s) 

(retiradas das imagens fornecidas após redução das dimensões) e são 

utilizadas para a constituição do conjunto de treino usado para a 

classificação de todas as imagens de teste. 

2.2 Métodos 

2.2.1 Extração, seleção e normalização de 

características. 

A extração de características é um dos processos mais importantes nos 

problemas de classificação. Foram extraídas 278 características nas 

imagens que constituem o conjunto de treino assim como nas imagens 

que representam o conjunto de teste. Para que as características retiradas 

expressassem corretamente a densidade de vegetação verificou-se, após 

análise, que calcular as características das superROI’s em regiões 

(ROI´s) de 50 por 50 pixéis seria a abordagem mais adequada. Estas 

foram parametrizadas com 10 características de primeira ordem e 3 de 

segunda ordem. 

 Foi implementado um método de seleção de características 

disponibilizadas na toolbox Partern Recognition Tools (PRTools) [4], 

denominado Back Feature Selection [5]. 

  Verificou-se que o intervalo dos dados que constituem o conjunto de 

treino é extenso, como tal, realizou-se a normalização de todas as 

características.  

2.2.2 Classificação 

Utilizaram-se métodos de classificação multi-classe supervisionada para 

se realizar a classificação do coberto vegetal. O objetivo é parametrizar 

vários classificadores que, dado um conjunto de treino com n amostras 

das três classes, seja capaz de distinguir as diferentes classes perante 

uma nova imagem. Implementaram-se os classificadores: Sparse 

Multinomial Logist Regression [6], K-Nearest Neighbor, Linear 

Classifier using Principal Component expansion on the joint data [4] e 

um classificador Multi-Class Support Vector Machine com utilização de 

duas funções de kernel diferentes: Radis Basis Function (RBF) e 

Multilayer Perceptron (MPL).  

 Uma característica comum à maioria dos classificadores e que 

influência diretamente o seu desempenho é a existência de um ou mais 

parâmetros que condicionam a forma como o classificador aprende e 

classifica as amostras de teste. Para estimar os parâmetros de entrada 

dos classificadores utilizados utilizou-se uma técnica designada 10-fold 

cross validation. Esta técnica permite encontrar os parâmetros ótimos 

para cada classificador com base na minimização dos erros de 

classificação do conjunto de treino. 

 

3  Resultados 

Com o objetivo de analisar a influência do número de características no 

resultado da classificação, bem como estabelecer uma comparação entre 

a performance de vários classificadores,  utilizaram-se 5 imagens de 

teste diferentes (perfazendo um total de 959 ROI’s analisadas) e 

registaram-se para cada classificador os valores de OA médios. 

  O número de características é um fator determinante para o sucesso 

de um problema de classificação. Neste trabalho foi utilizado um 

número de características entre 5 e 40 com incrementos de 5. Verificou-

Discriminação da densidade vegetacional em ambiente militar 

Miguel Gonçalves
1
 

08218.goncalves@academiamilitar.pt 

José Bioucas-Dias
2
 

bioucas@lx.it.pt 

José S. Silva
1
 

jose.silva@academiamilitar.pt 

Jorge Leitão
1
 

08152.leitao@academiamilitar.pt 
 
 

 

 
1
 Departamento de Ciências e Tecnologias de Engenharia 

Academia Militar  
Lisboa, Portugal 

 
 

2
Departamento de Engenharia Eletrotécnica e de Computadores 

  Instituto Superior Técnico 
  Lisboa, Portugal 

 

  

      

 



2  
 

 

se que considerar mais de 40 características ocorre a uma diminuição da 

OA em todos os classificadores, sendo esse o motivo pelo qual a análise 

foi realizada até as 40 características. 

 Com o classificador SMLR a utilização de 20 características foi 

suficiente para obter 85% de OA. O parâmetro de regularização   

determinado recorrendo  a técnica 10-fold cross-validation utilizado foi   

=0,78. 

 Classificaram-se as mesmas imagens com o classificador KNN, para 

encontrar os parâmetros que conduziam a melhor classificação, tendo 

sido testado como métricas de distância as seguintes variantes: distância 

euclidiana, distância de Chebycheb, correlação e distância de 

Mahalanobis. Com este classificador, o melhor valor de OA obtido foi 

de 73,2%, calculado pela métrica de correlação, considerando um valor 

de k=3 e recorrendo às 15 características mais importantes na distinção 

das classes. 

 O Linear Classifier using Principal Component expansion on the 

joint data (PCLDC) da toolbox PRTools [4] foi utilizado na 

classificação das imagens de teste. Este classificador permite definir 

qual o número de vetores próprios (N) utilizados para projeção dos 

dados do conjunto de treino. Com N=2, obtido pela técnica 10-fold cross 

validation, foi possível obter um valor de OA de 77,1% quando se 

utilizavam 5 características. 

 Por último, com o classificador MSVM realizaram-se testes no 

sentido de encontrar qual a função de kernel que permitia obter melhores 

resultados. O melhor desempenho deste classificador verificou-se com a 

utilização de 25 características com uma função de kernel RBF 

(parâmetros  =4 e C=16,6) com um OA de 76%.  

 
Figura 1-Imagem real (à esquerda) e imagem artificial (à direita) produzida com o 

resultado do classificador SMLR.  

 A Figura 1 mostra à esquerda a imagem original de teste, e à direita 

uma imagem artificial construída com base no resultado do classificador 

SMLR para uma das imagens de teste (550 por 700 pixéis). Neste 

exemplo conseguiu-se uma percentagem de classificações corretas de 

94,8%. 

 Realizou-se uma comparação entre os melhores resultados (valores 

médios) obtidos pelos classificadores em função do número de 

características, sendo o resultado apresentado no gráfico seguinte.  

 
Gráfico 1- Comparação dos resultados obtidos com os vários classificadores em 

função do número de características. 

Importante referir que no gráfico anterior, os valores referidos para 

o classificador KNN foram conseguidos com a utilização da métrica 

correlação, visto ser a que permite obter melhores resultados na maioria 

das situações. Já para o classificar MSVM foi utilizado a função de 

kernel RBF pelo mesmo motivo. 

 

Por análise gráfica verificou-se que o classificador SMLR é o que 

demostra uma variação menor ao aumento do número de características, 

mantendo uma constante superioridade relativamente aos restantes. Para 

um número de características entre 15 e 25 ocorre o melhor desempenho 

do classificador, obtendo um valor de 84,6% (para 20 características e 

com λ =0,78). 

 Realizada a comparação entre classificadores, resta ainda verificar 

qual a influência da utilização de um seletor de características nos 

resultados. A utilização de um seletor de características (BFS) conduziu 

a um melhor desempenho de todos os classificadores. A tabela seguinte 

mostra os melhores resultados dos classificadores com e sem a 

utilização do seletor de características. 

 

 
Tabela 1- Comparação entre os resultados dos classificadores com e sem a 

utilização de um seletor de características. 

 4 Conclusões 

A extração de um elevado número de características permite que sejam 

usados algoritmos de seleção para eliminar características redundantes e 

diminuir a complexidade do modelo de representação do conjunto de 

treino, uma vez que reduz a dimensionalidade do espaço de 

características, correspondendo a um aumento significativo da 

performance, na ordem dos 20% em todos os classificadores exceto no 

KNN onde se regista um aumento de 10%.  

 Este trabalho também permitiu concluir que é no intervalo entre as 

15 e as 35 características que a maioria dos classificadores obtém as 

melhores classificações, com exceção apenas para o PCLDC que 

permite obter melhores classificações com um número de 

características mais reduzido (5 características). Verificou-se que o 

melhor classificador é SMLR, sendo o único que permite obter 85% das 

classificações corretas. Neste caso as características não são 

linearmente separáveis, advindo daí a necessidade de utilizar 

classificadores com funções de kernel. As funções de kernel permitem a 

projeção das amostras para um espaço de características diferentes do 

original, onde as amostras das várias classes podem ser divididas 

linearmente. É esta versatilidade que está na base dos resultados 

produzidos pelos classificadores SMLR, e SVM RBF. 

 

 Agradecimento 

Ao CINAMIL, Centro de Investigação da Academia Militar, através 
do projeto FUSIMIL, pelo financiamento que suportou as despesas 
relativas à conferência RECPAD’2014. 

Bibliografia 

[1]  R. Hayward, R. Walker, Z. L. Zhengrong Li, Y. L. Yuee Liu, et al., "Color 

and texture feature fusion using kernel PCA with application to object-

based vegetation species classification,"  2010, pp. 2701-2704. 

[2] D. S. Chapman, A. Bonn, W. E. Kunin, and S. J. Cornell, "Random Forest 

characterization of upland vegetation and management burning from aerial 

imagery," Journal of Biogeography, vol. 37, pp. 37-46, 2010. 

[3] Z. Wang, R. Boesch, and C. Ginzler, "Forest delineation of aerial images 

with Gabor wavelets," International Journal of Remote Sensing, vol. 33, 

pp. 2196-2213, 2012. 

[4] R.P.W. Duin, P. Juszczak, P. Paclik, E. Pekalska, D. de Ridder, D.M.J. 

Tax, S. Verzako, PRTools4.1, A Matlab Toolbox for Pattern Recognition, 

Delft Universityof Technology, 2007. 

 [5]  I. Guyon and A. Elisseeff, “An introduction to variable and feature 

selection,” J. Mach. Learn. Res.,vol. 3, pp. 1157–1182, Mar. 2003. 

[Online]. Available: http://dl.acm.org/citation.cfm?id=944919.944968 

[6]  J. Bioucas-Dias and M. Figueiredo, “Logistic regression via variable 

splitting and augmented Lagrangian tools,” Instituto Superior Técnico, 

TULisbon, Lisbon, Portugal, 2009, Tech. Rep. 

Sem seletor 

de características

(278 características)

OA(%) OA(%)
Nº 

 Características
SMLR 60,5 85,0 20 24,5

KNN 62,7 73,2 15 10,5

PCLDC 51,3 77,2 5 25,9

MSVM RBF 56,7 76,0 25 19,3

Com seletor de 

características
Aumento da

 performance 

(%)



  

 

Abstract 

The problem addressed in this work is the extraction of descriptive 
metadata from handwritten and typed documents, comprising the 
recognition of artifacts such as stamps, underlines and annotations, and 
also the recognition of tables, through the use of thresholding and 
morphologic operations with very promising results. 

1 Introduction 

 Historical document collections residing in libraries, museums and 

archives are currently being digitalized for preservation purposes and to 

make them available worldwide through large on-line digital libraries. 

However, efforts should also focus on technologies aimed at reducing 

the human effort required for the annotation of the raw images with 

informative content. The presence of artifacts, such as stamps, 

underlines, annotations may indicate the presence of relevant 

information. In this sense, the extraction of metadata from this type of 

information constitutes an ultimate goal for institutions like libraries, 

motivating the building of an automatic and efficient recognition system 

[6]. 

  
a) b) 

 
Fig. 1 – a), b) Examples of ancient documents 

 The presented ideas will be applied to a representative set of 

documents from the IICT Library on themes concerning the borders of 

Guinea Bissau. These documents are manuscripts and typed scripts from 

the late nineteenth and early twentieth century. Two images of this set 

are shown in figure 1. 

2 Related Techniques 

 Different work has been done in regard to the area of document 

image analysis [1],[2],[3]. Muge et al. [1] proposed a methodology for 

automatic extraction and recognition of features from books of the 

Renaissance.  Using grey level images, the approach consists in a page 

segmentation followed by a mathematical morphology methodology. 

The concept guiding the segmentation methodology refers to a 

topographic analogy. The signs (text and figures) to detect are like 

“valleys” or “furrows” (darker regions) carved on a basically plane 

background (lighter regions).  Based on the segmented pages, the 

separation of non-text (figures, labels and illuminated letters) from text 

characters is achieved through the use of mathematical morphology.  

Fundamentally, the algorithm uses the main directions in which the 

image’s elements evolve, i.e., assuming that the text has an orientation 

of 0º (length) and 90º (height) in the majority of lines composing the 

characters.  

3 Implemented Techniques 

 In the proposed algorithm, the recognition of artifacts takes 

advantage of the fact that, most of the times, artifacts present a different 

colour from the text, which motivates the use of colour thresholding 

techniques to separate non-text contents, such as tables, stamps, 

annotations, underlines, from text. In order to simplify the colour 

thresholding expression, the conversion from RGB to HSV is performed 

[5]. The reason behind the selection of the HSV color channel is related 

with the hue component, that gives the dominant wavelength of a colour, 

allowing to identify more easily a certain color. Using the binary images 

obtained with the thresholding techniques, a mathematical morphology 

based algorithm follows next. Fundamentally, this algorithm seeks for 

the straight lines that characterize each artefact. It assumes that, in a 

document, tables and stamps are the only artifacts showing vertical 

lines, while underlines, with the exception of tables and stamps, are the 

only artifacts lines exhibiting horizontal lines. To retrieve the 

morphological features sought, an erosion process takes place. In order 

to guarantee that only areas belonging to the artifacts are considered, an 

area opening operation is executed to remove residual areas. The final 

criterion to infer about the presence of an artifact is an area threshold 

that considers that an artifact is present if the number of pixels in the 

resulting image is equal or higher than the fixed threshold. For stamps, 

in addition to this criterion, the number of vertical lines has to equal to 

two. Regarding tables, the number of both vertical and horizontal lines 

has to be equal or higher than two. 

 
 

Figure 2 - Activity diagram of the artifact recognition algorithm 

 
 

However, due to the common morphological key features that some 

artifacts share, artifacts may be incorrectly classified. To avoid this, after 

the recognition of an artifact, the result obtained in the residual area 

removal stage is used in a morphologic reconstruction operation to find 

the rest of the artifact, in order to remove it from the binary image that is 

going to be used to recognize the next artifact, eliminating possible 

interferences. The sequence of artifacts recognized is the following:  
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tables, for having longer lines than stamps, are the first artifacts to be 

identified. After being recognized, these are removed from the image, 

leaving stamps as the only artifacts exhibiting vertical lines. Stamps 

follow next in the recognition process. Once again, after being 

identified, these are also removed, due the presence of horizontal 

underlines present in the top and bottom of the stamps that could be 

understood as underlines in the underline recognition process. Finally, 

after the recognition of the tables, stamps and underlines, the only 

artifacts remaining should be the annotations. Due to the arbitrary shape 

that these can take, it is assumed as annotations any coloured region that 

occupies an area higher number than a fixed threshold. Thus, the 

recognition of annotations consists in the removal of all the artifacts 

recognized, followed by an area threshold. The activity diagram of this 

algorithm is illustrated in figure 2. The application of this algorithm is 

presented in figure 3, where it is possible to see the recognition of the 

different artifacts. 

 

Results Discussion 

 In order to test the proposed techniques, the new approach was 

applied to the set of 122 documents. The results may be observed in 

Table 1 that results from the confusion matrix [4]. The results of table 

recognition were conditioned by the low number of tables present in the 

set analysed. Moreover, part of these had their borders defined with 

dashed lines, which drive the algorithm to fail.  The lines that define the 

tables are usually black, which makes their recognition to rely 

exclusively on the morphologic stage. The mask used in the erosion 

process spared lines from margins and from annotations with vertical 

strokes, which were after considered as being part of tables, leading to 

inaccurate classifications. To avoid this, a criterion regarding the 

number of vertical and horizontal lines was implemented in decision 

stage to classify an image as containing tables. To what concerns the 

stamps, the presence of annotations with vertical straight lines was 

found to be one of the main causes of inaccuracy in the recognition of 

this type of artifacts. However, most of the inaccurate classifications 

were due to the fading of stamps.  A foreseen drawback in the 

morphological stage was related with the rotation that stamps might 

present. However, the mask used was able to tolerate considerable 

rotations. To what concerns the recognition of underlines, this was 

mostly conditioned by their consistency.  The pressure variations that 

occur in the underlining process conduct to a fading of some parts of the 

underline, that is critical when occurring in the interior of the underlines, 

due to possible disintegration of the underline in the thresholding stage 

and further removal of the entire underline in the residual area removal 

stage. In the documents analysed, the annotations usually appear in red. 

Due to the red appearing in the extremes regions of the hue channel, its 

identification is easily processed, allowing an accurate thresholding 

expression and therefore an accurate recognition of all the red coloured 

artifacts. However, not all red areas are related to these artifacts. Some 

documents present red typed characters in headings, headlines, titles and 

others that are part of the original document. In this sense, although they 

were not introduced after the creation of the document, as a regular 

annotation, they still point relevant content, which led to consider those 

as annotations. 

4 Conclusions and future work 

 The algorithm presents a high degree of generalisation as the 

current experiments indicate, even though the differences present in 

the set of images analysed. It was relatively easy to detect the 

existence of underlines, stamps and annotations using an adequate 

analysis of the HSV components of the image, together with basic 

morphological operations.  However, the task of doing artifact 

recognition without the aid of the ‘semantic level’ is problematic. As 

future work, the recognition of the several artifacts may include a 

stage where the document is segmented in text and non-text areas, 

restricting the search of underlines and annotations to where they are 

expected to appear. It would be also useful to automatically 

distinguish manuscripts and typed scripts.  
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Fig. 3 – a) Original Image  b) Stamp recognized  c) Annotations 

recognized  d) Underline recognized 

Table 1 – Results of the Artifact Recognition Algorithm  

% Tables Stamps Underlines Annotations  

Precision: 87,00 84,61 88,89 91,53 

Sensibility: 77,50 89,19 93,02 93.10 

Specificity: 99,12 92,94 72,22             92,19 

Accuracy: 97.54 91.8 86.89 92.62 



  

 

Abstract 
The speckle noise causes a significant degradation of image quality, interfering 
negatively in its processing. In this work several filters were tested and statically 

evaluated, computing their performance. The results of this study show that 

SureShrink and wiener filters have the best performance. 
 

Introduction 
The speckle noise is a multiplicative noise that results from the 

interference of coherent waves reflected in anatomical structures. This 
type of noise obeys to the Rayleigh distribution and it can be described 
by the following expression[1]: 

 (   )   (   ) ( ,y) (1) 

where  (   ) is the image;  (   )represents the image without noise 
and  ( ,y) is a speckle noise. 

There are several types of filters used to reduce the speckle noise in 
Optical Coherence Tomography (OCT) images without blur the 
boundaries and without losing much details in the images, such as, 
adaptive filters, anisotropic diffusion filters; wavelet based technique 
and nonlinear anisotropic filters.  

 The Lee [2], Frost [1] wiener [3], Kuan [4] filter are some examples 
of the adaptive filters. They are based on local statistics (local variance 
and local mean) around the central pixel. Some of these methods, like 
wiener filter, are effective in reducing speckle noise, improving contrast 
and image quality. However the Lee and Frost filter tend to over smooth 
the boundaries, losing significant details contained in the images which 
is a disadvantage for clinical analysis and for image processing [5,6]. 

Other technique based on local statistics is the linear-least squares 
estimation method. Nevertheless, this method provides an 
insufficient noise reduction [6]. To overcome this limitation Wong [6] 
suggested a noise attenuation method using a Bayesian linear least 
squares estimators. This algorithm reveals the noise distribution of the 
observed data and provides a good speckle reduction. It was tested in 
mouse retinas, showing a clear preservation of its small features. 

There are two types of filters that have been heavily studied for 
speckle noise reduction. They are anisotropic diffusion-based methods 
and wavelet-based methods. The first study about anisotropic diffusion 
filtering was developed by Perona and Malik [7]. However this 
denoising technique has some disadvantages, such as the staircasing 
effect, which results in shape fluctuations of the edges, because in 
smooth step boundaries is created regions in image separated by jumps 
[8 In the wavelet-based strategies the images are decomposed in its 
frequency components and in its coefficients being associated with a 
speckle noise and they are eliminated by a threshold [7]. There are 
several types of threshold techniques but the most used are VisuShrink 
[9], SureShrink [10] and BayesShrink [11]. Several studies reported that 
VisuShrink over smooth the image because it is based on a Universal 
Thresold and that doesn’t fit to discontinuities in the image 
[9].  However, the BayesShrink has the best performance.  

In this work several speckle-reduction filters were implemented to 
smooth the speckle noise in OCT images, comparing their performance.  

 

Speckle – reduction filters 
Winer filter: It is based on local statistic (mean and variance) with aim 

to minimize the mean square error (MSE) between desired image and 

smoothed image. This method preserves the boundaries and others 

regions with high frequency [3].  

Mediana filter: It is a nonlinear filtering technique where the central 

pixel of the window is replaced by a median value of neighbouring 

pixels [12]. 

Lee filter: This method assumes that noise is multiplicative with a 

Gaussian distribution. It is based on local and linear minimization of the 

mean square error (LLMSE) [2]. 

Frost filter: The filtered pixel is replaced by a value calculated based on 

distance from the pixel of interest and local variance [1]. 

Perona-Malik Anisotropic Diffusion (PMAD): It was the first work in 

this area and it characterized by introduction of diffusion coefficient [7].  

Bilateral filter: The bilateral filter combines two types of information: 

photometric similarity and geometric closeness. The central pixel is 

replaced by a weighted average of neighbouring pixels where the 

weights depend on neighbourhood intensity and neighbourhood color. 

The intensity peaks will have lower weight, even when they are close to 

central pixel [13].  

Wavelet-based methods: The image is decomposed in subbands, 

namely the HH, HL, LH (using high-pass filter) and LL (using low-pass 

filter) bands. The LL band corresponds to the approximation coefficients 

and the others three correspond to the detail coefficients. This 

decomposition enables us to study the signal in different frequency 

bands. Then an appropriate threshold is selected to remove small 

coefficients that occur most likely from noise signals. There are several 

thresholding wavelet techniques but the most used are VisuShrink [9], 

BayesShrink [11] and SureShrink [10]. 

 

Speckle – reduction performance metrics 

 

Signal-to-noise ratio (SNR): SNR evaluates the ability to suppress 

speckle noise. A more efficient proposed method presents the 

greater SNR value. It is expressed in decibels and it is defined by 

[14]: 
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where  (   ) is the original image;   (   ) is the filtered image 

and    represents the image size. 

Root mean Square Error (RMSE): It indicates the similarity 

between the original image and filtered image. The lower value 

indicates that there is a higher similarity between images [6].  
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Coefficient of Correlation (CoC): The CoC is an indicator of the 

similarity of filtered image and original images. Its value is 1 in 

ideal case and 0 for uncorrelated images. The larger CoC value, 

the lower the degradation of the edges caused by filter [6]. 
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where  (   ̅̅ ̅̅ ̅̅ ̅̅ ) and  (   )̅̅ ̅̅ ̅̅ ̅̅  represent the mean of respective 

images.  
 

Data Set 
To compare these filters, we used artificial images contaminated 

with different noise levels, simulating the real images.  In this study, the 
variances used were 0.01, 0.03 and 0.05. I tried to use images simulated 
the complexity and variability of OCT images, presenting: (i) similar 
regions not being possible to see clearly the boundaries between 
structures; (ii) regions with high contrast and (iii) small structures, 
analysing the changes in their shape, size and position. In a second step 

(2) 
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of study were used 414 OCT images, in TIF format and with 1024 x 496 
of resolution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Example of an artificial image used in this study. 

Results & Discussion 

 
It is only shown the results for image contaminated with variance 

0.05, however they are reproducible for other variances.  

 

Table 1. Comparison of various filters (for image contaminated by 
speckle noise of variance 0.05). 

 

The results show that: 

- The Lee, Frost and Wavelet based on Universal threshold 
(VisuShrink) filters, reduce the speckle noise. However, the 
intensity transitions aren’t preserved, losing details and having 
degradation of the edges. These results are confirmed by low 
value of CoC; 

- The median and bilateral filters present a low noise suppression 
in homogeneous regions, reducing image sharpness and 
hindering the perception the texture of region. These limitations 
are confirmed by low values of SNR and by high values of 
RMSE. The reduced efficiency of the bilateral filter is due to its 
mathematical formalism that assigns a lower weight to the 
intensity peaks; 

- The wiener filter and Sureshrink filter have the best 
performance, as seen in the statistical metrics (SNR, RMSE, 
CoC). They remove the noise without adding artifacts and 
preserve the small details of the image; 

-  The introduction of the diffusion coefficient defined by Perona 
and Malik, allowed a selective smoothing, with greater 
diffusion in homogeneous regions, and a lower diffusion in the 
contours of the image; 

- The wavelet filter based on BayesShrink threshold 
demonstrates a reduced ability to remove the noise (low values of SNR, 

RMSE and CoC). However its efficiency isn’t optimized by increasing 
the number of decomposition levels 

Similar results were obtained when the filters were tested in OCT 
images. The wiener filter and Sureshrink filter have the best 
performance, increasing the quality of images. 
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    0.05 

Filter SNR CoC RMSE 

Image without noise - 1.00 0.00 

Image with noise 13.26 0.89 28.14 

Wiener  18.08 0.96 16.16 

Mediana 16.11 0.93 20.27 

Lee 17.75 0.95 16.78 

Bilateral 15.47 0.92 21.80 

Frost  17.50 0.95 17.27 

PMAD 17.95 0.95 16.38 

 SureShrink (2 levels) 18.88 0.96 14.73 

 SureShrink (3 levels) 19.23 0.97 14.15 

BayesShrink (2 levels) 17.37 0.95 17.53 

BayesShrink(3 levels) 17.53 0.95 17.20 

 VisuShrink (2 levels) 17.29 0.95 17.69 

VisuShrink (3 levels) 16.78 0.93 18.75 
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Abstract 
The present work consisted in application of the model pattern recognition 

(MPR) of a pattern safety. This kind of strategy was adapted to protection and 

management of groundwater resources opposite a possible aquifer contamination 

adopting a safety level against leakage (SLL) in underground fuel tank. 

1 Introduction 

The failure probability in underground fuel tank could lead the leakage 
and contamination the soil and water, in another word an environment 
threat. This kind of threat could be characterized by dermal contact and 
ingestion of contaminated water with the main component of fuel: 
BTEX (benzene, toluene, ethylene and xylene). Whatever the contact 
way with these components grows the hypothesis of appear the effects 
adverse: toxicity and carcinogenicity. 

Almost all these problems have originals in infrastructure of the fuel 
station, kind of tank materials (KTM), monitoring of a possible leakage 
(MPL) and time operating (TOP), namely the susceptibilities criteria. 
These criteria can suggest a pattern classification of security opposite a 
leakage. When this kind of classification is associated to vulnerability 
conceptions can be translated in risk conception. On other hand there are 
a few works in expert literature that proposed this kind of association. 
This context the proposal to measure a ranking between the vulnerability 
of underground environment and susceptibility criteria was mooted by 
[1]. However, this kind of proposal not gave emphasis to relative 
importance each-one criteria and there’d a way to classify a pattern SLL 
of each the fuel station.  

The aim this article was build a pattern safety matrix (PSM) considering 
the susceptibilities criteria and natural vulnerability of underground 
environment. These criteria were categorized in according with hazard 
degree after insert a fuel tank in underground environment. The pH was 
a criterion utilized to [1] and held-on like category. On other hand, the 
vulnerability was analysed by GOD index model according the proposal 
by [2]. This index has been dependant of an interactive fuzzy 
combination process between three hydrogeology variables. Thus, was 
introduced a fuzzy inference system (FIS) with support of geostatic 
analysis, namely the ordinary kriging. The FIS was processed by fuzzy 
inference model Mamdani. 

The fuzzy natural vulnerability index (NVIf) as final product of FIS 
was obtained by inverse operation of logic fuzzy by gravity center 
method based on the proposal of [3]. The interpolation of NVIf degree 
results was adjusted to spherical (SHP), exponential (EXP) and gaussian 
(GAU) models. The model with better performance was chosen for two 
processes: sum of squared residuals (SSR) and multiple correlations 
(R²). In sequence this model was validated through by cross validation 
techniques. In addition based on the original proposal in [1] was 
considerate that PSM had one more criteria: vulnerability in around of 
station fuel (VSF). 

2 Prescriptions to construction of PSM and SLL 

The pattern safety matrix (PSM) was developed with based on 
susceptibility and vulnerability criteria. The matrix number of columns 
was associated by the safety level opposite leakage (SLL) that expressed 
a way to relate the criteria. The levels were patterned in five degree: 

Acceptable – A (5 ≤ SLL > 4): The susceptibilities criteria is up 
4xSLL less than natural vulnerability of underground environment and 
in around of fuel station; Moderate – M (4 ≤ SLL > 3): The 
susceptibilities criteria is up 3xSLL less than natural vulnerability of 
underground environment and in around of fuel station; Worry – W (3 
≤ SLL > 2): The susceptibilities criteria is up 2xSLL less than natural 
vulnerability of underground environment and in around of fuel station; 
Sub-critical – S (2 ≤ SLL > 1): The susceptibilities criteria is up 2xSLL 
less and equal the natural vulnerability of underground environment and 
in around of fuel station; Critical – C (SLL = 1): The susceptibilities 
criteria is equal the natural vulnerability of underground environment 
and in around of fuel station. The attribution of SLL number was done 
by a convention between value 1 - 5 (Table 1).  

Table 1 – Pattern safety matrix (PSM). 

Criteria 

Value and framing pattern of SLL  

Degree A M W S C 

SLL 5 4 3 2 1 

Vulnerability 
NVIf  N L M H E 

VSF 0 1 1 2 3 

Susceptibilities 

TOP 1 1 2 2 3 

KTM 1 1 2 3 4 

MPL 1 1 2 2 3 

pH 1 1 2 2 3 
 

 

This procedure was realized to configure the recognition model to that 
PSM could be extend to another situation not frame like that pattern. 
Some this situation could be illustrated: (1) A station fuel located in low 
vulnerability zone in that susceptibilities criteria adopted aren’t 
sufficient of break a possible leakage; (2) A station fuel located in 
extreme vulnerability zone in that susceptibilities criteria adopted are 
sufficient of break a possible leakage. 

The NVIf degree was obtained through of proposal based on [2] 
classify as: negligible – N (0 ≤ NVIf ≤ 0.10); low – L (0.10 ≤ NVIf ≤ 
0.30); medium – M (0.30 ≤ NVIf ≤ 0.50); high – H (0.50 ≤ NVIf ≤ 0.80) 
and extreme – E (0.80 ≤ NVIf ≤ 1). On other hand, the VSF value was 
obtained by class that were prescript between intervals of 0 to 3. The 
TOP were categorized with base on year of until life: 1 (TOP ≤ 10 year); 
2 (10 > TOP ≤ 20 year) and 3 (TOP > 20 year).  
The categories of KTM were framed in four: 1 (steel-carbon without 
cathodic protection); 2 (steel-carbon with cathodic protection); 3 (double 
wall without coating) and 4 (double wall with coating). This same way 
the criteria relate to MPL had three categories: 1 (manual); 2 (manual 
with another operations) and 3 (automatic). The value of pH was 
categorized in: 1 (pH > 6.5); 2 (5.5 ≤ pH ≤ 6.5) and 3 (pH < 5.5).  

3 Application a MPR to reading the PSM 

The MPR was characterized by transformation of PSM to a way 
normalized (PSMN) in according with the prescription of [4]. This 
process resulted in a PSMN equal: 

)h,iNPSM(

050,050,011

033,067,067,01

050,050,011

0050,050,01

033,067,067,01

020,070,090,01

NPSM
            (1) 

Where i is the number of criteria and h is associated to safety level 
degree. The matrix normalized components were obtained through of 
relation between the difference (yi,h - yi,5) and (yi,h - yi,5). When this 
difference is equal 1 the SLL is classified as totally acceptable. If this 
value is 0 the classification is totally critical. The recognition pattern 
process was started with the application of equation (2). 

            

1
5,iy1,iy

5,iyh,ix
0

h,ir
                                       (2) 

Where xi,h is relative to sample random data of fuel tank being 
considered the criteria i (i = 1, 2, 3, 4, 5, 6) and safety level degree h (h 
= 1, 2, 3, 4, 5). After this the PSM became a matrix with ri,h value it 
being possible calculate a weighted distance between the ri,h and PSMN. 
The equation (3) related the weight of each i criteria (wi) that were 
obtained through of analyse hierarchical based on [5]. 
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2 SSL IN UNDERGROUND FUEL TANK BASED ON THE MPRF 
 

 

When dh,j = 0, the value of ri,h is equal the PSMNi,h. The most important 
criteria were attributed for NVIf following of TOP, KTM, MPL, VSF 
and pH. Then to make the framing of each sample j data the SLL value 
was calculated to matrix U that was limited to:    

5

1h

1j,hu                                        (4)                                                                                                               

The term uh,j is associated to safety level degree of each sample j 
data. The product of multiplication between dh,j and uh,j resulted in a 
value Dh,j that was resolved by a objective function: 

5

1h

2
j,h

Dj,huFmin                          (5) 

Based on equation (4) to Lagrange function (L) was obtained to: 

1

5

1h
j,hu.jλ

2
j,h

d

5

1h

.2
j,h

u)jλ;j,hu(L       (6) 

Thus based on [7] was suggestion a equation to estimate the value of 
safety level degree, nominally SSL; for a sample j through uh,j  equal: 

1
5

1h

2
j,h

d2
j,h

d
j,h

u                                (7) 

The condition is that dh,j ≠ 0. On order hand the resolution of equation 
(7) was made possible through of Lagrange multiple (λj). This way the 
relation between the partial derivate ∂L/∂uh,j and ∂L/∂λj was equalled to 
value 0. However the measure of safety level degree of each sample j 
data couldn't be directly determined in the matrix form. Thus the a 
characteristic value to u*

h,j was calculated on axis similar to mass center 
like the mechanics when the center represent the level h and uh,j in 
coordinate plan of h~u*

h,j represented in matrix U* = (u*
h,j): 

)*
j,hu(

*
38,5u...*

2,5u*
1,5u

*
38,4u...*

2,4u*
1,4u

*
38,3u...*

2,3u*
1,3u

*
38,2u...*

2,2u*
1,2u

*
38,1u...*

2,1u*
1,1u

*U

                 (8) 

Thus it was possible to calculate the SSLj value to each fuel station 
(n = 38) based on: 

5

1h

h.*
ju*

ju.5,4,3,2,1jSSL                                   (9) 

However the MPR reading will be done through of numerical value of 
SSL. The intervals those values will classify the safety level degree 
express of each fuel station available (Table 1). 

4 Results a PSM application 

This proposal was applied in area of Belém city of approximately 
1.3 km², located in state of Pará, north region of Brazil. For this research 
was available a 102 wells data obtained in [6]. Thus it was possible 
obtained the NVIf value by FIS with support toolboxes on Matlab®. The 
NVIf were interpolation through ordinary kriging. The experimental 
semivariogram was better adjusted for SPH model resulting in SQR > 0 
and R² = 0.71.  

In an experimental area, 38 fuel stations were analysed. The simulation 
of susceptibility criteria was materialized in six scenarios (constant 
criteria: 5.5 ≤ pH ≤ 6.5 and VSF equal to 2). Considerate this scenarios 
the SSL value of each fuel station were proportional to growing of 
categories. Almost all of fuel station showed between 5 ≤ SLL > 4 in 
the first scenario (Figure 1a) and 4 ≤ SLL > 3 in the second until the 
fifth scenario (Figure 1a – 1e). The last scenario all fuel stations showed 
values that qualified the security level as "W" (Figure 1f). 

Finally this work showed that the application of model recognition 
pattern is a tool to management groundwater resources opposite the 
possible leakage of fuel. Therefore, this methodology that qualified a 
safety level of a fuel station considering the criteria of vulnerability and 
susceptibility is an important strategy to making decision in planning 
and monitoring of the fuel station in urban area. 
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Figure 1: Area analysed to scenarios SSL: a) KTM = 1, MPL = 2 and 
TOP = 1; b) KTM = 1, MPL = 2 and TOP = 2; c) KTM = 2, MPL = 2 
and TOP = 2; d) KTM = 3, MPL = 2 and TOP = 2; e) KTM = 3, MPL = 
3 and TOP = 2 and f) KTM = 4, MPL = 3 and TOP = 3. 
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Abstract 

This paper describes the image processing techniques that 

will be applied to an assembling of historical and diplomatic 

documents, with all the relevant information regarding the 

Guinea Bissau boundaries, in order to improve the performance 

of commercial Optical Character Recognition (OCR) software, 

when applied to degraded documents. An algorithm is proposed 

with encouraging results and may lead to a complete package of 

software that can be applied to organize documents relative to the 

others CPLP countries. 

1 Introduction 

Optical character recognition (OCR) is a practical application 

of state-of-the-art image processing and pattern recognition 

developments. The uses of OCR include digital document 

archiving, printed text search and automated form processing [1]. 

Nevertheless, while modern printed text can be recognized very 

accurately, with commercially available software, performing 

OCR on more exotic material (such as gothic fonts, ancient 

typesets and handwriting) is currently and noticeably less 

successful [2].  

In this project we apply a set of image processing techniques 

to printed ancient documents in order to improve their optical 

character recognition (OCR) performance. Because it is difficult 

to develop a better OCR than the best ones currently available on 

the market, we chose to pick one of the best, ABBYY 

FineReader [3], and seek to restore the documents to increase the 

effectiveness of this package.  

The original data will be submitted to an analogue-digital 

conversion, and image processing techniques will be applied to 

remove residual artifacts using morphological methods, 

combined with other image enhancement functions, improving in 

this way the documents appearance and reducing storage volume.  

2 The problem 

The main issues present in this analysis are related with the 

multiple signs of degradation present in the documents. Most of 

these signs result from the aging process, especially if poor care 

was taken to store and preserve the documents over time.  The 

wide variety of documents also arise difficulties in finding a 

general approach to restore the set of documents (see fig.1). 

3 Implemented Techniques 

Resampling: 

 

A factor responsible for Finereader performance losses is the 

presence of noise, acquired during the scanning process [6]. 

Thus, due to the loss of information that occurs in the resampling 

process, this arises as a possible solution to minimize the noise 

effect, increasing the Finereader’s hit rate. Working with smaller 

images will also allow speeding up the analysis and reducing the 

storage memory needed. The reduction factors used in this study 

are 1,00; 0,75, 0,50 and 0,25. 

 

 

Segmentation: 

 

Image segmentation is a common first step to document 

image analysis, usually performed in the preprocessing stage of 

image processing applications such as optical character 

recognition (OCR) [2]. Through segmentation, it will be possible 

to distinguish different areas of interest within an image. This 

includes distinguishing the foreground from all background and 

interference.  

Because the background interference usually presents 

intensity levels that are a mid-term between the background and 

the foreground, thresholding and clustering methods can be used 

to separate these defects from the rest of the image. However, 

there are also cases of extreme degradation in which more 

sophisticated methods have to be used [1]. The final result should 

generate a good quality monochromatic image responsible for 

increasing the OCR software hit rate. 

 

Deblurring: 

 
 Noise and blurring of images can often not be avoided in 

certain imaging systems. This is due to the inherent properties of 

the imaging system itself. Hence to reduce or remove this 

blurring effect, algorithms that take the imaging process into 

consideration perform better. The efficacy of the deblurring 

algorithm depends on the accuracy with which the imaging 

process has been modeled. This is because the deblurring process 

is ill posed. Deblurring will be applied with the purpose of 

sharpening the foreground, in order to achieve a higher definition 

of the characters making the process of recognition to become 

more efficient. 
 

  
a) b) 

  
c) 

 

d) 

 
Fig. 1 – Examples of images of Guinea Bissau documents 
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4 Results  

 The goal of increasing Finereader’s performance using 

resampling was achieved with the increase in the sensibility, 

percentage of characters correctly recognized and percentage of 

words correctly recognized, using a 0,75 reduction factor, for 

modern documents (see Table 1).  The number of characters 

analysed was 6995 in 1440 words. 

 

 

Concerning the segmentation techniques analysed (see Table 

2), although improvements were only occurred in the specificity, 

this approach reduced drastically the size of the image, and 

speeded up the Finereader analysis, without affecting 

significantly the Finereader’s performance.  However, none of 

the methods could improve Finereader’s precision or the 

percentage of characters correctly recognized. In this sense, the 

main gain obtained from this technique is related with the images 

size reduction. 

 

 

Regarding deblurring, none of the methods analysed showed 

any significant improvement. In addition significant losses in the 

statistical measures occurred (see Table 3). Concerning the size 

of the image, this method did not affect it significantly. 

 

5 Conclusions and future work 

 

It was shown that resizing the image to a lower dimension 

has all the advantages of manipulating shorter files without 

degrading the OCR performance even improving some measures. 

This is true till a reduction factor of about 0,5. Other techniques 

were experimented to improve the OCR performance such us 

several adaptive binarization and deblurring algorithms. 

Although some improvements were registered results are not yet 

satisfactory when the documents ink is too faded.  
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Table 1 – Results of Resize 

% Precision Sensibility Specificity Characters C.R.* 

1,00 100,00 96,04 100,00 95,79 

0,75 99,97 96,43 89,58 96,18 

0,50 99,99 95,83 95,65 95,59 

0,25 98,24 91,93 50,51 88,96 

*C.R. : Correctly Recognized 

Table 2 – Results of the  Segmentations Methods 

% Precision Sensibility Specificity Characters C.R. 

Sauvola 98,60 93,67 54,97 90,99 

Canny 

+Sauvola 
98,85 93,37 60,99 90,83 

Fuzzy 98,42 94,27 49,47 91,52 

Otsu 97,38 88,50 60,21 83,56 

*C.R. : Correctly Recognized 

Table 3 – Results of the  Deblurring Methods 

% Precision Sensibility Specificity Characters C.R. 

Wiener 77,91 70,25 53,67 49,13 

CLS 84,52 71,66 84,52 54,73 

Lucy 85,83 75,67 58,28 58,24 

Blind  68,96 62,95 48,76 39,78 

*C.R. : Correctly Recognized 
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Abstract
Nowadays, video surveillance systems are taking the first steps toward
automation, in order to ease the burden on human resources as well avoid
human error. In this paper, we introduce a framework to classify evolving
data streams generated in a multi-camera surveillance scenario applying
a class-based ensemble. The framework exploits active learning, in order
to interact wisely with operators to address various problems that exist
in such non-stationary environments, such as concept drift and concept
evolution. Favourable results indicate the success of the framework.

1 Introduction
Surveillance systems are spreading rapidly over the past few years, cap-
turing 24/7 which provides massive amount of information. The evolving
nature of captured data makes extraction of the meaningful information
further complex. In such environments, it is more than likely that ei-
ther due to intrinsic changes (pose change, movement, etc.), or extrinsic
changes (lighting conditions, dynamic background, changes in camera
angle, etc.), the distribution of data changes over time (concept drift).
Moreover, new object(s) can enter the scene (class evolution), thus new
models need to be trained.

Figure 1 demonstrates a typical surveillance scenario. When entering
the scene, the object will enter the coverage area of at least one of the cam-
eras. In such environments where objects move around and cross the FOV
of multiple cameras, it is more than likely to have multiple streams, poten-
tially overlapping in time, recorded at different starting points with vari-
ous lengths, for the same individual object. Herein, we look at the prob-

Figure 1: Typical surveillance scenario

lem as learning from multiple data streams (visual data) in wild environ-
ments, that views the whole or segments of a stream as a unique element
to classify. Parallel stream mining methods in the literature [3] require
equal-length streams coming from a fixed number of sources. Thus, they
would fail to leverage information from time-varying video tracks. Learn-
ing from time-changing data has mostly appeared in a data mining context
and various approaches have been proposed. Ensemble-based approaches
constitute a widely popular group of these algorithms to handle concept
drift [1] and in some recent works class evolution [4], as well. Ensembles
provide a natural mechanism to update a knowledge by adding, removing
or updating the knowledge. Most approaches use a fixed size ensemble
in where a classifier is trained from the most recent knowledge. This
classifier replaces the oldest or the least contributing member. Although
discarding the classifier controls the complexity, it brings up some issues,
because by discarding a classifier, we simply throw away the knowledge
of all the classes available in the chunk. Thus, if a class appears after a
long time, it may be misclassified as most of the classifiers may include
the information of the most frequent and recent classes. This problem
may be addressed with approaches where all the classifiers are kept in
the ensemble. This work extends our prior framework, Never Ending
Visual Information Learning (NEVIL) [5]. NEVIL exploits Discrimina-
tive approaches in order to actively classify parallel video streams. Since
NEVIL computes the posterior probability (that must sum to 1), it is likely

Figure 2: High-level overview of the framework

to assign a high enough (reliable) probability to a new class and mislead
the system. Thus in order to get higher accuracy we need to spend more
human resources. To address this problem, a class-based ensemble is in-
troduced, where models of each class are stored separately. Class-based
ensemble is firstly introduced in [2] where a model is trained for each
class in a chunk. The ensemble keeps a fixed size ensemble of each class
and it has been shown that this approach is more robust than traditional en-
sembles, though it needs the presence of training partition in each chunk.
Although this approach does not fit directly in our scenario, we expect
that class-based ensemble can improve our framework.

2 Learning algorithm
In this section we present NEVIL.g framework (see Fig. 2), that is de-
signed for learning from non-stationary environments where no labelled
data is available. The algorithm is a one-pass class-based ensemble of
classifiers that trains a separate model (h j

t ) for a class ( j) at every time
slot (t). It also keeps models of each class in a separate ensemble (Micro-
Ensemble). A time-adjusted weighting strategy combines the probabili-
ties outputted by the models in order to make the final decision.

The framework receives multiple visual streams, generated by a typ-
ical tracking algorithm, which analyses sequential video frames and out-
puts the movement of targets between the frames. Environmental chal-
lenges such as varying illumination, lack of contrast, bad positioning of
acquisition devices, blurring caused by motion as well as occlusion make
data often noisy and/or partially missing. We address these challenges by
a batch divisive strategy, as learning from a data batch may reduce the
noise and fill the gaps caused by miss-tracking.

The algorithm is provided with a series of data batches Dmi
t , where mi

is the index of the ith stream present at time slot t, T St , (not all streams are
necessarily present). Note that a stream corresponds to a track generated
by the tracking system and a single camera can yield multiple streams. A
single batch aggregates B frames. The starting time of each stream is po-
tentially different from stream to stream but batches are aligned between
streams. Inside each frame the data corresponds to some pre-selected ob-
ject representation (e.g. bag of words).

The ensemble obtained by all Micro-Ensemble (ME) generated up to
the current time slot T St is named the composite hypothesis Ht−1. With
the arrival of the current data batches Dmi

t , i = 1 · · ·M, the algorithm
tries to predict the most probable class label for each of the batches in
current T St based on the probability estimate p(Ck|Dmi

t ,Ht−1), where Ck
runs over all the class labels observed so far.

This kind of on-line learning approach addressed in this work can suf-
fer if labelling errors accumulate, which is inevitable. Unrelated objects
will sooner or later be assigned the same label or different labels will be
assigned to different views of the same object. To help mitigate this issue,
we allow the system to interact with a human, to help it stay on track.

Initially, the composite model is initialized to yield the same probabil-



Figure 3: Comparison of the performance of Random Strategy and NEVIL.g on
real scenarios

ity to every possible class (uniform prior). When the batches Dmt
1 in time

slot t become available, the framework starts computing the probabilities
p(Ck|Dmi

t ,Ht−1) for each batch Dmi
t in the time slot. Once p(Ck|Dmi

t ,Ht−1)
is obtained, a batch confidence label (BCL) is estimated; if BCL is high
enough (above a predefined threshold), the predicted label

argmax
Ck

p(Ck|Dmi
t ,Ht−1)

is accepted as correct; otherwise the user is requested to label the data
batch. The labelled batches (either automatically or manually) are used
to generate new separate models hk

t (k runs over all the classes available
in t) that are kept in micro ensembles MEk, integrating in the composite,
yielding Ht .
3 Experimental Methodology
3.1 Datasets
A series of experiments were conducted to explore the capabilities of the
proposed framework. We tested the NEVIL framework with real video
data from CAVIAR dataset [6] including: OneLeave ShopReenter1, En-
ter ExitCrossingPaths1, OneShopOneWait1, OneStop Enter2 and WalkBy
Shop1front.These sequences present challenging situations with cluttered
scenes, high rates of occlusion, different illumination conditions as well
as different scales of the person being captured. We employ an auto-
matic tracking approach to track objects in the scene and generate streams
of bounding boxes, which define the tracked objets’ positions. As the
method may fail to perfectly track the targets, a stream often includes
frames of distinct objects [7]. An hierarchical bag-of-visterms method is
applied to represent the tracked objects, resulting in a descriptor vector of
size 11110 for each frame.

3.2 Evaluation Criterion
Active learning aims to achieve high accuracy using as little annotation
effort as possible. Thus, a trade-off between accuracy and proportion of
labelled data can be considered as one of the most informative measures.
Let N denotes the total number of batches, MC refers to misclassified
batches, then the accuracy of the system in a given time slot is formulated
as ratio of correctly classified batches to total number of batches. The
total accuracy of a system over a period of time is derived from the mean
accuracy of all the time slots. The Annotation Effort is formulated as ratio
of manually labelled batches to the total number of batches. One expects
that the accuracy increases with the increase of annotation effort.

3.3 Baseline Approach: Random Strategy
The Random strategy [8] labels the incoming batches randomly instead
of wisely deciding which batches is more informative. Constrained by
budget, batches are sent for annotation.

3.4 Results
Firstly, multiple tests were run to determine the optimal batch size for
each dataset to be explored. The batch size was varied between 1% to 50%
of the size of the longest stream available in each dataset. Experiments
were repeated for 50 equally spaced values in that range. The optimal
batch size varies and is influenced by the characteristics of the streams
present in each dataset, range between 25 and 30.

Figure 3 presents the results on multiple CAVIAR clips, where vari-
ous lengths and number of streams from different classes are present, and
compares NEVIL.g with Random Strategy. We see that even at big bud-
get Random strategy may fail due to selection of non or less informative
batches (see OneLeave ShopReenter1 plots). Figure 4 shows the results

of NEVIL.g on multiple synthetic scenarios. To the best of our knowl-
edge, there is no approach (except NEVIL) that can classify parallel data
streams while interacting with an oracle (there are however clustering ap-
proaches which are not applicable in our scenario). Thus we compared
this framework with the best setting of NEVIL (SVM-based NEVIL).
Comparing to NEVIL, our method has improved. For half of the clips
(including OneStopEnter2, WalkBy Shop1front,OneLeave ShopReenter1),
we obtain over 90% accuracy with a manual labelling of 20% of batches.
Although the interaction increase for other scenarios, the value is quite ac-
ceptable considering the complexity of the data (we need to annotate 25%
of batches to gain 85% correct classification for OneStopMoveEnter1).

Figure 4: Performance evaluation on multiple CAVIAR clips.

4 Conclusions
We introduced a class-based ensemble framework for the classification of
parallel visual data streams. The framework has shown promising perfor-
mance with a fairly little human collaboration and can be applied in an
on-line process. However, the growing complexity is our main concern as
the method does not forget any knowledge. Hence, the main direction for
future work would be controlling the complexity of the ensemble in order
to make the framework applicable for never-ending scenarios.
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Abstract

In this paper we present a rate-distortion study on microarray image com-
pression. We evaluate two image coding standards (JBIG and JPEG2000),
a method based on bitplane decomposition, and a method recently pro-
posed based on binary-tree decomposition. According to the results ob-
tained JPEG2000 attains the worse compression results particularly for
higher bitrates. On the other hand, the method based on binary-tree de-
composition outperformed all the other compression methods in terms of
L2-norm and L∞-norm. The results attained for the binary-tree decom-
position method can be explained due to its nature, consisting on coding
each node of the tree with the goal of minimizing the L∞ error.

1 Introduction

The raw data resulting from a microarray experiment consist of a pair of
16 bits per pixels of grayscale images (see Figure 1). These images, de-
pend on the size of the array and the resolution of the scanner, and may
require tens of megabytes to be stored or transmitted without any com-
pression loss. Due to this fact, and the need for long-term storage and
efficient transmission, the development of lossless compression methods
with progressive decoding capabilities is an important challenge. More-
over, this progressive decoding capability is useful because the decoding
process can be stopped at any time obtaining an intermediate image with
some loss. This loss control can be based on the same principles that are
used to extract genetic information from the microarrays.

Channel 1 Channel 2

Figure 1: An example of a microarray experiment (crop portion of
“Def661” image from the ISREC dataset).

2 Related work and goals

In the literature we can find several lossless compression methods for mi-
croarrays images [1, 3, 4]. One interesting characteristic of some of these
methods is its capability of progressive decoding the compressed image.
This characteristic is very important because we can stop the decoding
process at any time obtaining a partial image with some loss, loss that
will not degrade the genetic information that will be extracted later. Be-
sides that, the progressive decoding approach allows us to also decode
the original image without any loss. This is also very important because
the analysis techniques are subject to changes which means that in the
future we may require to have the original image, without discarding any
information.

Recently, we have proposed a lossless compression method for mi-
croarray images, based on a hierarchical organization of the intensity lev-
els followed by finite-context modeling [2]. The organization of the inten-
sity levels is attained by means of a binary tree. This binary tree is build

and traversed in a way that each node that is expanded, is selected taking
into account the smallest L∞ reconstruction error.

Neves and Pinho proposed in 2009 a compression method based on
a bitplane decomposition approach that uses a 3D finite-context model
to drive the arithmetic coder [4]. Their work was inspired by EIDAC [5]
but their method was improved by using image-dependent context models
that are build with the goal of finding the “best” context configuration to
encode each bitplane.

The goal of this research work is to evaluate in terms of rate-distortion
this method based on a binary-tree decomposition [2], the method pre-
sented in 2009 by Neves and Pinho [4], and also two image coding stan-
dards (JBIG and JPEG2000) that have support for lossy-to-lossless com-
pression.

3 Experimental results

The goal of this work is to evaluate the performance of four different
methods in terms of rate-distortion. Two of the methods are specific for
microarray compression [2, 4]. The other two methods are the JBIG and
JPEG2000 standards.

In the literature, we can find several rate-distortion metrics that can
be used to measure the performance of compression algorithms. In this
research work we decided to use the root mean square error (or L2) and
the maximum absolute error (L∞). Because of the lack of space, we chose
only two images to evaluate the performance of the methods mention ear-
lier. One image of the Apo AI data set (“1230cG”) and one image of
the Microzip data set (“array1”). For the other data sets and images, the
obtained results are quite similar so the conclusions made for these two
images are the same as for the remaining images.

The rate-distortion curves of the two selected images can be found in
Figs 2 and 3. The left charts are related to the L2-norm (root mean squared
error) and the right ones were plotted in terms of L∞-norm (maximum ab-
solute error). Regarding the first metric (L2-norm), we can notice that
lossless JPEG2000 provides similar rate-distortion results for lower bi-
trates (lower than 8 bpp). The poor results in higher bitrates for JPEG2000
could be explained by the default parameters used in JPEG2000. These
default parameter values could not be suited for this kind of images with
16 bits per pixel and their particular characteristics in terms of noise, his-
togram, etc. Regarding the L∞-norm, we observed that JPEG2000 has
in fact the worst rate-distortion results. Similar to the previous metric,
we can see that the rate-distortion results for JPEG2000 suffer a sudden
deviation for higher bitrates which is probably related to the same prob-
lem pointed out earlier. When comparing methods [4] and [2], we can
see that method [2] provides better rate-distortion results when compared
to method [4]. The main reason to the previous statement is due to the
nature of method [2]. As mentioned earlier in Section 2, method [2]
has in its core a mechanism that minimizes the L∞ error along the en-
coding/decoding process. This allows the method to obtain better rate-
distortion results. Furthermore, method [4] was not designed with an error
minimization goal in mind. It processes each bitplane of the microarray
image without looking to any kind of error metric. The error after pro-
cessing each bitplane depends on the remaning information that was not
yet processed (on the lower bitplanes).

4 Conclusions

The goal of this study was to compare, in terms of rate-distortion, sev-
eral compression methods. We used two image coding standards (JBIG
and JPEG2000) and two different specialized methods for microarray im-
ages [2, 4]. According to the obtained rate-distortion results, we con-
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Figure 2: Rate-distortion curves for methods [2, 4], JBIG, and JPEG200, regarding image “1230c1G” of the Apo AI data set. Results are given in
terms of L2-norm (root mean squared error) on the left chart and in terms of L∞-norm (maximum absolute error) on the right chart. The curves
indicated as “Matos” correspond to method [2], whereas the curves indicated as “Neves” correspond to method [4].
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Figure 3: Rate-distortion curves for methods [2, 4], JBIG, and JPEG200, regarding image “array1” of the Microzip data set. Results are given in terms
of L2-norm (root mean squared error) on the left chart and in terms of L∞-norm (maximum absolute error) on the right chart. The curves indicated as
“Matos” correspond to method [2], whereas the curves indicated as “Neves” correspond to method [4].

cluded that among the methods used in this work, JPEG2000 attained
similar results to the other methods for lower bitrates (lower than 8 bpp),
in terms of root mean squared error. The poor performance for higher
bitrates is probably due to the default parameters used in the JPEG2000
codec. Regarding the other measure, the maximum absolute error, the
JPEG2000 standard continues to attain the worse results when compared
to the other method, mainly for higher bitrates. The phenomenon is prob-
ably caused by the same issue mention earlier. Regarding the special-
ized methods, the obtained results in both rate-distortion metrics are bet-
ter when compared to JBIG and JPEG2000. In fact, the method based
on binary-tree decomposition outperforms the other three methods due to
its nature. The core method process each node of the tree in a way to
minimize the L∞ error.
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Abstract

This paper presents an odometry solution for automobiles which relies on
the use of a line scan image sensor and an inertial sensor. Data from the
image sensor was used to compute the velocity component which is paral-
lel to line scan direction; the relative direction of the sensor was computed
using data from two gyroscopes. An algorithm based on cross-correlation
is proposed and applied to the line scan sensor. Several experiments were
designed to test the method; the experiments took place indoors, under
controlled conditions. These have enabled a characterization under im-
posed straight line movements, circular movements and movements with
a variable distance between sensor and specimen. Based on the results, it
is concluded that odometry with line scan sensors, aided by inertial sen-
sors, has high potential for real world applications.

1 Introduction

Odometry is the process of measuring a robot’s displacement. Most odom-
etry solutions use encoders to measure wheel rotation, steering orientation
and/or leg’s movement, depending on the type of robot. Odometry based
on analysing pulses from an encoder has the advantage that it can be self-
contained, and it is always capable of providing an estimate of the vehicle
position. The disadvantage of that type of odometry is that it must sum
fractional displacement measurements to give position estimates, result-
ing in a method that is particularly sensitive to errors. Scale errors, such
as those arising from incorrect modelling of wheel geometry, are the most
common and may be due to fluctuation of tire pressure, wrong tire diam-
eter, slippage of the wheels and tire tread wear.

Visual odometry is a technique that can estimate the image sensor mo-
tion using information from its own captured images; the position is de-
fined as the incremental estimation of robot motion from image sequences
using an on-board camera. Visual odometry is a method often used on
off-road robots for planet surface exploration missions. The motion of
the robot is estimated by calculating the pixel displacement between two
consecutive frames [1]. Visual odometry has clear advantages over the
common wheel’s odometry. It is possible to measure velocity indepen-
dent of the variations in tire pressure, tire diameter, uneven terrain and
tire slip. It is possible to obtain a module which is compact and easy to
install.

2 Related Work

Horn et al. [2] used a stereo camera looking forward to estimate the yaw
and longitudinal velocity based on the relative movement of the surround-
ings. They used another camera pointed to the ground to estimate two
dimensional velocity. The best results have been achieved with the cam-
era facing the ground; the system was tested at 1 m/s. Chhaniyara et al.
[3] used a matrix camera facing the ground to estimate the velocity; they
experimented with the camera moving over sand and they obtained good
results for low velocities, from 0 to 50 mm/s. Nourani-Vatani et al. [4, 5],
obtained good results using a common webcam at 20 fps and an image
size of 640 x 480 pixels; they used template matching with a searching
area of 320 x 320 pixels. The acquisition speed was set to 20 fps due to
the high processing time, 42 ms/frame, which is a clear limitation. Also,
due to the low frame rate, the velocity of the vehicle was limited to 1.5
m/s, which is very low for common vehicles on the road. Nevertheless,
this method provided better results than encoder based odometry.

The velocity range which can be sensed by the measuring unit is
mostly influenced by the sampling rate, image size and resolution. If the
velocity is too high, there will be no overlap of the frames and similarity

between the successive images won’t have the desired physical meaning,
on the other hand, if velocity is very low then there may be no significant
disparity between successive images; both situations result in incorrect
estimated velocity. So, for car-like velocities it is necessary to employ a
camera with very high sampling rate, which triggers challenges with re-
spect to the necessary acquisition and processing capability. Kálmán [6]
suggests the use of line scan cameras to achieve high velocities and reso-
lution, using less computational resources than a common matrix camera.
Through simulation, he has concluded that it is possible to measure move-
ments of vehicles up to the range of 100m/s with high accuracy.

3 Hardware and Materials

To assess the proposed method, experiments were devised with several
types of motion and precise ground truth. The movements were imposed
using an industrial robot to ensure repeatability. To test the method with
different textures, four samples of "ground" were used. With these sam-
ples it was possible to test the usability of the method in different texture
sizes, regularity and color. The samples were concrete, stone, asphalt
and cork. Illumination was controlled to ensure repeatability throughout
the day. Sunlight has been blocked and artificial light from two 500 W
halogen spots was used. The camera used on the experimental procedure
was an industrial line scan camera of model P2-4x-04K40 (7 µm) from
Teledyne DALSA. The optics were model Rodagon 50 mm f/2.8. The
gyroscopes used are part of an Inertial Measuring Unit (IMU) of model
POLOLU - MinIMU9DOF.

4 Experimental Procedure

The experimental setup is illustrated in Figure 1. To avoid vibrations and
to ensure the repeatability of the experiments, the camera was kept static;
the material samples were mounted on the robot and the movements were
made in front of the camera. The trials were: pure straight line move-
ments, both parallel and at an angle with the sensor to test the response
under non-zero sideways motion; circular movements to simulate a vehi-
cle turning; movements with variable focal distance to simulate the os-
cillations of the vehicle suspension. The total distance of the movements
was 500 mm.

Figure 1: Illustration of the experimental setup.



5 Algorithms

To calculate the displacement between two line scans the Cross Correla-
tion Theorem was invoked and the Fast Fourier Transform (FFT) used in
discrete wave number space. The simplest algorithm would be to simply
calculate the displacement between successive lines. This procedure was
used but the results were not satisfactory for low velocities because the
smallest detectable displacement was not achieved and subpixel resolu-
tion was insufficient. To solve this problem, the sensor and texture would
need to be matched (increase resolution, lower frame rate or larger grain);
another alternative is to reject intermediate lines. The improved algorithm
consists in using one reference line, then, each captured line is correlated
to the reference until a minimum displacement is found within a given
limit. This technique is a form of temporal dynamic sub-sampling. After
the minimum displacement is found, the current line becomes the new ref-
erence. The distance is calculated using cross-correlation; other distance
metrics may be used. The results presented here were achieved using this
improved algorithm.

6 Results

The optics magnification was kept fixed throughout the experiments; the
field of view was 50.67 mm except where noted otherwise. The results
presented here are all related to the experiments made with asphalt; it is
important to point out that the results for the other materials were identi-
cal.

The results for the straight line movements are both shown in Table
1. The parallel one is represented as a movement at zero degrees and the
one with non-zero orthogonal component is represented with 2.5, 5 and
10 degrees. The table shows the values of relative error for the average
velocity and total traveled distance. The errors were calculated taking as
reference the measurements of the robot. In Table 1 it is possible to note
that the average velocity errors are roughly equal, this is due to the finite
resolution of the sensor. The similarity of the results demonstrates that the
method works consistently despite the non-zero othogonal component.

Table 1: Parallel movement - Summary of error (%) results using asphalt.
Angle (◦) Tgt. Vel. (mm/s) Avg. Vel. (%) Trvld. Dist. (%)

100 1.03 0.95
0 500 1.03 0.99

1000 1.03 2.23
100 1.02 0.79

2.5 500 1.03 0.62
1000 1.03 1.42
100 1.02 0.13

5 500 1.03 0.33
1000 1.03 1.24
100 0.86 1.10

10 500 1.00 0.75
1000 1.07 1.95

Figure 2 shows the typical plot for estimated and ground truth velocity
of any of the circular motion experiments; Figure 3 shows the respective
position plot. The two figures relate to a movement at 500 mm/s and 10
m diameter.
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Figure 2: Velocity for circular
movement: 500 mm/s, ø 10 m.
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Figure 3: Position for circular
movement: 500 mm/s, ø 10 m.

Resulting estimates for 2 m turning diameter were far from the ground
truth. These results lead to the conclusion that it is possible to accurately
measure velocities during turning diameters as tight as 5 m, however at

2 m the successive line scans start to lose physically interesting similarity
and the correlation fails to provide reasonable estimates.

Changes in the field of view introduces additional error, as shown
in Table 3, but were still under 3% for a motion amplitude of 25 mm.
Further improvements and extended applicability may be achieved with a
telecentric lens, as their magnification is invariable with distance.

Table 2: Summary of errors (%) for circular movement over asphalt.
Diameter
(m)

Target
Vel. (mm/s)

Average
Vel.(%)

Trvld.
Dist. (%)

Euclidean
Dist. (mm)

100 6.13 5.30 36.44
2 500 13.70 12.58 66.04

1000 27.62 29.53 156.34
100 1.03 2.57 15.14

5 500 1.03 0.71 7.35
1000 1.03 2.27 17.70
100 1.03 0.13 6.09

10 500 1.03 1.24 8.36
1000 1.03 2.68 17.70

Table 3: Summary of errors for oscillatory movement over asphalt.
Target Velocity
(mm/s)

Average Velocity
Error (%)

Traveled Distance
Error (%)

100 2.83 1.42
500 2.55 1.16
1000 2.65 1.26

7 Conclusion

It was shown that a line scan image sensor can operate as a velocity sensor
under controlled conditions of lighting and in the absence of vibration.
Under these conditions the sensor can estimate velocity with low error,
about 1% in most of the cases. The procedure performed well for straight
line motion with the camera aligned and misaligned up to a maximum of
10◦. For circular motion performance was also interesting and provides
confidence that it is applicable when an automobile maneuvers with a
tight turning radius. For situations where the focal distance is changing
the results were also satisfactory.

The method shows promising results and further investigation and
development should be performed in order to study the applicability in
real world scenarios.
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Abstract

This paper presents an automatic application that providesseveral reti-
nal image analysis functionalities, namely vessel segmentation, vessel
width estimation, artery/vein classification and optic disc segmentation. A
pipeline of these methods allows the computation of important vessel re-
lated indexes, namely the Central Retinal Arteriolar Equivalent (CRAE),
Central Retinal Venular Equivalent (CRVE) and Arteriolar-to-Venular Ra-
tio (AVR), as well as various geometrical features associated with vessel
bifurcations.

1 Introduction

Among several features associated with vascular changes, the Central
Retinal Arteriolar Equivalent (CRAE), Central Retinal Venular Equiva-
lent (CRVE) and Arteriolar-to-Venular Ratio (AVR) have been frequently
used as indicators for the early detection, diagnosis, staging and follow-up
of some systemic diseases, namely diabetes, hypertension,and vascular
disorders, since they can reflect the narrowing or dilation of the retinal
blood vessels caused by these diseases [4, 9]. These diseases also change
the pattern of vessel branching, thus making the measurement of bifurca-
tion geometrical features a useful tool for the diagnosis orprediction of
such pathologic conditions [1].

In this paper, we introduce the RetinaCAD System, which is anauto-
mated application for a fast and reliable measurement of CRAE, CRVE,
AVR values, as well as several geometrical features of the retinal vascu-
lature. The evaluation of the system on images of a dataset from a local
hospital shows a low failure rate and a significant correlation between the
values calculated for distinct images of both eyes of the same patient.

2 RetinaCAD System

The RetinaCAD is a fully automatic system for the segmentation and
classification of retinal structures and for the measurement of vascular
features. This system can analyse optic disc centered retinal images with
variable resolution and camera field of view (FOV). Fig. 1 shows the main
interface of this application. In this section, we briefly describe the main
tools for the detection and classification of retinal structures that were
implemented in the RetinaCAD system.

2.1 RetinaCAD Image Analysis Tools

The main retinal image analysis tools provided by this application are: 1)
vessel segmentation; 2) optic disc localization; 3) optic disc segmentation;
4) region of interest determination; 5) graph representation of the vascular
tree; 6) A/V vessel classification.

1) Vessel Segmentation Tool:This tool is used for finding the vessels,
and is the first stage for vessel caliber estimation and initial optic disc
(OD) localization. The methods described in [7, 8] are applied for vessel
segmentation. Fig. 2(b) illustrates the vascular tree which is generated by
the tool for the original image of Fig. 2(a). Vessel caliber measurement

This work was supported by FEDER funds through the Programa Operacional Factores de
Competitividade-COMPETE and by Portuguese funds through FCT-Fundação para a Ciência
e a Tecnologia in the framework of the project PEst-C/SAU/LA0002/2013 and the research
grant SFRH /BD/73376/2010.

Figure 1: RetinaCAD interface.

is based on the distance transform of the segmented vasculartree; the
result of this transform in each vessel pixel is its distanceto the closest
boundary point,d. After that, for each vessel centerline pixel, the vessel
caliber value,vc, is estimated byvc= 2d−1.

2) Optic Disc Localization Tool:The initial optic disc (OD) location
is obtained following the approach based on the entropy of vascular di-
rections described in [6] (Fig. 2(c)).

3) Optic Disc Segmentation Tool:A multiresolution sliding band filter
(SBF), centered in the initial OD location is used for segmenting the OD
boundary [2] (Fig. 2(c)). The final optic disc center (ODC) and OD radius
are found by fitting a circle to the extracted boundary (Fig. 2(d)).

4) Region of Interest Determination Tool:The CRAE, CRVE and
AVR values are calculated from the calibers of the vessels inside a spe-
cific region of interest (ROI), defined as the standard ring sector centered
on the ODC, within 2 to 3 disc radius from the OD margin [4]. The
corresponding ROI for CRAE, CRVE and AVR calculation is shown in
Fig. 2(d).

5) Graph Representation Tool:The vessels centerline image is ob-
tained by applying an iterative thinning algorithm to the vessel segmen-
tation result. Then the graph nodes are extracted from the centerline im-
age by finding the intersection points, the bifurcation points, the high-
curvature points and the terminal points . After that each vessel segment
is represented by a link between two nodes (Fig. 2(e)). The graph rep-
resentation tool can display local and global features of the links (vessel
segments) and nodes (bifurcation/intersection points), namely the caliber
and the angle between vessel segments as well as the type of intersection
(crossing or bifurcation).

6) Artery/Vein Classification Tool:This tool is based on the graph
representation of the retinal vasculature as described in [3]. This method
classifies the entire vascular tree by deciding on the type ofeach vessel
intersection point (graph nodes) and by assigning one of twolabels to each
vessel segment (graph links). Final classification of a vessel segment as an
artery or a vein is performed through the combination of the graph-based
labeling results with intensity information from originalcolor image. The
result of A/V classification for the whole image is shown in Fig. 2(f).



(a) (b) (c)

(d) (e) (f)

Figure 2: (a) Input image; (b) Vessel segmentation result; (c) Initial OD
location (black cross) and OD boundary (blue); (d) ROI (delimited by
the two green circles) and circular OD margin (white circle); (e) Graph
representation of vascular tree; (f) A/V classification result.

Table 1: Comparison of Mean± standard deviation (SD) and Pearson
correlation between images of the right and left eyes.

Measurements

RetinaCAD BDES [10] Leung [5]

Mean± SD Mean
error±SD Corr. Corr. Corr.

Right eye Left eye

CRAE (µm) 158.1±15.9 161.9±16.9 11.2±8.5 0.66 0.71 0.70

CRVE (µm) 252.3±24.4 255.9±24.9 16.1±12.6 0.67 0.74 0.77

AVR 0.63±0.09 0.64±0.08 0.06±0.05 0.54 0.49 0.54

Corr.: Pearson’s correlation coefficient.

2.2 Measurements

The CRAE and CRVE values are calculated based on Knudtson’s revised
formulas [4]. The AVR is defined as the quotient between CRAE and
CRVE. For the AVR calculation, the ROI is equidistantly sampled to pro-
vide six regions. For each region, the six largest arteries and the six largest
veins are identified, and the regional AVR is calculated. Thefinal AVR
estimate for the complete image is the average of the six regional values.

The branching angles are the basic measurements related to abifur-
cation, and these features are obtained from the graph representing the
vascular tree, as mentioned before. The branching angles and vessel seg-
ment calibers are used to derive features, such as the bifurcation index,
asymmetry ratio, diameter ratio, area ratio and optimality[1].

3 Results

The system was evaluated using the images of a dataset from Centro Hos-
pitalar São João (CHSJ dataset). This dataset contains 564 images from
141 subjects, where for each subject there are four images, two from the
right eye and two from the left eye; the two images of each eye were
acquired with two different FOV values (45◦ and 30◦). The images of
this dataset were used for investigating the robustness of the system to
the use of distinct images of the same subject, through the assessment of
the correlation between measurements from images of the right and left
eyes and from images of same eye with different FOV. For the 564 images
that were analysed using RetinaCAD, the results for 11 subjects were not
accepted as a consequence of errors in A/V classification or OD segmen-
tation. Although these errors can be solved using the manualmodification
tool which is included in this application, all the images ofthe subjects
where the automatic procedures have failed were excluded. In the follow-
ing, we discuss the results obtained for 520 images from 130 subjects.

The mean error and the Pearson correlation coefficient between mea-
surements from the right and left eyes in the CHSJ dataset areshown in
Table 1, where the correlation coefficients reported by the Beaver Dam
Eye Study (BDES) [10] and Leunget al. [5] are also included. These
results show a good correlation between right and left eyes for CRAE
and CRVE and a moderate correlation for AVR, being similar tothose re-
ported in [10] and [5]. In order to evaluate the robustness ofthe methods
in RetinaCAD, we have compared the results of the CRAE, CRVE and

Table 2: Comparison of results between images of the same eyewith 45◦

and 30◦ FOV.

Measurements
Mean± SD Mean

error±SD
Correlation
coefficientFOV: 45◦ FOV: 30◦

CRAE (µm) 154.7±17.5 162.9±16.4 11.4±8.8 0.76

CRVE (µm) 245.6±25.1 260.9±23.7 18.8±12.3 0.80

AVR 0.64±0.08 0.63±0.08 0.05±0.03 0.73

AVR values in images of the same eye that were acquired with a different
FOV (45◦ and 30◦). As can be observed in Table 2, all indicators show a
small mean error and there is a significant correlation between images of
the same eye that were acquired in distinct conditions, thusindicating the
good performance and consistency of RetinaCAD.

4 Conclusions

We have developed a user-friendly system, RetinaCAD, that is able to
automatically detect, measure and classify two main retinal landmarks,
the optic disc and the vessels. RetinaCAD can measure several vascu-
lar features that are recognized as indicators for some prevalent systemic
diseases. We have demonstrated that the correlation between right and
left eyes was good for the CRAE and CRVE values, which suggests that
the measurements from one eye can provide adequate information about
the changes in vessel calibers. After comparing the measured values for
images of the same eye but with different FOV, a significant correlation
and a low mean error were achieved, thus allowing the conclusion that
RetinaCAD is adequate both for research and for general clinical use.
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Abstract

This paper reports a work in progress, the training of a Support Vector
Machine model to detect faults in an experimental water supply canal.
The work took place at the experimental canal of Núcleo de Hidráulica
e Controlo de Canais at the Universidade de Évora. The main objective
is to identify faults in the water depth sensors and to detect unauthorized
water withdrawals using pattern recognition. The preliminary accuracy
tests, in and out of sample, have shown an accuracy over 90% to identify
28 different patterns.

1 Introduction

Fault Detection and Isolation (FDI) is a research field where knowlegde--
-based models have been used with some success. Artificial Neural Net-
works and Fuzzy Systems are often used but its dependency of large
amounts of training data and the slow convergence speed leads them to
lose ground to models mathematical-based [13].

Support Vector Machines (SVMs) are been used as classification tool
with a huge success in research areas like computer vision [7], health [9]
and entertainment [4]. Lately, many studies propose the use of SVM in
FDI problems [2, 12, 13].

This paper reports the work, still in progress, of the creation of FDI
model for an experimental water supply canal using a SVM.

1.1 Presentation of the water canal

The work took place at the experimental canal of Núcleo de Hidráulica
e Controlo de Canais (NuHCC) [10] at the Universidade de Évora.It is a
canal with 145m of length and it is divided in four pools. Each one sepa-
rated by an undershot gate with an overshot gate at the canal end, as can
be seen in Figure 1. Sensors installed at the upstream, center and down-
stream allows to monitor the water depth in each pool. The maximum
depth is 900mm, is the equivalent to the height of the pools. There is an
offtake valve at upstream of every gates that allows to implement water
withdrawals. An electric MONOVAR valve controls the canal inlet with
a maximum design flow of 0.09m3s−1.

Figure 1: Diagram of the experimental water canal (adapted from[8])

The NuHCC facility is monitored and controlled by a MODBUS/Serial
network of six Programmable Logic Controllers (PLCs) and a Supervi-
sory Control and Data Acquisition (SCADA) system. A multi-platform
controller interface [3] was used to interact with SCADA and collect data.
Further details about this canal can be read in [8].

1.2 Objectives

At this moment, the focus is only in the third pool of the NuHCC canal.
In Figure 2, it is possible to identify, from upstream to downstream, all the
elements of interest to the study. Two offtakes in the left, two gates and
water stream in the center and in the right the three water depth sensors.

Figure 2: The third pool of the canal (Red - Gates 2 and 3; Pink - Offtakes
2 and 3; Green - Sensores Up, Center and Downstream).

The water depth sensors measure values between 0 and 900mm with
an reading error of 0.005mm. The opening values of the offtake are mea-
sured in percentage, ie. from 0% to 100%. The height of the three first
gates varies from 0 to 800mm, the last one from 0 to 700mm.

The main objective is to identify faults in the water depth sensors and
to detect unauthorized water withdrawals using pattern recognition.

2 Preparing the data

The SVM is a popular and powerful classification technique. Considered
easier to understand than Neural Networks, but users less familiar with it
often have problems to get satisfactory results [6]. Classify the existing
data is often the first task to create a model using a SVM. In this case. due
to the nature of the problem, the first step was to collect the data.

Tests were made in order to collect the more significant data as pos-
sible. Tests like filling and emptying the pool were made and all readings
of sensors and actuator recorded. The two offtake valves were used to
simulate water uptake upstream or downstream of the pool. The sample
time used was 1s.

2.1 Supervising the samples

The model should be able to classify correctly any given sample. To al-
low that to happen, every instance in the training set should be correctly
classified. The model it is able to identify 28 different canal states. This
means that there are at least 28 recognizable patterns (Table 1) provided
by the training set.

2.2 Selecting the features

One problem detected in these kind of water depth sensors is inconsistent
readings. It is an oscillatory behavior between the real value and a shift
of it. Though temporary, this kind of error can lead of misclassifications.
A threshold of 10mm has been defined in order to identify this error state.
An instance of the training set that violates this condition it is classified
as faulty sample. The resulting 26 labels are described in Table 1.



# of classes Description
One Nominal state
One Loss of water

Three Positive shift in one sensor
Three Negative shift in one sensor
Three Positive shift in two sensors
Three Negative shift in two sensors
Six Alternated shifts in two sensors
One Positive shifts in three sensors
One Negative shifts in three sensors
Six Alternated shifts in three sensors

Table 1: Description of all classes

Selecting the right features for a SVM it is not a easy task. In fact,
many studies were made about that matter [1, 5, 11]. The used features
were kept to a minimum without compromising the performance. Just six
features are used, the reading of the three depth sensors present in the pool
and the difference between the actual and the previous reading. A further
look into this difference (1) it is possible to understand it as the slope of
the reading values along the time , for a sample time of 1s.

∆sensori =
sensori− sensor(i−1)

ti− t(i−1)
(1)

An instance of the training set it is described in (2).

Label︷︸︸︷
class

Six features︷ ︸︸ ︷
sensor1 sensor2 sensor3 ∆sensor1 ∆sensor2 ∆sensor3 (2)

3 Training and testing the model

Experimental tests were made in the canal in order to cover several nom-
inal and faulty states. Seven data independent sets were created. One was
used to train the model, the six others to test it. The nominal values of
the test sets can been seen in Table 2. A linear kernel with the penalty
parameter of the error term equal to 1 (ie. C = 1) was used.

Test MONOVAR Gates Water level Offtakes
# (l/s) (mm) (mm) (%)

1 25→ 25 0→ 0 (G3) 0↗ 800 none
2 25→ 25 0→ 0 (G3) 0↗ 800 none
3 25↘ 0 400→ 400 (G4) 400↘ 0 0↗ 50 (OT2)
4 25↘ 0 400→ 400 (G4) 400↘ 0 0↗ 50 (OT3)
5 25↘ 0 400↘ 0 (G4) 400↘ 0 0↗ 50 (OT2)
6 25↘ 0 400↘ 0 (G4) 400↘ 0 0↗ 50 (OT3)

Table 2: Nominal values for the six test sets

3.1 Faults detected and results

Three kinds of tests were made to measure the model accuracy. In sam-
ple test where the same set is used to train and test the model. The 10-
Fold Cross-validation technique has been used to estimate accuracy of
the model. And then, six test sets were used to measure the out of sample
accuracy. All tests have shown an accuracy over 90%. The results are
presented in Table 3.

4 Conclusions and future perspectives

Besides the good results of the model, much work has to be done in order
to create an online FDI system. Scaling the values of the features it is
always important to avoid numerical problems during the calculation [6].
In this case it revealed to be crucial. The values of the features resulting
from (1) are ten or a hundred times smaller than the others ones. The
values with a greater range were dominating the smaller ones, leading to
worse results.

The model still need more training in order to detect these and more
faults in real time. Other kernels and its parameters must be studied.
Techniques like leave-one-out cross-validation should be used in order
to understand if more features are needed in the sets.

In sample accuracy
Accuracy = 100% (1038/1038) (classification)
Out of sample accuracy
Train set 1 - Accuracy = 99.3506% (918/924) (classification)
Train set 2 - Accuracy = 99.3506% (918/924) (classification)
Train set 3 - Accuracy = 98.1722% (1665/1696) (classification)
Train set 4 - Accuracy = 99.0538% (2303/2325) (classification)
Train set 5 - Accuracy = 90.8019% (385/424) (classification)
Train set 6 - Accuracy = 90.0463% (389/432) (classification)
All sets - Accuracy = 97.8141% (6578/6725) (classification)
10-fold cross-validation
Cross Validation Accuracy = 99.3256%

Table 3: Results of the performance tests
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Abstract

We are  motivated  by  the  fact  that  strange  behaviours  in  time
series like PCG, maybe are very well behaved on a hyperspace
reconstructed by the delay vectors.
In  this  hyperspace,  the  trajectories  are  restricted  in  space  and
self-similarities  are  maybe  present  in  different  scales.  In  this
work , we aim to find dimensionality of this hyperspace using
False Nearest Neighbors (FNN)  method.   

1  PCG Introduction

Cardiac auscultation is the simplest, fastest and cheapest method
for  heart  examination.  It  provides  information  about  the
structural  and  functional  characteristics  of  the  heart  using  a
simple  medical  device,  the  stethoscope.  Electronic  versions of
this device are capable of registering and optimizing the quality
of  auscultation  signals,  generating  what  is  called  a
phonocardiogram (PCG) signal. Data collection systems such as
DigiScope [1] can obtain PCG signals such as the one depicted in
Figure 1. Here we can observe the various components of a heart
cycle,  including  S1  (first  heart  sound)  and  S2  (second  heart
sound).  These  establish  the  boundaries  of  the  other  two
fundamental  components  of  a  heart  cycle:  the  systole  (period
between S1 and S2),  and the diastole (period between S2 and
S1). S1 and S2 are generated by the opening and closing of the
various  heart  valves  and  in  some  auscultations  we  have  the
presence of additional sounds such as S3, S4 or murmurs. [2]

Heart sounds segmentation is a fundamental step for extracting
useful  physiological  information  from  heart  sounds.  It  is
typically  preceded  by  a  pre-processing  step,  and  followed  by
feature extraction and classification steps in traditional statistical
pattern recognition approaches [3]. 

This paper is structured as follows: the Embedding Theorem is
presented  in  Section  2,  followed  by  False  Nearest  Neighbors
explanation in Section 3. The Materials and Results conclude  the
paper in sections 4 and 5.

Figure  1: A typical heart sound and its four main components: S1, S2, Systole,
Diastole

2 Embedding Theorem

Considering the Embedding Theorem by Takens,  one assumes
the existence of a embedding dimension  such that the delay

vectors construct a phase space representing the dynamics of
the system [4]. From the geometry of the set in the phase space
we want to characterize the dimension of the attractor  which
is  smaller  than the  number  of  degrees  of  freedom;  for  fractal
dimensionality  they  are  usually  called  strange  attractors  [4].
Normally  to  estimate  and  embedding  dimension  the
dimensionality  of  the  attractor  should  be  increased  until  a
deterministic  behaviour  on  data  appears.  Box-counting
algorithms can also be used  to compute this quantity but turns
out to be impractical for systems with .

3 False Nearest Neighbors

This method uses the idea of neighbors and two points are
considered  to  be  neighbors  if  their  distance  is  less  than  a
pre-defined threshold. Suppose that the dimension of the delay
vector is m and it is projected into a lower dimensional . If
the  number  of  false  neighbors  does  not  increase  substantially
from  then it is acceptable to reduce the dimension of
the delay vectors [10]. 

4 Material

 This database includes PCGs from pediatric and adult patients
with their corresponding S1 and S2 annotated positions. In the
pediatric 90 heart sound segments are used corresponding to a
total  1415 annotations  examples  of  S1  and  S2,  within  a  time
range between 1.2 and 14.7 seconds. In the adults 21 heart sound
segments are used composing a total 390 annotations, within a
time range between 3.4 and 9 seconds.

5 Results

The result is showed in Figure 2 for a sample PCG signal.

Figure 2: The relative number of false negatives plotted against the minimum
distance to be considered as a possible neighbor

Observation of Figure 2 hints that a time window m of 25ms (5 
samples) is enough. Although beyond the scope of this paper, a 
deeper inspection of how this varies when additional sounds are 
present (S3, S4, murmurs) is an interesting topic to be explored 
in the future.
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Abstract 
For cancer diagnosis and prognosis or functional genetic analysis quantification 
and mapping of protein expression is mandatory.  In several models proteins or 
vectors are stained with fluorescence images of microscopy are obtained. The 
analysis of these images is usually qualitative and till now it has been difficult to 
propose a robust quantification approach to such images. One of the key 
limitations is due to the irregular nature of shape and size of the cells within the 
population of interest. 
 
In this paper the authors present an improved version of the previous 
methodology proposed for quantitative analysis which is able to deal with this 
population heterogeneity.  
 
The core of the method is an optimization algorithm where the distortions 
associated with each observed noisy intensity profiles are jointly estimated and 
inverted in order to compute the unknown ideal expression level that 
characterize the population. 
 

 
Figure 1 – Immunofluorescence image showing membranous protein expression 
in a cell population. The protein (E-Cadherin) is labelled with green fluorescence. 

1 Introduction 
One of the most common methodologies for qualitative analyses of protein 

expression is immunofluorescence (IF) (Fig. 1) which is extensively used in 
biological and medical research. In all microscopic approaches only molecules 
tagged with fluorescent dyes are captured [1], allowing the observation of very 
specific biological processes. Many image processing procedures and algorithms 
are described for IF images and most of them are related to denoising [2], 
morphologic analysis [3], cell tracking [4], shape characterization and detection 
[5] and object counting. In biomedical research, quantitative measures extracted 
from IF images were rarely explored to identify dysfunctional proteins associated 
with a particular biological behavior. In this scope, image processing of IF 
images were only developed for quantification of cell volumes and single cell 
movement analysis. The common methods for single cell analyses includes 
Fluorescence Resonance Energy Transfer (FRET), Fluorescence Correlation 
Spectroscopy (FCS), Fluorescence Recovery After Photobleaching (FRAP) and 
Fluorescence Lifetime Imaging Microscopy (FLIM) which are able to quantify 
parameters of local dynamic processes within a single cell. 

For cell populations, a central difficulty in imaging quantification is the 
calibration process related to the heterogeneity of parameters occurring in image 
acquisition, which most of the times is not considered.  

In this work we propose a method, applied to a population of cells as shown 
in Fig. 1, to characterize the level of expression and distribution of tagged 
fluorescent molecules in the intra and intercellular space. We designed an 
algorithm that calibrates the morphological variability of a cell population and 
computes a one dimensional (1D) representative profile of protein distribution 
[7]. This allows the representation and quantification of the typical level of 
expression and distribution of proteins using IF real images.  

From each IF image (Fig. 1) pairs of cells were selected for quantification 
analysis. This first step intended to exclude all negative cells that may represent 
technical pitfalls. A specific software application was produced to assist in this 
task.  

The mapping and quantification of the level of protein expression is 
performed by computing 1D intensity internuclear (IN) and radial (RD) profiles 
that represent the typical distribution of the molecule between or within cells. The 

schematic representation of the IN and RD non-geometric compensated profiles 
is illustrated in Figure . 
The goal of the proposed algorithm is to compensate geometrically the column 
profiles represented in Figure .b) and d) in order to obtain a new profile map, 
horizontally invariant, from which the ideal distribution profile of the molecules 
is computed. The main difference between the algorithm described in this paper 
and the previous version [7] is related with the representation of the underlying 
unknown profile. Before, a number of unknown profiles are estimated under the 
constraint that they should be similar. In this version, a single profile is 

considered and all the observations are assume to be distorted versions of this 
single profile. The mathematical formulation in this case is simpler and more 
elegant. 

2  Problem Formulation 
This section describes the mathematical formulation of the algorithm used to 
estimate the ideal molecule distribution. The mathematic formulation described in 
this section aims to create an ideal profile representative of molecule distribution 
between cells and within each cell. To obtain this ideal representation of the 
molecule distribution, RD and IN profiles are extracted and a profile map is 
constructed where each column represented the expression level of the molecule 
for each angle, in the case of radial profiles, or across the axis linking the cells of 
each pair, in the case on IN profiles (see Figure ). 
Let us consider an unknown intensity profile defined as follows 

 𝑓 𝑥 = 𝑐!𝜙! 𝑥 = Φ!(𝑥)!!!
!!! 𝒄 (1) 

where Φ 𝑥 = 𝜙! 𝑥  is a column vector of 𝑁  known basis functions and 
𝒄 = [𝑐!] is a column vector of coefficients to be estimated. Let also consider a set 
of 𝑀  radial or inter-nuclear L length observed profiles, 𝒑! = 𝐱! , 𝐲!  with 
0 ≤ 𝑗 ≤ 𝑀 − 1. 𝒙! = [𝑥!"] and 𝒚! = [𝑦!"] are 𝐿 length column vectors containing 
the locations and intensities values of the 𝑗!!  observed profile. Intensities 𝑦!"  are 
assumed to be noisy and the locations 𝑥!"  are assumed to be geometrically 
distorted, 𝑥!" = 𝑥!"∗ + 𝑡!"  where 𝑥!"∗  is the true unknown location and 𝑡!!  is the 
corresponding compensation shift value.  

The ideal profile 𝒄  and the compensated locations of the observations, 
stacked in a 𝐿×𝑀 matrix containing 𝑀 observed profiles with 𝐿 points each, 𝑋, 
are computed by solving the following optimization task 

                                                                 𝒄,𝑋 = arg𝒄,!𝑚𝑖𝑛   𝐸 𝑌,𝑋, 𝒄 (2) 
where the energy function is of the form  
                             𝐸 𝑌,𝑋, 𝒄 = 𝐸! 𝑌,𝑋, 𝒄 + 𝐸! 𝒄 + 𝐸! 𝑋                              (3) 
with the following data fidelity term is  

                         E! Y,X, c = f x!" − y!"
!

!" .                                            (4) 
 𝐸!(𝒄) and 𝐸!(𝑋) are regularization terms for 𝒄 and 𝑋. The smoothness of 𝑓(𝑥) is 
obtained by difining the prior function for 𝒄 as 𝐸! 𝒄 = Θ𝒄

!

!
where Θ is a 𝑁×𝑁 

difference operator. The prior for 𝑋 is designed in order to impose a limited 
constraint on the observation displacements in order to prevent its collapse in a 
single point, 

                𝐸! 𝑋 = (𝑥!" − 𝑥!!!,!)!"
!                                 (5)  

where 𝑥!"  and 𝑥!!!,!  are consecutive neighbours from the same observed profile. 
𝑥!,!  and 𝑥!!!,!  are not updated during the iterative process and are kept fixed. 
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Figure 2 – Extraction scheme of IN 
and RD profiles. a) Semi-automatic 
selection procedure of cells and pair 
of cells (the geometric centre of the 
selected cells is automatically 
computed), b) the IN profile map is 
computed by stacking the profiles 
obtained from the axis linking the 
cells of the pair, c) RD profile 
extraction procedure where a set of 
radial profiles are extracted from the 
centre of each individual cell and d) 
stacked in the RD profile map.  
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The global energy function to be minimized is 

𝐸 𝑌,𝑋, 𝒄 = 𝑇𝑟 Φ!𝐜 − 𝒚 ! Φ!𝐜 − 𝒚 + 𝛼𝒄!Ψ!𝐜 +
                                                            β  Tr X!Ψ!X   (6) 

where Ψ! = Θ!!Θ  is  a  τ×τ  matrix, Φ(X) = 𝜙!(𝑥!")  is a  𝑁×𝐿𝑀 matrix, 𝒚 is a 
𝐿𝑀 column vector containing all the observations of the map image of profiles 
and Tr denotes the trace operator.  
The solution of the optimization problem (2) can be obtained in two steps as 
follows: 

 𝒄!!! = arg𝒄𝑚𝑖𝑛 𝐸(𝑌,𝑿! , 𝒄) (7) 

 𝑿!!! = arg𝑿𝑚𝑖𝑛 𝐸(𝑌,𝑿, 𝒄𝒕!𝟏) (8) 

By computing the stationary point of 𝐸 with respect to 𝒄, ∇!𝐸 𝑌,𝑋, 𝒄 = 0 and 
with respect to 𝑋, ∇!𝐸 𝑌,𝑋, 𝒄 = 0, after straight manipulation it can be obtained 
the following expressions for 𝒄 and 𝑋, 
 

 𝒄!!! = Φ(𝑿!)Φ(𝑿!)! + 𝛼Ψ! !!Φ𝒚 (9) 

 𝑿!!! = !

!!
𝑍 + 𝑍 (10) 

where 𝑧!" = (𝑦!" − 𝑓(𝑥!"))𝜕𝑓(𝑥!")/𝜕𝑥!"  and 𝑧!" = (𝑥!!!,! + 𝑥!!!,! + 𝑥!,!)/3. 

3  Results 
The results presented in this section were obtained  in Matlab where the proposed 
algorithm is implemented as well as some pre-processment/normalization steps 
were performed. The normalization of each profile intensity were computed, for 
each profile 𝑝! , 𝑝!,!"#$% = (𝑃!,!"!#!$% − 𝜇)/𝜎  where 𝜇  is the mean of the 
corresponding profile and 𝜎 the standard deviation. The profile lengths, stacked 
in the non compensated profile maps, were normalized between 0 and 1 for a 
fixed number of samples using interpolation, as shown in Figures 3.a) and 4.a). 

 
Figure 1: RD profiles map. a) RD profiles map without geometrical 
compensation, b) RD profiles map with geometrical compensation, c) mean and 
standard deviation of RD profiles without geometrical compensation and d) mean 
and standard deviation of IN profiles with geometrical compensation. 

For sake of convergence, a mechanism of outliers rejection was used in the 
iterative process described by equations (7) and (8). The relative difference 
between each profile and the current estimate of 𝒄𝒕, at iteration t, was computed 
and used as a measure to exclude outliers. When the norm of the difference 
between the most distant profile and 𝒄𝒕 is above a given threshold the profile is 
considered an outlier and is excluded. 
Figure 3 displayed the mean (column average) RD profiles computed from the 
non geometrically compensated map of profiles (Fig. 3.a)) and from the 
geometrically compensated map of profiles (Fig.3.b) in Fig.3.c) and Fig.3.d) 
respectively. In this figures the error bars represent the standard deviation of the 
estimated average at each location.  
Figure 4, represent similar results for the case of IN profiles. The non-
compensated and compensated profile maps are shown in Fig.4.a) and b) 
respectively and the corresponding average profiles are displayed in Fig. 4.c) and 
d). In the case of IN case it is clear the decrease on standard deviation of the 
average profile when the compensation algorithm is used. 
Figure 5 displays the estimated ideal RD (Fig.5.a)) and IN (Fig.5.b)) profiles 
obtained with the proposed algorithms. These ideal profiles are similar to the 
average profiles displayed in Figs. 3.d) and 4.d) but are not equal. 

 
Figure 4: IN profiles map. a) IN profiles map without geometrical compensation, 
b) IN profiles map with geometrical compensation, c) mean and standard 
deviation of IN profiles without geometrical compensation and d) Mean and 
standard deviation of IN profiles with geometrical compensation. 

For both RD and IN examples 2000 iterations were performed and the 
number of basis function used in these simulations is 𝑁 = 100 . The prior 
parameters in the RD case are 𝛼 = 150 and 𝛽 = 400 and 𝛼 = 200 and 𝛽 = 500 
in the case of the IN case.  

 
Figure 5: Ideal RD (a) and IN (b) profiles obtained from (7).  

4 Conclusions 
This paper describes an improvement on the previous work of the authors about 
estimating an ideal profile representative of the molecule distribution on intra and 
inter cellular space computed from a population of irregular cells. Tests with real 
data to illustrate the application of the method were performed in a series of 8 cell 
lines stably expressing WT protein (E-cadherin) or 7 aberrant proteins (E-
cadherin mutant molecules) spread along the protein.  
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Abstract

Deep Neural Networks (DNN) are feed-forward, artificial neural networks
that allow learning of multiple levels of abstraction that help to make
sense of data such as images, sound, and text. We study the performance
of DNNs using transfer learning approaches. Transfer learning is a pro-
cess where a network trained on a source problem is reused to solve a new
target problem by applying minor modifications to the network. Gener-
ally, transfer learning is done when the distributions between the source
and target are similar and the task is equal. In this paper, we hypothesis
that, if the distance between the distributions is different, and the tasks are
different transfer learning will help to improve classification performance
and speed up the process.

For this purpose we propose unsupervised feature transference using
Stacked Denoising Autoencoder (SDA). In unsupervised feature transfer-
ence approach we explore: 1) transfer learning between completely dif-
ferent tasks drawn from different distributions and, 2) transfer learning
between equal tasks drawn from different distributions. We achieved sig-
nificant improvement on average error rate and on average computation
time using SDA on two types of transfer learning approaches to test our
hypothesis.

1 Introduction

The study of transfer learning was inspired by the ability of humans to
reuse prior experience under different environments. Naturally, the trans-
fer learning paradigm implies reusing learning machines previously trained
for a given source problem S in order to solve, with minor modifications,
a different target problem T . An ideal transfer learning method should
improve the reused classifier over the one trained from scratch.

Traditionally, transfer learning is applied between problems with same
classification task and drawn from similar distributions. In this paper
we primarily explore transfer learning between completely different tasks
drawn from different distributions [1], i.e., a classifier learns to perform a
task on training instances drawn from the source problem and then reused
to perform a different task on a target problem instances drawn from a dif-
ferent distribution. Secondly, we explore transfer learning between prob-
lems with same classification task but drawn from different distributions.

We analyze Deep Transfer Learning (DTL) (transfer learning with
deep architectures) using an unsupervised feature transference (USDA)
approach [1]. We use state-of-the-art deep learning methods like SDA
(see [2],) that learn high-level features from large datasets. In order to
distinguish how different the target distribution is from the source distri-
bution, we use Jensen-Shannon divergence (JSD) as a metric to measure
the degree of heterogeneity between distributions.

2 Problem Formulation: Transfer Learning

Given an input space X and a set of labels Y , a classifier is any function
g(x) : X → Y that maps instances x ∈ X to labels. Essentially, Y is a cod-
ing set for the labels using some one-to-one mapping (e.g.,
Ω = {“equilateral”,“circle”,“square”}→ Y = {0,1,2} with number of
labels c = 3 ). We assume that nds instances are drawn by an i.i.d. sam-
pling process from the input space X with a certain probability distribution
P(X), thus giving a design data set Xds = {x1, . . . ,xnds} which is accom-
panied by a set of label codes Yds = {y1, . . . ,ynds} for each instance. The
classifier performance is measured using error rate ε and computation
time on a test set Xts = {x1, . . . ,xnts} with nts unlabeled instances drawn
from the same distribution P(X).

Traditionally, the goal of transfer learning is to transfer the learning (knowl-
edge) from a source problem input space XS to one or more problems or
distributions to efficiently develop an effective hypothesis for a new task,
problem or distribution. In this framework of transfer learning, the source
and target problems may come from equal or different distributions. In
supervised learning problems, the source YS and target YT labels may be
equal or different. We focus mainly on two cases where the distributions
are different:

1. ( TL: case 1 ) The distributions are different PS (X) 6= PT (X) and
the labels are different YS 6= YT .

2. ( TL: case 2 ) The distributions are different PS (X) 6= PT (X) and
the labels are equal YS = YT .

Under such hypothesis, our goal is to obtain an accurate classification for
target-domain instances by exploiting labeled training instances from the
source-domain.

Figure 1: (TL: Case 1) Classify letters reusing digits

Comparing distributions: We use JSD as a measure to compute the dif-
ference between the distributions of two datasets. Given two probability
functions PS (X) and PT (X), when DJS(S||T ) = 0, we can consider that
two distributions are identical and when DJS(S||T )< 0.5, the distributions
are similar and when DJS(S||T )≥ 0.5, the distributions are different.

2.1 Datasets

We use seven datasets of color and gray scale images, as described in
Table 1. These seven datasets are either distinct in number of labels or
distributions.

Latin and Arabic datasets are representative names for the well-known
MNIST1 and MADbase2 datasets of handwritten Latin and Arabic digits,
respectively. The original Chars74k3 dataset of typed characters was re-
sized to 28×28 pixels and then broken into three smaller datasets: Digits
dataset contains digits from 0-to-9, the Lowercase dataset contains lower-
case letters from a-to-z and finally, the Uppercase dataset contains upper-
case letters from A-to-Z.

Shape1 and Shape2 are from Baby AI shape dataset4 which was used
for shape recognition tasks. Shape1 consists of images of canonical shapes
(equilateral triangles, circles and squares) while Shape2 consists of im-
ages of non-canonical shapes (ellipsis, rectangles and triangles). Both
Shape1 and Shape2 were generated with 28×28 pixels, with variation of
colors: 0 to 7, position: left extreme to right extreme, rotation: 0 to 360o.

Network Architecture: The SDA network had three hidden layers and
one output layer with [576, 400, 256, c] neurons amounting to 784,384
connections. The induced random corruption levels for each of the three

1http://yann.lecun.com/exdb/mnist/
2http://datacenter.aucegypt.edu/shazeem/
3We acknowledge Microsoft Research India for Chars74k dataset.
4http://www.iro.umontreal.ca/~lisa/twiki/bin/view.cgi/Public/BabyAIShapesDatasets



063
064
065
066
067
068
069
070
071
072
073
074
075
076
077
078
079
080
081
082
083
084
085
086
087
088
089
090
091
092
093
094
095
096
097
098
099
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125

Table 1: Dataset characteristics with number of instances.
Data set Labels Instances
Distribution Ω c Train Validation Test

Latin PL 0-to-9 Ω09 10 50,000 10,000 10,000
Arabic PA •-to-9 Ω•9 10 50,000 10,000 10,000
Latin-2 PL2 0-to-9 Ω09 10 13,208 6,604 10,000
Digits PD 0-to-9 Ω09 10 5,080 2,540 2,540
Lowercase PLC a-to-z Ωaz 26 13,208 6,604 6,604
Uppercase PUC A-to-Z ΩAZ 26 13,208 6,604 6,604
Shape1 PSh1 ’eqt’,’cir’,’sqr’ Ωsh1 3 10,000 5,000 5,000
Shape2 PSh2 ’tri’,’ell’,’rec’ Ωsh2 3 10,000 5,000 5,000

hidden layers inputs are [10%, 20%, 30%] respectively. We used pre-
training and fine-tuning learning rates of 0.001 and 0.1, respectively. The
stopping criteria for pre-training was fixed to 40 epochs; stopping criteria
for fine-tuning was set to a maximum of 1000 epochs with the validation
dataset. Each of these experiments is repeated 10 times and performed
student t-test with confidence interval of 0.05 to give some statistical sig-
nificance.

We used Theano, a GPU compatible machine learning library to per-
form all our experiments on a i7-377 (3.50GHz), 16GB RAM and GTX
770 GPU processor.

3 Proposed approach and results

We propose a feature transference approach which enables deep neural
networks to transfer hidden layers features (weights) of a classifier trained
in unsupervised way [1]. For that purpose, SDA’s are trained on a source
problem and its features transferred to help in solving a target problem.
We represent this transference by wS ⇒ wT . In this paper we explore
feature transference in SDA at the pre-training stage, denoted U(w), a
process we call unsupervised feature transference (USDA) [1].
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Figure 2: Unsupervised feature transference using SDA

In the USDA approach we transfer the unsupervised features of the
SDA model from the source to the target problem, i.e., U(wS)⇒ wT as
depicted in Fig.2. Once the features are transferred to the target prob-
lem, we add a logistic regression layer on top of the transferred machine.
We fine-tune this entire classifier as a multi-layer perceptron using back-
propagation. We compare the performance of USDA approach (TL) to
the one obtained from a classifier built from scratch for the target prob-
lem, the baseline approach (BL).

3.1 TL: case 1

Classify letters reusing digits: We classify images of typed letters by
reusing unsupervised features of a machine trained with handwritten dig-
its from 0-to-9.

The performance is listed in Table 2. The average error rate of rec-
ognizing uppercase letters, 4.31±0.16% by reusing a machine pre-trained
with Latin digits is significantly lower than baseline, 5.01±0.27%. Sim-
ilar results are obtained from recognizing the lowercase letters. In both
cases the significance level allows rejecting the null hypothesis of equal
error rates.

It is interesting to note the difference between, reusing either Arabic
or Latin dataset. The Latin dataset with smaller JSD value leads to better
classification performance than the Arabic dataset. It would be interesting
to study, does smaller JSD value leads to better TL even when the tasks
are different.

Table 2: Average classification test error using SDA (%) (ε) obtained
for a target problem using UFT approach for different combinations of:
target data distribution (PT ); target label set (ΩT ); source distribution (PS);
source label set (ΩS); The difference between distributions is given by
Jensen-Shannon divergence (JSD).

Label
space PS ΩS PT ΩT ε JSD

YS 6= YT

BL PUC ΩAZ 5.01±0.27
TL PL Ω09 PUC ΩAZ 4.31±0.16 ⇑ 0.79
TL PA Ω•9 PUC ΩAZ 4.41±0.22 ⇑ 0.99
BL PLC Ωaz 4.95±0.16
TL PL Ω09 PLC Ωaz 4.37±0.13 ⇑ 0.80
TL PA Ω•9 PLC Ωaz 4.43±0.11 ⇑ 0.99

YS = YT

BL PD Ω09 1.88±0.14
TL PL Ω09 PD Ω09 1.78±0.21 ◦ 0.88
TL PA Ω•9 PD Ω09 1.75±0.21 ◦ 0.99
BL PSh1 Ωsh1 7.88±0.93
TL PSh2 Ωsh2 PSh1 Ωsh1 7.96±0.93 ◦ 0.99

⇑, ⇓, ◦ statistically significant improvement or degradation or no change
than baseline. The best ε obtained for a target dataset is marked in bold.

3.2 TL: case 2

Classify typed digits reusing handwritten digits: We classify images of
typed digits by reusing unsupervised features of a machine trained with
handwritten digits from 0-to-9. We observe slight performance improve-
ment in the average error rate of recognizing typed digits.

Classify canonical shapes reusing geometrical shapes: We classify im-
ages of geometrical shapes (Shape2 dataset) reusing unsupervised fea-
tures of a machine trained with canonical shapes (Shape1 dataset). We
observe slight performance degradation in the average error rate of recog-
nizing canonical shapes as listed in Table 2.

4 Conclusions

We analyzed the performance of USDA approach on two types of transfer
learning approaches. TL case 1: when the source and target distribu-
tions and their labels are different. For example, the Jensen-Shannon dis-
tance for Arabic dataset with typed lowercase dataset is 0.99 and for Latin
dataset with typed lowercase dataset is equal to 0.80, in both cases we
observe significant improvement using transfer learning approach. It sup-
ports our hypothesis that, reusing the source dataset for the target dataset,
even when the distributions and tasks are different, USDA approach helps
improve classification performance of the target problem (and also around
50% reduction in computation time, see [1]) . Similar results were ob-
served in case of uppercase dataset, this strengthens our previous argu-
ment.

On the other hand, TL case 2: when the source and target distribu-
tions are different yet the tasks are same, we observe slight improvement
using transfer learning approach, i.e., reusing handwritten digits to clas-
sify typed digits.
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Abstract
Transfer Learning (TL) has gained significant interest in the Machine
Learning (ML) community. Aiming to overcome standard ML learning
models assumption that data distributions are the same independently of
its origins, a wide variety of works have emerged to tackle this issue.
Nowadays, with data available on large amounts and from different appli-
cations, and where labeling is a cumbersome task, it is counter productive
to have intelligent systems for each specific real-world problem: DVD
and home appliances rating, Amazon and medical reports analysis or his-
tology imaging. In this paper we will review current work on TL, open
issues and challenges that have not been addressed yet. We conclude this
work with a set of remarks and guidelines for future TL methodologies.

1 Introduction
One common assumption in statistical learning theory when devising learn-
ing algorithms is that data from different problems are drawn from the
same underlying distribution. However, this assumption fails in many real
world problems. For the particular case of product reviews, models that
perform recommendations of goods on the Amazon website cannot be
straightforward applied in the IMDB website. In the same way, data (e.g.,
text statistics) present in the Wikipedia cannot correspond to the same in-
formation as data from the Reuters website. Moreover, despite the fact
that textual data is presented in English – and the established grammat-
ical rules are applied – a review that provides a positive feedback for a
home appliance device cannot be derived in the same way as a positive
review for a horror film. The interest on Transfer Learning (TL) is multi-
fold. First and foremost, it alleviates the need of data labeling which is
an expensive and cumbersome job; second, it often produces algorithms
with good generalization capability for different learning problems. Fi-
nally, it has been claimed that TL provides learning models with good
generalization performances in different problems with far less compu-
tational effort [4, 16, 17]. In a nutshell, it is the ability of reusing what
was learned on one problem (also coined as source problem) onto another
(target problem). Reusability will be the cornerstone of this manuscript.
So, what is TL?

Definition 1 (TL): TL is a Machine Learning (ML) research field whose
goal is the development of algorithms capable of transferring the learn-
ing model obtained in a source problem to a target problem without the
necessity of building a new model from scratch.

For more than three decades there has been a significant amount of work
on TL. Strangely enough, however, recent and classical works on TL have
not been considered or thoroughly analyzed. Moreover, most of the times
the concept of TL has been mixed with active, online and even sequential
learning [32]; or, concepts from statistical classical learning theory have
been used to define all possible TL scenarios. TL in fact shares ideas from
areas such as dataset shift where the distribution of the data can change
over time (and to which sequential algorithms may be applied). However,
dataset shift is part of TL mostly because of the assumptions on the data
distribution [25, Chapter 1]. Overall, some of these discrepancies have
been hindering the evolvement of TL. In this work we will analyze the
current developments of TL and open issues identified until now.

2 Transfer Learning: Current Status
To realize how much work has been done in TL, we have to go back
some decades. In fact, this subject has been around since the 80’s with
considerable advancements since then (see for instance [4, 10, 14, 21,

23, 30, 31] and references therein). Probably, the foremost work that
envisioned the concept of TL was Tom Mitchel [21] where the idea of bias
learning was first presented. A first attempt to extend these ideas was soon
performed in [24] where Neural Networks (NNs) where first used for TL.
Their pragmatic approach consisted on training a NN on a source problem
to be then retrained on a target problem. In a simple way, layer weights
obtained using the source problem data were then reused and retrained
to solve the target problem. At the time based on Decision Trees, Pratt
adopted entropy measures to assess the quality of the hyperplanes. Soon
after, [15] derived a framework to use (abstract) internal representations
generated by NNs for TL problems.

After these pivotal works, a significant number of implementations
and derivations of TL started to appear. In [29] a new learning paradigm
was proposed for TL where one would inclemently learn concept after
concept. Sebastien Thrun envisioned this approach to how humans learn:
by stacking knowledge upon another (as building blocks) resulting in an
extreme nested system of learning functions. At that time, a particular
case of [29], coined as Multi-Task Learning (MTL), was presented [8, 9]
along with their theoretical formulations [2]. In a nutshell, MTL solves all
target problems all at once. However, this approach does not hold for our
definition of TL (see Definition 1) since it learns a common representa-
tion for all of our data. These approaches assume that there is a significant
amount of information overlapping all concepts that need to be learned,
which sometimes is not the case.

In 2000 a specific formulation was introduced in [27] by Shimodaira.
Although initially not contextualized in the domain of TL, its theoreti-
cal conclusions on how to learn a model on a target problem based on a
source problem had a significant impact and its implications were only
later realized. [27] described a weighted least squares based on the prior
knowledge of the densities of source and target problems. At the time,
Shimodaira only addressed the issue of data probabilities being different
leading to what he had termed covariate shift. After that, [3, 10, 13] pre-
sented different algorithms to address the limitations of [27] such as the
estimation of data probabilities leading to the rise of the domain adapta-
tion1. In [28] an extension of Shimodaira’s work was presented so that it
could cope with the leave-one-out risk. The implications of this specific
trend of TL was on the resolution of many Natural Processing Language
(NPL) problems [3, 5] and genome sequence analysis [26]. Recently, an
overview on TL was presented in [22] with a vast, but horizontal, anal-
ysis of the most recent works that tackle classification, regression and
unsupervised learning for TL. [18] provided fundamental mathematical
reasonings for TL by devising: 1) generalization bounds for max-margin
algorithm such as SVMs and 2) its theoretical limits for error variability
based on the leave-one-out risk [6]. [18], to the best of our knowledge,
was one of the first to identify a gap in the literature of the theoretical
limitations of algorithms on TL.

NNs are the majority of the chosen algorithms to perform TL. With
the recently re-interest on NNs and the availability of more computational
power along with new and faster algorithms, NN with deep architectures
started to emerge to tackle TL. In [14] a framework for covariate shift
with deep networks was presented. [1, 16, 17] widened the research line
of [24] by addressing the following questions: How can we tailor deep
neural networks for TL? How TL performs with reusing layers and with

1Although both terms are widely used in the literature, the underlying principles are
strictly the same. For this reason we will opt to use instead covariate shift to avoid confu-
sion on the terminology.



different types of data? As described so far, in spite of the immense differ-
ent TL interpretations and definitions, concerns started to appear on how
to unify this area of research on ML. Sharing these views, in [23] an uni-
fying framework for many of the existing TL methods is presented. Here,
concepts for covariate shift and, in more general, TL, are jointly defined.

3 Transfer Learning: Trends and Challenges
We will now focus on other pressing issues that ought be addressed in
the near time soon. One important aspect is how to measure knowledge
gains when doing TL. We will also briefly address the impact that differ-
ences among datasets (source and target problem) may have in the learn-
ing rates. Other open issues are concerned with the increasing availability
of data. Knowing that is humanly impossible to analyze this amount of
data we found that there are few learning models that address this; finally,
we also identified a gap in public competitions to benchmark available
methods that are presented in the literature.
Unification of TL: One main issue that has been hindering the advance
of TL is the vast amount of formulations on TL. For instance, we have
shown the work of [24, 29] that promote the idea of never-ending learning,
the covariate shift of Shimodaira [27] and domain adaptation of [3, 4].
They share concepts from Shimodaira’s covariate shift, but variants on
the terminology are employed which inevitably leads to confusion. In
fact, a first tentative for an unification on TL was proposed in [23].
Measuring Knowledge Gains: Bengio et al. in [14] analyzed until a
certain extent how to quantify TL gains. Although overcoming some
interpretation issues regarding performance results that can occur when
dealing with multiple source domains, it is unknown how these mea-
sures behave in other TL methods besides covariate shift, particularly in
situations where class sets are different between problems. Simpler ap-
proaches like mean squared error (MSE) or statistical inspired coefficients
can provide further information such as class agreement. Moreover, mea-
sures as the ones employed by Bengio in [14] can lead to non definite
results if one obtains a perfect baseline model (see [14]).
Dissimilar Datasets: How difficult is to do TL? It is important to state
that according to [12] the quality of the results is related with Kullback-
Leibler divergence measured on the datasets with different source/ target
problem pair. In a straightforward reading it may seem that for different
problems it may be infeasible to perform TL; Or, that TL models need to
be more robust for heterogeneous problems; Or, that data features are not
representative. Based on our review, it was not possible to identify works
that try to make this analysis or at least to perform an attempt on that.
Although these intuitive ideas have empirically present a relation between
domain divergence and TL algorithms performance, a theoretical reason
for these behaviors is still unknown [7, 17].
A new trend: Big Data With the emergence of evermore data it is in-
feasible for a human to analyze it in its life time. There has been a spe-
cial interest in big data, particularly in the biology research fields [19].
However, the development of learning models for each specific problem
may be a greedy and slow, but unnecessary, endeavor. Besides the fast-
paced research for the development of new learning models to deal with
big data, TL still seems to be very far behind. Due to the large size of
these datasets, it is also a cumbersome and counter-productive task to
pre-process it. Therefore, highly heterogeneous, with under-represented
classes and contaminated with noise data may be difficult to process by
an automatic learning algorithm. To overcome this, authors choose to use
reduced, cleaner, versions of these datasets. See for instance [14]. We see
that big data trend only strengthens the motivations and objectives for TL.
One of the first works that tackle this was presented in 2014 in [11].
Public Competitions for Learning Algorithms Benchmark Contrary
to many other research fields such as fingerprints2 or object categoriza-
tion3, there has been a void in open challenges in TL where one can
benchmark our method with others from the literature. Even though there
have been workshops and special sessions in international top tier confer-
ences such as 2013 and 2011 edition of NIPS4, 2011 edition of ICML5,
or, 2009 edition of ECML PKDD6 where several fundamental questions

2FVC ongoing contest: https://biolab.csr.unibo.it/FVCOnGoing/
3VOC Challenge: http://pascallin.ecs.soton.ac.uk/challenges/

VOC/
4NIPS TL: http://nips.cc/Conferences/2013/Program/event.php?

ID=3721, and https://sites.google.com/site/nips2011domainadap/
5ICML: http://clopinet.com/isabelle/Projects/ICML2011/
6ECML: http://www.ecmlpkdd2009.net/program/tutorials/

transfer-learning-for-reinforcement-learning-domains/

on TL were addressed and pushed forward the research in this field, to the
best of our knowledge, the only competitions on TL were at ICML [20]
and NIPS7.
4 Conclusions
At this point it should be clear the interest on Transfer Learning (TL).
We have described the limitations of standard machine learning (ML) ap-
proaches and how TL can aid in this matter. We have identified key, break-
through, works on this subject but there are still aspects that need to be
addressed. Most of the fundamental issues on TL such as the assumption
on data distribution, generalization bounds or loss functions have started
to be explored. In fact, some of these issues were raised in [20], but
few authors have researched this. Despite of the amount of works that
have been presented we have only seen a glimpse of what can be done on
TL. Public competitions had always been a way to present breakthrough
results and to assess in a homogeneous manner the state-of-the-art on var-
ious domains of research. But, only two competitions were conducted so
far. In the future, it should be clearer in what TL consists by unifying its
principles and concepts, by providing means to understand the impact of
different pairs of source/target problems on the performance results, and
finally, ways to measure it.
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Abstract

One of the main challenges in the development of any automatic recog-
nition system, specially in the sign language field, is the availability of
suitable ground-truth data. In this paper, a novel video-based database,
called CorSiL, is proposed. It comprises two major components: (i) a
Portuguese Sign Language dataset and (ii) a duo-interaction dataset, be-
tween Deaf and/or hearing people. The database can be used for different
purposes like Sign Language recognition tasks or emotion/expressiveness
recognition from body language. The whole database along with manual
annotations, including signs and body parts, will be available for research
and benchmark purposes.

1 Introduction

Sign Language (SL) is the medium of communication between hearing
impaired people. It is a multimodal language, since it involves manual
(i.e. hand gestures) and non-manual signs (i.e. facial expressions, head
motion, pose and body movements). Therefore, emotions and expres-
sions play a crucial role to convey meaning. As SL is commonly used
just within deaf communities, with its own lexicon and grammar, the ma-
jority of hearing people are unfamiliar with the SL. In order to overcome
the communication barrier between deaf and hearing people, several sign
language recognition (SLR) systems have been proposed [1]. In addition,
automated expressiveness/behavior recognition from body language can
also be used to reduce the major gaps that currently prevent deaf people
from easily interact with hearing people.

The evaluation and validation of such automatic recognition systems
rely on the availability of appropriate ground-truth data. Herein, a video-
based SL and body expressiveness database, called CorSiL, is presented.
It can be used for the evaluation and validation of (i) SLR systems and (ii)
expressiveness/behavior recognition systems. In this regard, the CorSiL
database is composed by two distinct datasets, one suitable for SLR tasks,
called signLangDB, and another for expressiveness recognition from body
behavior, called corpLangDB. Both datasets have been already manually
annotated. By the end of the annotation task, the entire CorSiL database
will be made freely available to the research community for benchmark
purposes. To our knowledge it will be the first database that gathers
SL videos along with videos depicting the duo-interaction between deaf
and/or hearing people. This composition makes the CorSiL database so
unique and valuable, since the possibility of understanding the emotions
and expressiveness behind the signs may open new research paths in SLR.

2 Related Work

Several sign language databases have been proposed in the literature. A
brief review on video-based SLR databases is presented in [3]. The SL
datasets can be roughly classified in two main groups: for the isolated
sign recognition and the continuous sign recognition. A selection of the
most relevant benchmark datasets in SLR is presented below.

The Purdue RVL-SLLL ASL Corpus [4] is an available database of
the American Sign Language (ASL) suitable for both isolated and con-
tinuous SLR. The database provides a wide range of signed material, in-

cluding 62 isolated gestures representing the numbers and the alphabet
as well as examples of short discourse narratives. The database was col-
lected from 14 signers under controlled lightning conditions in a uniform
background. The RWTH-BOSTON Corpora [2] is composed by different
subsets created to be used for benchmarking of ASL recognition systems.
The acquisition and recording conditions were the same in all databases.
Data was collected in a dark studio background and the signer’s clothing
was constrained with long sleeves. The signing data were recorded us-
ing four cameras: two cameras placed towards the signer’s face for stereo
vision purposes, one on the side and the other in the front, with close
zoom on the face. The RWTH-BOSTON-50 Corpus, created for the task
of isolated SLR, contains 50 signs that were performed by three signers.
On the other hand, the RWTH-BOSTON-104 database, created for con-
tinuous SLR, comprises 201 continuous sentences constructed from 104
signs. For the evaluation of hand tracking methods, this database has been
annotated with the signer’s hand and head positions. The larger database
of the RWTH-BOSTON Corpora, called RWTH-BOSTON-400, contains
a total of 843 continuous sentences created from about 400 signs, per-
formed by 4 native signers. Both Purdue and RWTH-BOSTON databases
are not suitable to signer-independent continuous sign language recogni-
tion, since the Purdue database has a small number of sentences and the
RWTH-BOSTON was only performed by 4 signers. A more complete
database was presented in [5], the SIGNUM database. The database cur-
rently contains 450 basic signs, representing different words types, and
780 continuous sentences. The entire corpus was performed once by 25
native signers in a controlled environment along with clothing constrains.

Although several SL databases have been proposed in the literature,
many issues remain unexplored: (i) there are no Portuguese Sign Lan-
guage (PSL) databases available; (ii) most of the available datasets were
recorded in a very controlled scenario; (iii) there are few sign language
databases that gather RGB color data with depth information; and (iv)
there are no databases with videos depicting the interaction between deaf
and hearing people. The database presented in this paper attempts to ad-
dress all of these problems.

3 CorSiL Description

The CorSiL database was created within the framework of a research
project at INESC TEC, FEUP, Porto, Portugal, which aimed to develop
both a video-based automatic SLR system and a expressiveness analysis
method of the human body during the interaction between a pair of sub-
jects. In this manner the CorSiL database has two major components (or
subsets) each one with a specific purpose:

1. [signLangDB]: a Portuguese Sign Language video dataset.
2. [corpLangDB]: a duo-interaction video dataset between Deaf and/or

hearing people.
Besides video content, both datasets have technical annotations that are
still in development. By the end of the annotation, the entire database
will be made freely available for research and benchmark purposes in
order to establish the first PSL database as well as the first duo-interaction
database between Deaf and hearing people.

The contact with the signers and volunteers of the recordings was
obtained with a partnership with the Escola EB2/3 Eugénio de Andrade



Figure 1: Color and depth pair of images from the signLangDB dataset.

and Escola Artística de Soares dos Reis, Porto, Portugal.

3.1 signLangDB subset

The signLangDB dataset is a PSL database suitable for both isolated and
continuous SLR tasks. The dataset contains 182 isolated signs, repre-
senting the alphabet and the numbers as well as nouns, pronouns, verbs
or common expressions, some performed with one hand and others with
both. These signs include not only the informative part of the sign but also
the entire movement from the rest position to the return to it. It also con-
tains 40 continuous sentences that were selected in an attempt to comprise
the most common situations that Deaf people might find in their daily life.
All sentences are grammatically well-constructed in which there are no
constraints regarding a specific sentence structure. In addition, no inten-
tional pauses are placed between signs within a sentence.

All gestures and sentences were performed once by 15 native signers,
including 5 males and 10 females, in a free and natural expression en-
vironment, without any clothing restriction but with a slightly-controlled
uniform background. Moreover, some of the signers performed their ges-
tures from a standing position while others performed seated in a chair.
The recording conditions were set with this minimal amount of constrains
so that they could meet a real environment scenario.

The signing data were acquired using the Microsoft Kinect camera,
making this dataset one of the few with depth information associated to
the RGB color data. The usage of depth eases the effort on preprocessing
leaving space for heavier computational tasks. All videos were recorded
using an image resolution of 640x480 at 30 fps. This spatial information
should ensure a reliable extraction of hand and facial features from the
images. Each video clip was stored as a sequence of .png images in order
to speed up the access to individual frames. Figure 1 illustrates a pair of
color and depth images.

The annotations of the signLangDB database include the segmenta-
tion of each sign and sentence for classification purposes as well as the
identification of hand and head positions for tracking purposes.

3.2 corpLangDB subset

The corpLangDB dataset contains videos depicting the interaction that oc-
cur between a pair of individuals during a dialogue. The purpose of such
a dataset is to enable the possibility of performing studies that analyse di-
alogue relationships (from sociological, psychological and technical per-
spectives) between two individuals, from distinct populations: Deaf and
hearing people, in a relaxed environment. The conversation scenarios and
topics recorded in this dataset were defined by socio-psychologists from
the Faculdade de Psicologia e Ciências da Educação da Universidade
do Porto. In this regard, the following three conversation scenarios were
defined: 1) Conversation between two Deaf people; 2) Conversation be-
tween two hearing people; 3) Conversation between a Deaf and a hearing
person.

In order to execute these scenarios, two requirements were defined so
that the interaction between each pair of individuals could occur in the
most natural way possible. Therefore, the individuals should know each
other and have some kind of affinity and the acquisition should take place
in a venue that was familiar to all subjects.

As the focus of the corpLangDB database is to enable the analysis of
behaviour and expressiveness, the set of conversation topics was defined
in a staggered way so that the discussion would generate emotions of in-
creasing intensity in the actors of the conversation. To build a framework
for the videos’ acquisition, four different conversation topics were defined
belonging to two-fold moments: positive (1 and 2) and negative (3 and 4):
1) Talk about happy moments; 2) Talk about people with which the actor
has a strong love or friendship bond; 3) Talk about sad moments; 4) Talk

Figure 2: The same frame recorded from the cameras P0, P1, P2 and P3.

about situations that awaken anger/indignation/injustice. The volunteer
subjects, 13 in total, were coupled so that the conversation scenarios were
covered. Each conversation between a pair of subjects was designated as
a session having been a total of 9 sessions included so far in the database.

Figure 2 represents the entire scenario used to record the videos. IP0,
IP1, IP2 and IP3 represent the cameras used and K a Microsoft Kinect.
These were all placed in strategic locations (at a height of 2.58 meters) for
the best capture possible. Two chairs were centred in the room in a way
that was propitious for the dialogue in terms of proximity and comfort and
for the video acquisition. The annotations available in this dataset include
the positions of the head, hands, trunk, elbows, eyes, mouth, and nose.
These annotations were performed using the VIPER-GT tool. 1

4 Conclusions

This paper presents a video database, called CorSiL, that is composed by
two distinct subsets, namely a SL dataset and a duo-interaction dataset
(between Deaf and hearing people). The database includes technical an-
notations, such as temporal segmentation of the signs and body parts.
The CorSiL dataset aims to provide a benchmarking tool for the com-
parison of both sign language recognition systems as well as expressive-
ness/behaviour analysis methods from body language. As future work,
the technical annotations will be extended to the entire content of the
database. In addition, further recordings will be conducted in order to
increase the number of signers of the database.
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Abstract

The benefits of feature discretization (FD) techniques for machine learn-
ing and pattern recognition tasks are well-known. The use of FD leads
to discrete-valued features with enough information for the learning task
at hand, while ignoring minor fluctuations that may be irrelevant for that
task. As a consequence, we obtain compact data representations for learn-
ing purposes, yielding both better accuracy and lower training time, as
compared to the use of the original features. However, in many cases,
mainly with medium and high-dimensional (HD) data, the large number
of features usually implies that there is some redundancy among them.
Thus, it is advantageous to apply feature selection (FS) techniques on the
discrete features, keeping the most relevant ones, in order to improve the
performance of machine learning tasks. In this paper, we propose rele-
vance criteria for supervised FS techniques on discrete data, based on the
histogram of the discrete feature. The experimental results on HD data
show that the proposed criteria can achieve better accuracy than widely
used relevance criteria, such as mutual information and the Fisher ratio.

1 Introduction

High-dimensional (HD) datasets (i.e., with a large number of features)
are becoming increasingly common in many different application do-
mains of machine learning and pattern recognition (ML&PR), such as
genomics, bioinformatics, computer vision, satellite image analysis, mul-
timodal audio-visual processing, and others. When dealing with HD data
in ML&PR tasks, one often resorts to feature selection (FS) and/or feature
discretization (FD) pre-processing procedures. FS aims at finding an ad-
equate subset of the original features, whereas FD achieves compact data
representations, desirably ignoring irrelevant fluctuations on the data for
the task at hand, leading to more robust classifiers. The FD methods that
take into account feature interdependencies (the so-called dynamic meth-
ods) are usually preferable to their static counterparts, which discretize
each feature individually. However, when dealing with HD data, dynamic
FD methods have a prohibitive computational cost, and one has to resort
to static methods. To overcome this computational burden, one can com-
bine FS and FD techniques, yielding hybrid methods. The literature on
both FS and FD is vast, with a wide range of unsupervised and super-
vised techniques. A comprehensive list of FS techniques can be found
in [6]. Regarding FD, there are several comprehensive reviews, such as
the recent survey in [5].

In this paper, we propose three supervised relevance criteria for FS,
tailored to discrete data. After running some FD technique, we apply one
of our relevance criteria in order to select and keep an adequate subset
of features. The remainder of this paper is organized as follows. Section
2 briefly reviews existing supervised FS and FD techniques. Section 3
presents our relevance criteria for supervised FS. The experimental eval-
uation and their discussion are reported in Section 4.

2 Feature Selection and Feature Discretization

This Section briefly reviews some successful supervised FS and FD tech-
niques, which have been proven successful for many problems. Regard-
ing FS, we briefly review two relevance criteria widely used in super-
vised methods. The first one is the well-known Fisher ratio (FiR). In the
multi-class case, c > 2, assuming class labels j ∈ {1,2, . . . ,c}, the FiR for
feature Xi [3] is

FiRi =
c

∑
j=1

n(y)j

(
X ( j)

i −Xi

)2
/

c

∑
j=1

n(y)j var
(

X ( j)
i

)
, (1)

where n(y)j is the number of occurrences of class j in the n-length class

label vector y, and X ( j)
i denotes the sample mean of the values of Xi whose

class label is j; finally, Xi is the sample mean of feature Xi.
Another relevance criterion widely used by FS methods is (the sample-

based estimate of) its mutual information (MI) [2] with the class label.
The MI between two random variables (RV) X and Y , is

MI(X ;Y ) =
Nx

∑
i=1

Ny

∑
j=1

pX ,Y (i, j) log2

(
pX ,Y (i, j)

pX (i)pY ( j)

)
, (2)

in which pX ,Y (i, j) is the joint probability of X and Y . MI is non-negative,
being zero only when X and Y are statistically independent [2]. When
using both FiR and MI for relevance-based FS on a d-dimensional dataset,
we simply keep the f ≤ d top-rank features with the highest relevance.

Regarding FD, we briefly mention two successful supervised tech-
niques: the well-known information entropy minimization (IEM) [4] and
its variant, named IEM variant (IEMV) [7], which are based on the en-
tropy minimization heuristic which yields a small number of discretiza-
tion intervals. Both IEM and IEMV rely on information theoretical mea-
sures. In the literature of FD, we also find statistical-based and class-
attribute methods; for more details see the survey [5].

3 Proposed Method

In this Section, we describe the proposed relevance criteria for discrete
data and its usage in a FS filter. The relevance of the discrete feature
is computed by checking the histogram of each discretization interval,
across the different classes. The proposed method works as follows:

1. discretize all the d features in the dataset, by applying some FD
method (e.g. one of the techniques mentioned in Section 2);

2. compute the discretization levels/classes (DLC) l×c matrix D for
each feature (see Figure 1, for an illustrative example);

3. assess the relevance of each feature, by one of the criteria r1, r2, or
r3, described below; keep the most relevant features, according to
the chosen criterion.

Figure 1 depicts the DLC matrices for two discrete features with four
intervals (l = 4) and a three-class problem (c= 3) for a dataset with n= 75
patterns (25 per class). On the training data, for the patterns of each class,
we compute the number of times that each discretization interval occurs
for the patterns of each class. The relevance of the discrete feature is pro-
portional to the non-uniformity of its histogram across the discretization
levels and classes. For instance, for each row (discretization interval) of

Figure 1: Discretization levels/classes matrix for two discrete features
with four intervals (levels, l = 4) and a three-class problem (c = 3) with
n = 75 instances (25 per class).
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Figure 2: SVM test set error rate (%), 10-fold CV, for the Dermatology
dataset (d = 34, c = 6, and n = 358), as functions of the number of fea-
tures for different FS relevance criteria.

the DLC matrix, an (almost) uniform distribution implies that such dis-
cretization level is not adequate to distinguish among all classes. How-
ever, if we get a non-uniform histogram it implies that we have quite
different occurrences for patterns of the different classes. A special and
interesting case is the occurrence of zeros in this matrix, which imply that
a given discretization level never occurs in the patterns of a given class.
Thus, in order to assess the relevance of feature Xi using the DLC matrix,
we propose three relevance criteria, as follows:

• r(i)1 - the number of zero entries in the D matrix;

• r(i)2 - the sum of the absolute differences between the columns of
the D matrix, given by

r(i)2 =
c−1

∑
k=1

c

∑
m=k+1

‖Dk−Dm‖1 , (3)

where Dk and Dm denote the k-th and the m-th columns of D.

• r(i)3 - the trace of the matrix A = DnDT
n , where Dn is the D matrix

normalized such that its columns sum up one. The maximum trace
of A is c and the higher the value of this trace the more the columns
of D resemble the columns of the “identity matrix" (the ideal case).

These criteria can be applied to binary or multi-class problems. For the
example in Fig. 1, these relevance values are: for feature 1, r1=2, r2=74,
and r3=1.14; for feature 2, r1=5, r2=132, and r3=2.01. Thus, feature 2 will
be considered more relevant than feature 1, which is in accordance with
the intuitive analysis and the above considerations about the D matrix.

4 Experimental Evaluation and Discussion

We now report an experimental evaluation, carried out on public domain
standard benchmark datasets, available from the UCI repository [1] or
from the gene expression model selector (GEMS) repository1. We have
considered the task of learning linear support vector machine (SVM) clas-
sifiers, using the Weka implementation2, with its default parameters. The
classification accuracy is assessed using 10-fold cross validation (CV).
For each CV fold, the IEM FD method is applied to the training parti-
tion to obtain a quantizer, which is then applied to the test partition. We
perform FS with our relevance measures and with MI and FiR.

Fig. 2 shows the test set error rate as functions of the number of
features for the relevance-based FS filters using the following relevance
measures: r1, r2, r3, FiR given by (1), and MI given by (2), after IEM
discretization. We use the Dermatology dataset which is a skin disease
diagnosis problem, with d = 34 features, c = 6 classes, and n = 358 in-
stances. The horizontal lines refer to the baseline error without FS; one
of these lines corresponds to the absence of FD whereas the other corre-
sponds to FD by the IEM method. The error rates reported by our three
relevance criteria are competitive with those attained by FiR and MI.

Fig. 3 reports the results of a similar test of Fig. 2 for the Ionosphere
dataset. The relevance given by both r(i)1 and r(i)3 produce adequate results,

achieving better results than those attained by MI; the use of r(i)1 yields

Figure 3: SVM test set error rate (%), 10-fold CV, for the Ionosphere
dataset (d = 33, c = 2, and n = 331), as functions of the number of fea-
tures for different FS relevance criteria.

slightly better results than those of FiR. Table 1 reports the classification
error attained by the same methods employed in both Fig. 2 and Fig. 3,
for several datasets with a given number of features f < d. These results
show that the proposed relevance measures attain results similar to those
of FiR and MI, in different problems.

In summary, the proposed relevance criteria are useful for FS pur-
poses, since they perform simple and efficient analysis on the histogram
of the discrete features, aiming at finding the most discriminative ones.
The classifiers learned on the selected features by our methods usually at-
tain equal or better accuracy than those learned on the original discretized
or non-discretized features. The proposed relevance criteria are competi-
tive with two widely used relevance criteria for FS, on different problems,
with r2 and r3 criteria achieving the best results. As future work, we will
explore the use of these relevance criteria for FD.
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Table 1: Test set error rate errors (%) attained by the SVM classifier,
10-fold CV, for datasets with c classes, n instances, sorted by increasing
dimensionality d. We perform FS to select subsets with f < d features.
The best results (lower error) are shown in bold face.

Feature Selection
Dataset (d;c;n) f FD (IEM) r1 r2 r3 FiR MI

Heart (13;2;270) 10 12.9 24.4 14.8 16.2 15.1 14.0
Wine (13;3;178) 10 1.6 1.6 3.3 0.5 2.2 2.7
Hepatitis (19;2;155) 14 18.7 24.5 20.7 16.8 16.9 19.4
Ionosphere (33;2;331) 9 11.7 9.7 22.3 16.8 11.4 17.7
Dermatology (34;6;358) 27 2.7 3.1 1.6 2.2 2.2 2.2

Colon (2000;2;62) 600 19.5 17.8 17.8 18.1 21.4 16.1
Brain-Tumor1 (5920;5;90) 1776 11.1 8.8 8.8 12.2 12.2 8.8
DLBCL (7070;2;77) 1092 5.0 6.4 2.5 6.2 5.0 5.1
ORL10P (10304;10;100) 3090 2.0 0.0 0.0 2.0 3.0 0.0
Brain-Tumor2 (10367;4;90) 4144 22.0 30.0 30.0 22.0 20.0 26.0
Prost.-Tumor (10510;2;102) 2100 7.7 7.7 7.7 7.7 7.7 7.7
Dexter (20000;2;2600) 7377 7.3 6.3 6.3 6.3 6.3 6.3
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Abstract

Feature selection (FS) techniques based on mutual information (MI) crite-
ria have been used extensively in the last two decades. Since the seminal
work of Battiti in the context of neural networks, many FS filters have
been proposed. The results reported in the literature show the adequacy
of these methods, for many different problems. However, the vast ma-
jority of these methods rely on information-theoretic measures proposed
by Shannon. The extensions to Shannon’s work as proposed, namely, by
Renyi and Tsallis have received much less attention, in this context. This
paper has a two-fold objective: explore the use of Renyi’s and Tsallis
definitions of MI in the context of FS for supervised classification tasks;
bring some attention to the definitions proposed by Renyi and Tsallis.
The reported experimental results on public domain benchmarks, show
the adequacy of the three definitions for this purpose.

1 Introduction

Many machine learning and pattern recognition tasks often rely on the
use of feature selection (FS) techniques, to attain adequate and compact
subsets of features. FS may improve the accuracy of classification tasks
while speeding up the training time. FS is a vast field of research; as
a consequence, many unsupervised and supervised FS techniques have
been proposed in the literature. A comprehensive listing of FS techniques
proposed up to 2006 can be found in [7].

Many FS methods follow the filter approach [7], in which features
are selected using some (relevance) criterion, without resorting to any
learning methods. In most cases, with a large number of features, FS
filters are the only applicable option, being preferable to embedded and
wrapper methods [7]. FS filters usually apply a statistical or information-
theoretical approach to rank or weight the features. The information-
theoretical filters very often resort to the use of mutual information (MI) [5]
to assess feature relevance and redundancy.

In this paper, we apply supervised FS filters based on the MI defini-
tions resulting from the entropies defined by Shannon, Renyi, and Tsallis.
We compare the use of these three measures for FS, in a supervised clas-
sification task. The remainder of this text is organized as follows. Section
2 briefly reviews the definitions of MI proposed by Shannon, Renyi, and
Tsallis and their use for FS problems. Section 3 reports an experimental
evaluation and its discussion on public domain benchmarks, using MI-
based supervised FS methods, for a supervised classification task.

2 Background

This Section reviews the definitions of MI, by Shannon, Renyi, and Tsal-
lis. An overview on the use of MI for FS purposes is also addressed.

2.1 Mutual Information by Shannon, Renyi, and Tsallis

The Shannon entropy of a discrete random variable (RV) X ∈ {1, ...,N},
with each outcome having probability pX , is defined as

Hs(X) =−
N

∑
i=1

px(i) log2 px(i), (1)

and satifies 0≤Hs(X)≤ log2(N) [5]. The entropy Hs(X) is zero if one of
the outcomes happens with probability one (no uncertainty) and attains its
maximum value if X has a uniform probability mass function (maximum
uncertainty). The MI associated to Shannon’s entropy for two random

variables X ∈ {1, ...,N} and Y ∈ {1, ...,M} is

MIs(X ;Y ) =
N

∑
i=1

M

∑
j=1

pX ,Y (i, j) log2

(
pX ,Y (i, j)

pX (i) pY ( j)

)
, (2)

where pX ,Y is the joint probability mass function of the pair (X ,Y ) and
pX and pY the corresponding marginals. MI is non-negative, and is zero
if and only if X and Y are statistically independent [5]. At the other
extreme, if X and Y are deterministically dependent, then MIs(X ;Y ) =
min{Hs(X),Hs(Y )}. MI is related with the conditional entropy through
the following well-known equalities: MIs(X ;Y ) = Hs(X)−Hs(X |Y ) =
Hs(Y )−Hs(Y |X) [5].

The parametric family of Renyi entropies is defined as

Hα
r (X) =

1
1−α

log2

(
N

∑
i=1

pα
X (i)

)
, (3)

with α ≥ 0 and α 6= 1. It can be shown that limα→1 Hα
r (X) = Hs(X),

that is, Renyi’s entropy converges to the Shannon one. The special case
of α = 2 yields the so-called quadratic entropy. The MI corresponding to
Renyi’s entropy is

MIα
r (X ;Y ) =

1
α−1

log2

(
N

∑
i=1

M

∑
j=1

pα
X ,Y (i, j)

pα−1
X (i) pα−1

Y ( j)

)
, (4)

with α 6= 1. Again, it can be shown that limα→1 MIα
r = MIs, as defined

in (2). A detailed discussion and applications of the extensions proposed
by Renyi can be found in [10].

Finally, Tsallis’ entropy [11] is defined as

Hβ
t (X) =

1
β −1

(
1−

N

∑
i=1

pβ
X (i)

)
, (5)

where β > 1 is the entropic-index, and the corresponding MI is given by

MIβ
t (X ;Y ) = Hβ

t (X)−Hβ
t (X |Y ) = Hβ

t (Y )−Hβ
t (Y |X). (6)

More details on Tsallis entropies, related measures, and applications can
be found in [11]. Both the Renyi and Tsallis entropies depend on a (free)
parameter whereas Shannon’s definition does not. Thus, we have more
flexibility with Renyi’s and Tsallis’ definitions; of course, this flexibility
brings the question of how to choose these parameters. In [9], the use
of both Hr and Ht for the splitting criterion used in the well-known C4.5
decision tree learning algorithm is studied.

2.2 Feature Selection

Over the past two decades, many information-theoretic FS methods have
been proposed [3]. Battiti was among the first to apply MI to FS, for the
supervised training of neural networks [2]: the MI-based feature selection
(MIFS) algorithm starts by computing the MI between each feature and
the class label and chooses as the first feature the one that maximizes this
measure. Then, it performs a forward iterative procedure that adds fea-
tures that maximize a cost function which encompasses the MI between
the candidate feature and the already selected features, with respect to the
MI with the class label. For recent discussions on FS filters based on MI
see [3, 8], and the many references therein. In [3], these methods are
analyzed in a unified theoretical framework.

Recently [6], the potential inadequacy of MI for FS was addressed.
Despite its popularity and appealing properties, the authors show that MI
is not always the most appropriate criterion since searching for a feature
subset that maximizes the MI with the class label does not always guar-
antee to decrease the generalization error. However, MI is still a (good)
heuristic approach, with no guarantee in terms of classification accuracy.
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Figure 1: SVM test set error rate (%), 10-fold CV, for the Dexter dataset,
as functions of the number of features.

Figure 2: SVM test set error rate (%), 10-fold CV, for the Leukemia
dataset, as functions of the number of features.

3 Experimental Evaluation and Discussion

This Section reports an experimental evaluation of supervised FS meth-
ods, based on MIs, MIr, and MIt . We compare these measures for super-
vised FS in a supervised classification task, with public domain standard
benchmark datasets (from the UCI repository [1]). The task is to learn lin-
ear support vector machine (SVM) classifiers, using the Weka implemen-
tation www.cs.waikato.ac.nz/ml/weka, with its default parame-
ters. The classification accuracy is assessed using 10-fold cross validation
(CV). On each CV fold, prior to FS, we discretize each feature data with
the unsupervised equal-frequency binning (EFB) [4], using 8 intervals.

We start with a comparison between the three MI definitions. Fig. 1
shows the test set error rate for the Dexter dataset (a text categorization
problem) whereas Fig. 2 reports the results attained on the microarray
dataset Leukemia. The error rates are displayed as functions of the num-
ber of selected features m, from a d−dimensional dataset; for each MI
definition, we keep the m top-ranked features, with m≤ d. We have used
α = 2 (the commonly used quadratic entropy) and β = 1.2. The hori-
zontal lines refer to the baseline error (on the original and discrete data),
that is, without using FS; one of these lines corresponds to the absence
of feature discretization (FD) whereas the other corresponds to EFB dis-
cretization. For both datasets, the error rates reported using MIs and MIr
are similar. MIt achieves better results on the sparse text categorization
dataset than on dense microarray data.

We now asses the effect of changing the α and β parameters, when
selecting a subset with m < d features. Fig. 3 presents the results for
different values of α on MIr, whereas Fig. 4 shows a similar test changing
β for MIt . In both cases, we use the Dermatology dataset with m = 25.

MIr attains better results than MIt , being able to achieve better results
than MIs, in a wide range of α values. For MIt , these values of the β
parameter never lead to an improvement on the test set error rate. Table 1
reports the classification error for several datasets, using m < d features.
We have chosen the value of m, such that m ≈ d/10 or m ≈ d/5. MIs

Table 1: Test set error rate errors (%) of the SVM classifier, 10-fold CV,
for datasets with c classes and n instances, sorted by increasing dimen-
sionality d. We perform FS to select a subset of m < d features, with
α = 2 and β = 1.2. The best results (lower error) are shown in bold face.

Dataset (d;c;n) m No FD FD (EFB) MIs MIr MIt
Brain-Tumor1 (5920;5;90) 592 11.1 14.4 12.2 13.3 16.6
Brain-Tumor2 (10367;4;90) 2072 22.0 20.0 18.0 20.0 30.0
Prost.-Tumor (10510;2;102) 1050 7.8 6.8 6.8 6.8 12.7
ORL10P (10304;10;100) 2060 2.0 2.0 0.0 0.0 7.0
Dexter (20000;2;2600) 2178 9.0 6.3 7.3 7.6 6.0

Figure 3: SVM test set error rate (%), 10-fold CV, for the Dermatology
dataset, selecting subsets with m = 25 features, for MIr with varying α .

Figure 4: SVM test set error rate (%), 10-fold CV, for the Dermatology
dataset, selecting subsets with m = 25 features, for MIt with varying β .

and MIr attain comparable results, being better than MIt , except for the
(sparse) Dexter dataset. Both MIs and MIr yield a huge dimensionality
reduction, keeping or improving the baseline error.

In summary, we have compared three different measures of mutual
information, given by Shannon, Renyi, and Tsallis for the task of super-
vised feature selection. The experimental results, on public domain data,
have shown that Shannon and Renyi definitions lead to similar results
on dense data; in some cases, Renyi’s definition is better. For sparse data,
Tsallis definition achieves the best results. As future work, we will further
investigate separately these measures on dense and sparse data, in order
to narrow the possible range of the entropic indexes. We will also apply
these measures on relevance-redundancy based feature selection filters.
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Abstract

In order to adapt to new environments, services robots should process
visual information continuously, and perform learning and recognition si-
multaneously. This paper proposes the implementation of a simulated
user to assess the performance of a 3D object recognition system in an
open-ended setting. In this paper, “open-ended” implies that the set of
object categories to be learned is not known in advance. With the pro-
posed strategy the recognition system is able to interact with human users
and learning new object categories continuously over time.

1 Introduction

3D object detection and recognition is increasingly used for manipula-
tion and navigation tasks in service robots. Many recognition methods
for both 2D and 3D data have been proposed however most of the pro-
posed systems, training and testing are separated processes and do not
occur simultaneously. Therefore, the systems are unable to adapt to dy-
namic environments. Open-ended strategy for object recognition implies
that the set of object categories to be learned is not known in advance.
There are some approaches which support incremental learning of object
categories. Yeh and Darrell [6] developed novel methods for efficient in-
cremental learning of SVM-based visual category classifiers, and showed
that, using their framework, it is possible to adapt the classifiers incre-
mentally. Kirstein et al. [5] suggested a life-long learning approach for
interactive learning of multiple categories. They showed successful learn-
ing of 5 color categories and 10 shape categories observed in 56 objects.
However it is followed a standard train and test strategy. In [3], [4] open-
ended object category learning systems are proposed either based on one-
class or multiple classifier schemes. Additionally, the authors also discuss
the performance evaluation in open-ended schemes. The framework al-
lowed the user to provide the names of objects through pointing and verbal
teaching actions. The user could also ask questions about the categories
of objects under shared attention and, if appropriate, provide corrective
feedback for them. Therefore the authors also proposed the teaching pro-
tocol for evaluating the performance of open-ended object learning and
recognition approaches.

In this paper, an interactive 3D object learning and recognition ap-
proach is presented. The approach is designed to be integrated in an open-
ended learning system, which is used by an autonomous service robot
working in a restaurant scenario. The experimental set-up concentrates
on learning and recognizing table-top objects, which can be manipulated
by the robot. This paper focuses on the development of a simulated user
to assess the performance of the system in an open-ended setting.

2 Overall system architecture and on-line evaluation

In this paper, the problem of interactive open-ended object learning is ad-
dressed. In fact, it is impossible for a service robot to be completely pro-
grammed once it is started up. The robot must robustly adapt to new en-
vironments, either learning autonomously from experiences, or receiving
feedback from human teachers. To cope with this, we proposed an open-
ended learning approach for object recognition [1][2]. From a global per-
spective, the system, described in detail [1], is composed of several soft-
ware modules such as object detector, feature extractor, object conceptual-

Figure 1: Overall architecture of the proposed system.

izer, user interface and object recognizer. The overall system architecture
is depicted in Fig. 1.

• The object detection module is responsible for detecting objects in
the scene.

• The feature extractor module uses a 3D shape descriptor to com-
pute regional features for the given object. This module computes
spin-images corresponding to a fixed number of points of the view
of the object point cloud. Spin-images are 2D histograms whose
bins can have different width constituting then an user assigned
parameter.

• The user interface module handles the labeling of the object.

• The object conceptualizer reads the current object categories from
memory, as well as a set of features describing labeled objects.
With this data, the object conceptualizer module creates or im-
proves the description of an object category. The view might be
stored as well as the Intra-Category distance (ICD) might be re-
calculated [1].

• The object recognizer module works in real-time. In recognition
situations, a nearest-neighbor classification rule is used to assign
category labels to the detected objects according to object tem-
plates stored in memory. However the decision rule additionally
applies a threshold to the normalized object-to-category distances
(distance of object to category divided by ICD), allowing to declare
a target object as "unknown" if larger than a threshold (classifica-
tion threshold).

On-line evaluations were conducted using the teaching protocol pro-
posed in [3]. According to the teaching protocol, the system begins with
zero knowledge and the training instances become gradually available,
and the system incrementally builds object category models. Although
the teaching protocol is designed to test the system based on categories
that have been previously taught, the system can still reply that a given



object belongs to an unknown category. Therefore, the classification suc-
cess must be evaluated in terms of precision and recall, leading to the use
of F-measure as the measure of classification success. Average success
is computed using a sliding window of size 3n, where n is the number
of categories that have already been introduced. If k, the number of it-
erations since the last time a new category was introduced, is less than
3n, all results are used. In case the recognition fails to predict the cor-
rect category, both a false negative and a false positive are accounted for.
Classification success is used as the indicator that a new category can be
taught. According to the protocol, the system is ready to learn a new ob-
ject category when the success is higher than a certain threshold, and at
least one instance of every known category has been tested, i.e., k ≥ n.

A simulated teacher is developed to follow the teaching protocol and
autonomously interact with the system using teach, ask and correct ac-
tions. The simulated teacher repeatedly picks object views of the cur-
rently known categories from a database and presents them to the system
for checking whether the system can recognize them. If not, the simulated
teacher provides corrective feedback.

3 Experimental results

Two types of experiments, including off-line evaluation and on-line eval-
uation, were carried out to evaluate the proposed system. For these exper-
iments, a restaurant object dataset was acquired, from 100 views of table-
top scenes by running the object detector and storing the segmented point
clouds. These scenes contain 341 views of instances of 10 objects from
different categories (bottle, bowl, flask, fork, knife, mug, plate, spoon,
teapot, and vase) and 30 views of unknown objects. All tests were per-
formed with an i7, 2.40GHz processor and 16GB RAM.

3.1 Off-line evaluation

To examine the performance of different configurations of the proposed
system, an off-line quantitative evaluation based on leave-one-out cross
validation strategy was used. Experiments were repeated for different val-
ues of three parameters of the system, namely the number of key points
extracted from each object view, the image width of spin images and the
classification threshold. A precision and recall for the 10 class problem
above 0.8 was achieved using 10 key-points per object view, and comput-
ing the spin-images with 45 bins, and using 0.75 as classification thresh-
old. These parameters were selected as default system configuration [1].

3.2 On-line evaluation

In this section, an on-line evaluation of the interactive open-ended ob-
ject learning and recognizing is shown. The simulated user was used
to evaluate the performances of the system. Initially, the system had
no prior knowledge. In each run, the simulated user teaches a category
and tests the system by presenting a previously unseen object view of the
taught categories [3]. Throughout an experiment, the system improves the
knowledge from the accumulation of experiences and the conceptualiza-
tion of new object categories, and it must be able to recognize different
object categories. When an experiment is carried out, learning perfor-
mance is evaluated based on several measures, namely number of cate-
gories learned, number of question / correction iterations, average number
of stored instances per category, global success (GS) and average classifi-
cation success (ACS). Global success is the percentage of correct classifi-
cations made throughout the experiment. Average classification success is
the average of all classification success values over all the question / cor-
rection iterations. Since the order of introduction of new categories may
have a large impact on the performance of the system, four experiments
were carried out that categories were introduced in random sequences. In
all experiments, the system learned all 10 categories. Figure 2 shows the
performance of the system throughout the experiments. By comparing all
experiments (see Table 1), it is visible that in the first and last experiments
the number of iterations required to learn 10 object categories was greater
than other experiments. In the case of experiment 3, the success remained
for the most part above the threshold. Results showed that both evalua-
tion measures (global success and average classification success) for this
experiment are higher than in all other cases. In addition, this was the
experiment that learned all 10 categories faster.

Exp# #Iterations #Categories #Instances GS ACS
1 63 10 4.3 0.80 0.88
2 57 10 4.1 0.83 0.89
3 54 10 3.5 0.90 0.92
4 63 10 4.6 0.77 0.83

Table 1: Summary of experiments
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Figure 2: Evaluation of classification success versus number of iterations
for different sequence of objects (success threshold set to 0.67, which
marked by the horizontal line).

4 Concluding Remarks

A video of the proposed interactive open-ended learning for 3D object
recognition is available at: http://youtu.be/XvnF2JMfhvc. The on-line
evaluation proved that the system can incrementally learn new object cat-
egories. For future work, the database should be improved both in number
of objects and number of categories. Furthermore, we would like to in-
vestigate other classifiers and object descriptors based on the bag-of-word
concepts.
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Abstract 
Pathophysiological changes of the mitral valve demonstrate mitral valve 
prolapse/regurgitation and can be used for the early detection of pathological 

situations. An algorithm is proposed to automatically segment, track and finally 
estimate the leaflet morphology. Diagnostic decision and level of severity is 

based on measuring relevant mitral leaflet features such as thickness, leaflet 

mobility patterns, tenting volume and tenting height. 

1 Introduction 

Rheumatic heart disease (RHD) is the most common and main origin of 
heart valve disease (especially, mitral valve) in developing nations. In 
RHD, valve regurgitation is followed by valvular thickening and it 
directly affects leaflet mobility. Early detection is vital to minimize the 
risk of damage and to take preventive measures [1]. Diagnoses of mitral 
valve in ultrasound sequences is a challenging task due to fast, irregular 
leaflet motion, lack of reliable features and leaflet thickness in poor 
quality images [2].  

Segmentation is required to locate the mitral valve leaflet in an 
ultrasound heart image. Researchers have proposed several semi-
automatic and few fully automatic methods to segment and track the 
mitral leaflet. Transformation fitting is used to provide rough 
segmentation followed by two active contours for a more accurate 
identification of the valve and it requires manual initialization to start 
the algorithm [3, 4]. To be clinically feasible, it is very important to 
fully understand the complexities of patient-specific valve behaviour. 
Mitral valve segmentation and tracking has been well studied by 
Harvard Biorobotics Lab (HBL) group [5, 6, 7, 8]. They divide the 
segmentation problem into two parts. In the first part, the annulus has 
been segmented by using thin tissue detector and graph-cut method, by 
utilizing frame with closed valve. A constrained optical flow and valve 
state predictor is then efficiently utilized to track mitral annulus 
throughout the sequence. In a second step, a frame with an open valve is 
selected and the mitral leaflet has been found by using level set and 
graph-cut method. Recently, fully automatic algorithm segmentation 
methods are proposed by several researchers. Pouch et al.[9] efficiently 
captures patient-specific mitral valve leaflet geometry and his method 
integrates complementary probabilistic segmentation and shape 
modelling technique. Zhou et al.[2] and Liu et al.[10] proposed a 
method based on motion cues and the contiguous outliers detection in 
the low-rank representation. They analyze the fact that the motion 
patterns between the myocardium and the mitral leaflet are different, and 
thus motion cue can be used to track them. 

Several methods have been proposed to estimate mitral valve 
prolapse and regurgitation. Accurate tracking of mitral valve make it 
feasible to analyze the anatomical structures of the mitral valve [11]. 
Mitral valve thickness has been associated with high risk of mitral 
regurgitation. The relation between leaflet thickness and motion pattern 
can be used to refine our results [12]. Mitral valve regurgitation is 
significantly correlated with the tenting volume and the tenting height 
[13]. Echocardiography is preferable to measure mitral valve properties 
and the relation between them because it is non-invasive, cheap, highly 
accurate and used for real-time assessment of the overall heart.  

Our work is divided into two main parts. In the first part, algorithms 
are developed to automatically segment and track mitral valve. The 
second part of the work is focused on measuring mitral valve thickness, 
tenting volume, tenting height, motion pattern, geometry and the relation 
between them. Our work is aimed to increase diagnostic confidence for 
the automatic detection of RHD. 

The rest of the paper is organized as follows. In Section 2, an 
algorithm is proposed for fully automatic segmentation and tracking of 
the mitral valve leaflet in 3D echocardiography. Once the mitral valve is 
located, a diagnostic algorithm is developed to estimate RHD problem 
and the level of severity. Results are presented in section 3 and finally 
the paper concludes with section 4. 

2 Method 

This paper aims to develop an unsupervised algorithm to 
automatically segment and track mitral valve throughout the cardiac 
cycle. The first part of algorithm is motivated by Zhou et al.[2] and Liu 
et al.[10] research work. In previous work, object tracking completely 
relies on the computation of optical flow which is unreliable and 
challenging under the conditions of low frame rate, very large 
deformations and fast motion (mitral valve motion). This paper uses the 
dynamic information throughout the cardiac cycle, relying on the fact 
that motion patterns between the myocardium and the mitral leaflet are 
totally different, feature points of the leaflet can be estimated by 
calculating cumulative energy distribution (CED) with respect to rank-
K. Residue fitting of the valve region with fixed rank-k matrix is 
supposed to be much larger compared to the residue fitting of other 
regions. Therefore initial segmentation is based on low-rank matrix 
estimation, followed by active contours for shape refinement. Two 
regions are selected in a test sequence: the first region covers the mitral 
valve and the second region covers the myocardium and blood pool 
referred as the reference region (See Fig. 1). CED values of each region 
are then tracked and plotted with rank. Figure 1 shows that rank k=2 
seems the most suitable choice to separate the selected regions. This 
approach provides a rough estimation of the mitral leaflet which is then 
refined by formulating the problem as contiguous outlier detection in the 
low rank matrix. Active contours may be used for shape refinement.      

 

Figure 1: The graph of CED VS K provides a clear view of the 
difference of motion between the valve region and the reference region 

 
Several criteria are defined to distinguish normal and diseased mitral 

valves (See Fig. 2). RHD may cause the leaflet narrowing or, in severe 
cases, result in the reversal of the blood flow. It happens because the 
leaflet becomes thickened, rigid and thus may stick together. 
Specifically for RHD, thickening of the leaflet is the most convincing 
criteria which provides a reliable feature to recognize a prolapsed mitral 
valve, which may cause regurgitation. There is a direct relation between 
mitral valve morphology and leaflet motion therefore leaflet thickening 
affects leaflet motion as well. However, it is observed that the increased 
leaflet thickness may not cause mitral valve regurgitation and thus might 
not be adequate criteria to detect severe cases. Mitral valve regurgitation 
can be analyzed by measuring tenting volume and tenting height. Seeing 
the fact we integrate tenting volume and tenting height to increase 
diagnosis confidence. 
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Figure 2: Criteria used to distinguish normal and diseased mitral 
valves (feature values presented are for normal mitral valves). 

3 Result 

The tracking algorithm is tested on several videos. Results 
demonstrate that the leaflet is continuously moving while the 
myocardium appears relatively stable.  First row shows tracking result 
(See Fig. 3). Low rank matrix appears relatively stable and exclude 
mitral leaflet (See Fig. 3C). In this specific case the background 
sequence can be modelled as a low rank matrix. Tracking accuracy is 
shown by marking the correct mitral leaflet throughout the cardiac cycle 
(See Fig. 3B). Leaflet thickness is probably important to diagnose mitral 
valve prolapse but not as important to measure mitral valve regurgitation 
[12]. Therefore, tenting volume and height should need to be integrated 
with algorithm; idea is given in second row (See Fig. 3) 

 

 

Figure 3: First row shows tracking results, whereas second row 
provide an overview of measured features.  

4 Conclusion 

In this paper efficient and fully automatic diagnostic system is 
proposed to measure mitral valve prolapse and regurgitation. The 
algorithm utilizes the difference in motion patterns to compute a rough 
segmentation of the mitral valve (locate the mitral valve) and then 
formulates the problem simply as a constrained outlier detection in the 
low rank matrix to accurately segment and track the mitral leaflet. Thus, 
this method automatically tracks leaflet motion without any user 
initialization and is an unsupervised approach. Literature shows that the 
measured thickness of the mitral valve indicates early mitral valve 
prolapsed and changes in leaflet motion due to thickness can be used to 
refine our decision ability. Tenting volume and height is deemed useful 
to measure severe situations which cause mitral regurgitation. Finally, 
this type of work can help end-users such as cardiologists, 
anaesthesiologist and surgeons to take better decisions during ultrasound 
procedures. 
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Abstract

Social networks have become part of our daily routine as Internet users.
Reading news, looking for a service, asking for help, or simply sharing
emotions or thoughts with family and friends turned social networks into a
huge repository of information as users share daily valuable information.
Learning in such a dynamic environment requires specific approaches,
not only because of the diversity of data but because time plays an impor-
tant role, drifting concepts over time. In this paper we propose a learning
strategy to learn in the presence of concept drift in Twitter, one of the
most well known social networks. Two learning models are proposed: a
time-window model and an ensemble based model. We also present the
QtSim framework, designed to simulate different types of drift by artifi-
cially timestamping real Twitter messages, that allows us to evaluate and
validate our strategy. Results are so far encouraging regarding learning in
the presence of drift, along with classifying messages in Twitter streams.

1 Introduction

Over the last few years, with the burst of social networks, people became
easily connected and can communicate, share and join together. This can
obviously endorse noteworthy changes in information spreading, as in-
formation is being shared publicly among users. One of the most well-
known social media platforms is Twitter, a microblogging service where
users post text-based messages, tweets, of up to 140 characters. Another
interesting characteristic of Twitter is the presence of hashtags, single
words started with the symbol “#”, used to classify each message content.
Along with the deluge of data created, time is an important constraint, as
the flow of information is continuous and changes over time: one might
be refering to an important event that might be occurring today, and in
a few days those tweets might have disappeared and new content arises.
Learning in the presence of concept drift is not an easy task and requires
a specific approach. The learning model must have not only the ability
to continuously learn, but also the ability to change concepts already ac-
quired. To deal with concept drift in the Twitter stream we propose a
two-fold approach: a time-window model and an ensemble based model.
We also propose a framework to simulate different types of drift by artifi-
cially timestamping real Twitter messages in a sequential way in order to
evaluate and validate our strategy. By studying different types of drift we
aim to identify the learning characteristics best tailored to learn in such
environments, where each drift might occur.

2 Related Work

In [1] an approach for hashtag recommendation in Twitter is introduced.
This approach computes a similarity measure between tweets and uses a
ranking system to recommend hashtags to new tweets. In [2] the use of
hashtags to classify Twitter messages is done by clustering similar tweets
in a graph based collective classification strategy. Although the presented
results seem promising, we have identified the lack of adaptiveness in this
strategy. A different approach is proposed in [3], where an event detec-
tion method is described to cluster Twitter hashtags based on semantic
similarities between the hashtags. This work is in line with our previous
work except for the fact that the semantic similarities are computed based
on the message content similarities rather than being based on semantic
hashtag similarities.

3 Proposed Approach

Twitter classification is a multi-class problem that can be cast as a time
series of tweets. It consists of a continuous sequence of instances, in this
case, Twitter messages, occurring each instance at a time, not necessarily

in equally spaced time intervals, and is characterized by a set of features,
usually words. A labelled instance is represented as a pair between the
feature vector of that instance along with the associated class label.

We have used a classification strategy previously introduced in [4],
where the Twitter message hashtag is used to label the message content.
Notwithstanding the Twitter message classification is a multi-class pro-
blem in its essence, it can be decomposed in multiple binary tasks in a
one-against-all binary classification strategy, which means one classifier
for each class.

For classifying time series like the Twitter stream we propose a two-
fold approach: a time-window model and an ensemble model. The time-
window model is a batch learning model unable to retain all the previously
seen examples. Differently, the ensemble model has a modular structure
which enables temporal adaptation to new incoming tweets on the basis
of the data sampling real distribution over time. The main purpose is
to design a memory mechanism that allows newly seen examples to be
identified based on past experiences.

Algorithm 1 defines the basic steps of the time-window model. For
each collection of documents T in a time-window t, T t = {x1, . . . ,x|T t |}
with labels {y1, . . . ,y|T t |} → {−1,1}, the dataset Dt is updated with the
newly seen documents. No previously seen documents are stored in Dt

and thus Ct classifier is always trained with the examples of the most
recent time-window.

Algorithm 1: Time-Window Model

Input:
For each collection of documents T in a time-window t,
T t = {x1, . . . ,x|T t |} with labels {y1, . . . ,y|T t |}→ {−1,1} t = 1,2, . . . T

1 for t=1,2, . . . T do
2 Dt ← T t

3 end

4 BaseClassifier Ct : Learn (Dt ), obtain: ht : X → Y Time-Window
Classifier Ct : Classify (T t+1), using: ht : X → Y

The ensemble model, presented in Algorithm 2, proposes to store all
the information gathered with the previously seen examples. For each
collection of documents T , that contain both positive and negative exam-
ples and occur in a time-window t, a classifier Ct is trained and stored.
When a new collection of documents in the subsequent time-window is
presented to the ensemble model, all the previously trained classifiers are
loaded, and each one will classify the newly seen examples. The predic-
tion function of the ensemble, composed by the set of classifiers already
created, is a combined function of the outputs of all the considered classi-
fiers. Several strategies can be used herein. We propose a majority voting
strategy where each classifier participates equally. When there is a tie, i.e.
the votes account to zero, the classification of the most recent classifier is
used to untie.

4 The QtSim Framework

In this work we have developed the QtSim framework that dynamically
creates datasets by artificially timestamping real tweets. The major goal
of this framework is to create labelled datasets that can be used to simu-
late different drift patterns that will evaluate and validate our previously
introduced strategy. The framework receives a document set for each doc-
ument class, typically tweets that contain the same hashtag, along with
the frequency of that class during previously defined time-windows. The
main idea is to use the frequency to reproduce artificial drifts. For ins-
tance, a sudden drift might be represented by tweets from a given hash-
tag that in a given temporal moment start to appear with a significant
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Algorithm 2: Ensemble Model

Input:
For each collection of documents T in a time-window t,
T t = {x1, . . . ,x|T t |} with labels {y1, . . . ,y|T t |}→ {−1,1} t = 1,2, . . . T

1 for t=1, 2, . . . T do
2 Dt ← T t

3 BaseClassifier Ct : Learn (Dt ), obtain: ht : X → Y
4 end
5 for k=1, . . . , t do
6 ModuleClassifier Ck : Classify (T t+1), using: hk: X → Y
7 end
8 Ensemble E t : Classify (T t+1), using:

et =

{
∑t ht (T t+1)

|∑t ht (T t+1)| if ∑t ht(T t+1) 6= 0

ht(T t+1) if ∑t ht(T t+1) = 0

frequency. Besides artificially timestamping real tweets, our framework
represents each tweet as a vector space model, also known as Bag of
Words. In this representation the collection of features is built as the dic-
tionary of unique terms present in the documents collections and each
tweet is indexed with the bag of the terms occurring in it. We have
also integrated in our framework the INDRI API from the Lemur Project
(http://www.lemurproject.org/) to add more features like index-
ing, parsing and querying. As our main intent is to create datasets for text
classification approaches our framework can also apply pre-processing
methods like stopword removal and stemming. The framework creates
datasets in the ARFF format and in SVMLight format.

5 Dataset

We have created a dataset using our QtSim framework in order to evaluate
and validade our strategy. As previously stated, we used a classification
strategy introduced in [4], where the Twitter message hashtag is used to
label the message content. We have simulated 10 different drift patterns
and are based on those proposed in [5] , namely (i) sudden, (ii) gradual,
(iii) incremental, and (iv) reoccurring. We have represented 2 instances
of sudden, gradual and incremental drifts, to represent both increasing
(refered as #1) or decreasing (refered as #2) frequencies. Regularity is
represented here to show tweets that occur in a continuous frequency,
i.e. without drift. We chosen 10 different hashtags, one for each de-
fined drift, representing mutually exclusive concepts and hence different
classes, such as realmadrid and literature. Table 1 shows the chosen hash-
tags and the corresponding drift.

The Twitter API (https://dev.Twitter.com) was then used in
October 2013 to request public tweets that contain the defined hashtags.
Besides having requested more than 10.000 tweets, those containing no
message content besides the hashtag, along with all in non-English lan-
guages were discarded. Finally, we used 5700 tweets that were split in
24 timewindows according to the drift patterns previouly defined. In each
timewindow the number of tweets is variable, as for simulating the drift
patterns each class frequency varies along with time it is not compensated
by any other.

6 Results and analysis

Table 1 summarizes the results obtained considering the F1 measure.
Analysing the table we can observe the time-window model scores

51.53% of F1 and it is outperformed by the ensemble model with 60.31%.
Besides performing better than the time-window in the majority of drifts,
nevertheless, in the drift Gradual #1 and in the drift Incremental #1, the
ensemble scores 40.45% against 49.88% and 30.69% against 41.41%, re-
spectively, which are significant results. These drifts have the particularity
of being the only ones that increase their frequency over time, which seem
to denote that their nature and the performance obtained are related. The
explanation is that in the first occuring time-windows, the time-window
models used in the ensemble tend to fail, as they have not seen enough
positive examples. In the last time-windows they contribute equally to
the output of the ensemble and influence in a negative way the classifica-
tion provided by the ensemble. This does not occur in the drifts with a
decreasing frequency because, as the frequency is decreasing, the newly
created models have seen less positive examples, but when they start to
influence the ensemble decision, that in the beginning is mainly composed
by models that have seen much positive examples, the examples they have
to identify are less (as the frequency is decreasing) and thus the ensemble
fails in a smaller proportion.

Hashtag Time-window Ensemble
Sudden #1 #bradpitt 55.93% 58.42%
Sudden #2 #realmadrid 60.22% 80.12%
Gradual #1 #ryanair 49.88% 40.45%
Gradual #2 #literature 45.08% 74.53%

Incremental #1 #twitter 41.41% 30.69%
Incremental #2 #ferrari 52.01% 61.72%

Reoccurring #syria 73.59% 82.92%
Regular #1 #jobs 55.78% 55.53%
Regular #2 #sex 57.69% 88.05%
Regular #3 #nowplaying 23.71% 30.65%

Average: 51.53% 60.31%
Table 1: Comparative results: F1 measure

Moreover, in Regular #1 the ensemble model is also outperformed,
but in this case with less significant results, 55.53% against 55.78%. We
believe that this is related to the tie mechanism, as the examples misclas-
sified are just a few and are those in which there was a tie and the last
model, that is called to untie, fails the decision. Finally it seemed strange
in a first glance that Regular #3 had such a bad performance, specially
when compared with a pronunciated drift. The results might be explained
by the hashtag we choose to represent it, #nowplaying. This hashtag is
commonly used to refer songs that users are playing in their devices, and
considering the spectrum of musics and artists we suspect that the diver-
sity of those tweets compromises the performance of the classifier.

7 Conclusions

We have presented two models to learn in the presence of concept drift
in Twitter streams: a time-window model and an ensemble based model.
We have also presented the QtSim frameworks, used to simulate diffe-
rent types of drift by artificially timestamping real tweets to evaluate and
validate our strategy.

The results obtained revealed the usefulness of keeping information
already gathered and using different strategies in the awareness of diffe-
rent kinds of drift. More precisely, we have identified that the same lear-
ning model performs equally with drifts of the same nature, and that in
the case of a decreasing frequency drift it is better to use a time-window
model instead of an ensemble model. Another solution is to combine
the ensemble so that models with less positive examples participate with
less score than those better suited to identify positive examples. Though,
as storing can be a constraint in the Twitter stream data, it is important
in future approaches to identify an outdated example, and for how long
it is useful to store examples. This can be done by analyzing different
time-window sizes, so we can reach a balance between the computational
burden of storing and processing and the usefulness of storing.

Future work will include a more intensive study of the drift patterns in
Twitter in order to extend the learning models to include different weight-
ing mechanisms in the ensemble model, as the models that compose the
ensemble may contribute differently to the final decision in the presence
of different drift patterns. Furthermore, another study is to identify if there
are tweets more informative than others, so pruning strategies can be used
to relief the computational burden.
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Abstract

This paper addresses the problem of identifying repeated substrings in
a large nucleotide sequence. Moreover, the proposed approach is able
to find similar common substrings, as well as exact repeated ones. The
problem is dealt by constructing an ensemble of decision trees: the esti-
mated probability profile of a sequence is computed by choosing, at each
symbol, the maximal conditional probability from the pool of constructed
trees. The position of the similar repeated patterns in the sequence is
found without constrains on the nature or shape of the pattern in any way.

1 Introduction

The most recent developments in bioinformatics science and technology
have led to the sequencing of a large number of genomes. A genome
contains the genetic information of any organism [8].Often, patterns or
subsequences can be found recurrently along the whole genome. Such
patterns can reappear consecutively or interspersed. When the pattern is
repeated consecutively it is called tandem; if the reoccurrences are not
adjacent it is called interspersed. If the pattern is exactly repeated (with-
out any kind of variations), it is a perfect or exact repeat, whereas if the
recurrences are slightly varied by mutations (such as insertions, deletions
or point mutations) it is an approximate repeat.

Individual differences in DNA are like each individual’s fingerprints.
Also, it is known that the genomes of two related species share similar
genes. Indeed, it is reasonable to assume that genes’ mutations between
two species are possible, without compromising the similarity of the func-
tions carried out. Such mutations may occur inter or intra species. More-
over, multiple exact and approximate repeats have been related with hu-
man genetic diseases.

Along with this, it is expectable that repetitions in genome sequences
should be approximate rather than exact. Despite the efforts devoted to
develop computer algorithms to enhance research in genomic biology, the
problem of efficient blind repetition finding is still important and chal-
lenging. Therefore, the focus of this paper is in the problem of finding
approximate interspersed patterns, without constraining the nature and
shape of the patterns in any way, neither any insight on the same, within
the same sequence as well as in related sequences.

2 The Repeated Patterns Problem

A DNA sequence can be computationally represented as a string S of
symbols from the nucleotide alphabet ∑ = {A,C,G,T} [4]. Considering
that X is a substring of the sequence S and that x is the repeated pattern.
According to the computational biology literature, repeated patterns can
be classified as follows:

• An Exact or Perfect Tandem Repeat (ETR) is a substring X
composed by adjacent concatenations of a pattern x perfectly re-
peated, such as: X = xx . . .x. For example, consider the pattern
x = babbler, the substring X = babblerbabbler is an ETR.

• A k - Approximate Tandem Repeat (ATR) is a substring X com-
posed by adjacent concatenations of a pattern x repeated with slight
variations, such as: X = x1x2 . . .xn where each xi, i = 1, . . . ,n is,
according to some distance metric, at most, at k-distance from
the pattern x. Considering the pattern x = babbler, the substring
X = babblerbabblesbubbles is an example of an ATR.

• A k - Exact Interspersed Repeat (EIR) is) is a substring X com-
posed by non-adjacent concatenations of a pattern x perfectly re-
peated, such as: X = xs1xs2 . . .sn−1x ,where each si, i = 1, . . . ,n−
1 are distinct substrings. For example, consider the pattern x =

babbler, the substring X = babblertestbabblerexamplebabbler
is an EIR.

• A k - Approximate Interspersed Repeat (AIR) is) is a substring
X composed by non-adjacent concatenations of a pattern x repeated
with slight variations, such as: X = x1s1x2s2 . . .sn−1xn, where xi
and si are defined above. Considering the pattern x = babbler, the
substring X = babblertestbubblesexamplegabbled is an example
of an ATR.

Repeated patterns can be distinguished between Single, if the sub-
string X is the concatenation of two copies of the pattern x, and Multiple,
which contains more than 2 copies. Biology distinguishes repeated pat-
terns according to the length of the pattern x into micro-satellites (if x is
composed by less than 6 base-pairs), minisatellites (if x is composed from
7 to 100 base-pairs) and satellites (if x is composed by more than 100
base-pairs) [1].

The proposed approach is designed to deal with Exact and Approxi-
mate Interspersed Repeats, without any constraint about the patterns nei-
ther any insight on repeated pattern.

3 Related Work

Recent years have seen an increase of concerns and research efforts de-
voted to DNA similarity problems [2, 5, 6, 7, 9]. The advances in ge-
nomic technology and the developments in computational analysis to han-
dle huge amounts of data have given their contributions.

Recently, in [6, 7] the authors proposed the concept of “information
profile” to blind discover genomic regularities. The idea relies on the fact
that locations with low information are associated with the presence of
repetitive sequences. Using compression methods, quantitative informa-
tion of the local complexity of a DNA sequence is also provided.

In [5] it is addressed the problem of identifying conserved substrings
occurring in homologous genes in a large number of sequences, based on
truncated suffix trees to represent the sequences. In [9] the authors pre-
sented an efficient algorithm to find all approximate tandem repeats within
a sequence, allowing at most k insertions, deletions and mismatches in
each repeat. However, both approaches can not deal with blind repetition
finding problems.

4 DT2DIR – Decision Trees to Detect Interspersed
Repeats

To address the problem of finding unknown interspersed repeated patterns
in DNA sequences, we propose the use of decision trees. A decision tree
relies on the construction of a classification or a regression model in the
form of a tree structure, which predicts the value of a target variable based
on several attribute variables (input). It can be interpreted as a direct
acyclic graph where each node is either a decision node with two or more
successors or a leaf node [3].

A decision or internal node (non-leaf) has some condition based on at-
tribute values (split-test) and a leaf node is labeled according to the mode
of the classes that reach this leaf. In a classification tree construction, each
example traverses the nodes of the tree from the root until it reaches a leaf
(testing the appropriate attribute at each node and following the branch
corresponding to the attribute’s value in the example) and the class as-
signed to the “destination” leaf is used to classify the example.

In the case of exact repeated patterns, the proposed method relies on
computing a classification tree. When dealing with approximate repeated
patterns it exploits the advantage of using several trees rather than one.

Consider a DNA sequence, represented by the string S of symbols
from the nucleotide alphabet ∑ = {A,C,G,T}. At each symbol, the pro-
posed method considers a sliding window of length L which contains the



attribute variables. Since in DNA problems the size of the alphabet is 4,
this is the number of classes we are dealing with. In this approach, the
target variable is the first symbol that lies out of the sliding window, in
such a way that in the next step it will be included in the sliding window
becoming an attribute variable. Within these settings, a classification tree
is computed and, for each leaf, the probability distribution over the classes
is estimated. These estimates are computed taking into account a condi-
tioning context with finite and fixed size L > 0 composed by the elements
inside the sliding window. Since the size of the alphabet is 4, the number
of conditioning states is 4L, which is the total number of combinations
among the different classes of the attribute variables.

A sliding window (SW ) of length L at example xi is defined as: SW =
{xl : l = i−L+1, . . . , i}= {xi−L+1...i}. Therefore, the probability of pre-
dicting the occurrence of the symbol s having the sliding window xi−L+1...i
as the conditioning context, P(Xi+1 = s|xi−L+1...i) ,∀s ∈ ∑, depends on
the number of times that the conditioning context is followed by the sym-
bol s. This means that repeated patterns are easier to classify. When
computing the estimated probability profile of a given sequence, repeated
patterns are associated with higher probabilities.

This approach works to detect exact interspersed repeats: all the ele-
ments inside the conditioning contexts are considered to compute a clas-
sification tree. Afterwards, at each step, the probability of predicting the
symbol that is associated with each conditioning context is estimated us-
ing the constructed classification tree. Thus, the estimated probability
profile of the whole sequence can be computed.

When dealing with approximate interspersed repeats, the classifica-
tion results can be improved by considering several classification trees
instead of one. For a sliding window of size L, the proposed approach
computes L classification trees, feeding each one with L− 1 attributes.
Each tree provides, based on the conditioning context, the estimated prob-
ability assigned at each class (each one of the 4 symbols that compose the
alphabet). Thereafter, the estimated probability profile is computed by
choosing, at each symbol, the maximal conditional probability among the
computed trees. Thus, the attribute that is left out when computing each
one of the L trees is the symbol that is not considered and will be respon-
sible for approximating the pattern.

5 Results on a Toy Example

The proposed method to find approximate repeats is evaluated using a toy
example of a DNA sequence with approximated interspersed repeats. For
this purpose, data with interspersed repeats were simulated. Varying the
seeds, 10 different DNA sequences with 20k pair bases were generated.
An exact block with 500 bases were copied and 3 times pasted along the
sequence. Herewith, at locations 2500, 7500, 12500 and 17500 we have
repeated patterns. Moreover, at each of the pasted copy we enforce 5
different point mutations.

At this preliminary stage and attending that repeated patterns present
higher probabilities, such regions are found by visual inspection of the
estimated probability profile. Figure 1 shows the polar representation of
the logarithm of the estimated probability profile (after applying a moving
average low-pass filter). The estimated probability profile was computed
by an ensemble of 5 classification trees and considering a window with
length of 10 bases. The 4 existing approximated interspersed repeats can
be easily identified as stressed out by the letters and the thick lines.

6 Conclusions and Further Research

This paper presents a probabilistic approach to detect unknown pattern
repeats in DNA sequences. Through classification trees, the proposed
method is able to find exact and approximate interspersed repeats. Clas-
sification trees are used to compute the estimated probability profile of a
sequence and repeats are found through visual inspection of regions with
higher probabilities.

The presented results are encouraging enough to continue enhancing
the approach proposed. Therefore, beyond the assessment of the ability
to detect repeated patterns, computational time must be evaluated and an-
alyzed. Also, the number of false alarms must be taken into account and
properly addressed. A comparison with other state of the art methods
must also be performed.

Figure 1: Polar representation of the log estimated probability profile of a
generated DNA sequence (after applying a moving average low-pass fil-
ter). The letters and the thick lines indicate the detected repeated patterns.

It must be stressed out that no prior information about the size or the
shape of the pattern which is repeated is needed. The identification is
truly blind. The proposed approach is virtually capable of detecting re-
peats with any period, patterns repeated several times and patterns that are
approximated by insertions and deletions. Nevertheless, further develop-
ments must take into consideration the evaluation and comparison of the
ability to detect repeated patterns with different lengths.
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Abstract

Development of three dimensional (3D) modeling technologies has be-
ing widely used in medical application. Many different methodologies
have been proposed in the past; however, low cost and easy-to-use equip-
ment is highly desirable for the medical community. As a low-cost sen-
sor, Microsoft Kinect has been adopted in many reconstruction methods;
nevertheless, most of them fail to represent fully-aligned model due to
non-rigidity between captured views. In this paper we propose a sim-
ple method to perform non-rigid registration, refining the result obtained
from a rigid methodology. The implemented methodology was tested us-
ing breast cancer patients data.

1 Introduction
Within recent years, 3D modeling has enhanced medical scanning tech-
niques to provide adequate information for specialists. Many methods
have been recently proposed to use either 3D views or complete 3D mod-
els, in order to obtain relevant medical features; as in [5], to perform
breast aesthetic evaluation after Breast Cancer Conservative Treatment
(BCCT), authors extracted complimentary features from 3D frontal view
of patients. Providing accurate 3D models to be used in medical appli-
cations, often requires expensive devices which are not available in every
clinics. On the other hand, typically, scanning procedures are difficult to
be performed by both technicians and patients, obtaining undesired non-
rigid movement between views, which reinforces the importance to use
low-cost and easy-to-perform devices.

Besides scanning issues, there are some difficulties affecting the 3D
reconstruction of the different views. To cover that, a recent method was
proposed to reconstruct patient model by using a 2-step rigid registra-
tion [1]; though reconstruction fails when scanned views have significant
non-linear differences, due to non-rigid movements of human body. In
this paper, we developed a methodology to improve the aforementioned
rigid reconstruction [1], by fitting the views using a non-linear registration
method, supported by a 3D structure using Non-Uniform Rational Basis
Splines (NURBS).

2 Related work
2.1 Registration
3D models of human body has been studied widely in recent years [4],
using low-cost devices, such as Microsoft Kinect, which provide a syn-
chronized RGB and Depth information in each image pixel. Also colored
point clouds can be obtained using Kinect output information. Although
Kinect has been launched for video gaming applications, it was shown
in [5] that the device is accurate enough to be used as a medical sensor to
capture breast cancer patients’ views, to be used for aesthetic quantifica-
tion.

Since a single view does not have all necessary 3D information, reg-
istration methods are required to fuse different views into a complete 3D
point cloud. Recently, applied on breast cancer patient images, a 2-step
rigid registration method has been proposed [1, 2], based on an initial
coarse registration followed by a fine registration stage. In the coarse reg-
istration step, views are approached to each other based on corresponding
features. Such features can be either a point, a subset of points or shared
characteristics between points of different views [2]. In this way, breast
reconstruction reveals special difficulties because of featureless nature of
human torso. Well-known coarse registration methods, using Principle
Component Analysis (PCA) together with different Keypoint selection
methods (i.e spin image, point curvature) fail or carry out poor recon-
structed models since they cannot detect correct correspondences in dif-

ferent views [2]. In such manner Costa et al. [1] proposed to extract the
global structure of the object in each view using Delaunay Triangulation
method, as keypoint selection, and then align them using a rigid approach.
The registration process is then applied by computing the rotation and
translation, from the matched features between corresponding views. Fi-
nally, a fine registration step, using Iterative Closest Points (ICP) is used
for fine adjustment of the views.

Although Costa’s method [1] outperforms other coarse registration
methodologies, namely in situations of high translation and rotation, when
non-linear movements are present, the obtained reconstruction is not ac-
curate, hence the method uses rigid transformation, and cannot deal with
non-linear movements. In this manner, we propose a methodology to im-
prove Costa et al. [1], using a non-linear transformation, supported by a
3D structure using NURBS.

2.2 NURBS
NURBS is widely employed in parametric fitting of curves and surfaces.
Presenting stability, local modification and flexibility, it is supported in
many modern 3D standards such as OpenGL and IGENS. Nevertheless,
the quality of generated surface (or curve) is dependent to the structure of
points which control the NURBS. Since almost all registration methods
produce scattered and unorganized point clouds, in order to use NURBS
structure in a registration stage, it is essential to organize them prior the
surface generation [3].

Leal et al. [3] proposed to organize scattered points using a simple
method. Initially, points are mapped into a plane found using PCA. Based
on the projection of the points onto the regression plane of the cloud, the
point cloud is regularized by inserting and removing points, respectively
if in some regions there is lack of points, or if the cloud is too dense,
creating an uniform grid. Such grid is used to create an order required
to generate the NURBS. Refined points are then re-projected into point
cloud while preserving their order. Finally, point cloud is optimized by
modifying the weights of each point. The resulted organized point cloud
will be fed to NURBS generator to draw the required surface.

3 Non-Rigid Registration

Although NURBS is not originally introduced to carry out registration,
the idea behind this work is to use its structure in order to fit different
point clouds. Previously discussed, rigid registration methods cannot han-
dle non-rigid movements, since they are unable to manipulate individual
points; however NURBS provides the necessary strategy to manipulate a
point cloud by updating the location of a patch of points [6]. The regis-
tration pipeline discussed in [1] certifies that the views are well aligned;
however some misalignment can be observed in the presence of non-linear
movement. Proposed method refines points or patch of points, where this
misalignment is detected.

Refinement of a view takes place by organizing its point cloud in a
grid proposed by Leal et al. [3]. By preserving a control point of each grid
(or cp), the organizing method simplifies and arranges the point cloud to
be drawn as a NURBS. Next step is followed by NURBS generator which
interpolates points between control points to generate a smooth surface.
All the points are then grouped in different patches regarding the nearest
control point. Considering point cloud Pi to be refined and point cloud Pj
as reference, control point of each patch from Pi is updated as follows:

cpi
k = average(p(x,y,z),q(x,y,z));∀p ∈ Pi,q ∈ Pj : ‖p−q‖> δ

where p and q are corresponding patches from two point clouds, cpk
i is

control point of patch k on refining point cloud and δ represents the max-
imum allowed distance between patches, to be considered that a specific



patch is well registered with the reference. The method updates the con-
trol point of patch k to the average of the points of both patches on two
point cloud, if the distance between patch k and the corresponding patch
on the reference point cloud is greater than δ .

4 Experimental Results
The proposed methodology was implemented in Mathworks MATLAB
R2014a and executed on a machine with 8 GB of memory which was
powered by Intel Corei7 vPro.

4.1 Dataset
Two experiments were conducted using synthetic data and scanned patient
model. Synthetic data contained two views belonging to a surface that has
some intersected areas. To test the ability of method to register them non-
rigidly, point clouds of each view are not completely aligned. The other
dataset contained two point clouds of the arm of a patient which were
scanned using Kinect and rigidly registered by [1].

4.2 Results and Discussion
Synthetic data was used in order to demonstrate how the implemented
methodology deal with non-linear misalignments. In Figure 1 we can
see that the original point cloud is, iteratively, well registered with the
reference in 5 iterations. Within each iteration, patches on synthetic point
cloud are being approached to the corresponding patches on the reference
point cloud, since control points of the patches are pushed to the reference
during each iteration.

(a) (b)

Figure 1: Non-rigid registration of point cloud (4) onto the reference (.).

Additional experiment was conducted using data from breast cancer
patient, containing the arm, in the presence of non-linear movement be-
tween views. In Figure 2(a) the alignment using only rigid transforma-
tions and respectively in Figure 2(b) the result after applying the method-
ology presented in this paper can be seen. Unfortunately we can only
demonstrate the output of our method visually, because required ground
truth model was not obtained in the same conditions as the patient was
scanned.

(a) (b)

Figure 2: Non-rigid registration of patient arm, red arrow shows the gap
between two rigid registered point clouds; a) rigid registration; b) regis-
tration with proposed method.

5 Conclusion and Future Work
Although rigid registration methodologies are not capable to present an
accurate registration in the presence of non-linear differences, by utilizing

NURBS technique it is possible to assure the alignment of point clouds.
In this paper we proposed a simple method to manipulate point clouds in-
dividually in order to align them, even in the presence of non-linear mis-
alignments. Experimental results indicate that proposed method aligns the
views, in term of decreasing residual distance between registered point
clouds; however, quantitative evaluation using ground truth data is neces-
sary to properly validate the implemented methodology.

Additionally, and using only the regularization step of the method,
the proposed method can be used to fill missing areas of point cloud,
since NURBS generates uniform surfaces. In Figure 3 we can visualize
the result after applying the proposed approach, to point cloud breast data
acquired with Kinect device.

Future work will be focused on two aspects: conducting more accu-
rate non-rigid registration, and improving the performance of hole filling.
Non-rigid registration can be enhanced by using color information of the
points in order to select correct corresponding patches. Besides, value
used to define maximum allowed distance between patches can be ob-
tained using point cloud density, rather than using predefined values. On
the other hand, inserting control points in correct positions guarantee the
accurate filling of missing points in order to preserve deformation of re-
constructed model.
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Figure 3: Filling holes using interpolation of the NURBS generator; a)
point cloud wit holes in the bottom of breast; b) point cloud after applying
proposed method. Note that breast beneath is reconstructed with darker
color because it was shadowed by breast during scanning procedure.
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Abstract

In this work we propose a hybrid particle filter and meanshift tracker to
follow multiple targets using one camera. The number of targets is as-
sumed to be known but allowed to vary in time.

1 Introduction

The kernel based-tracking algorithm was first proposed in [1], and despite
its simplicity it proved to give good results even in the presence of motion
blur and clutter. However it had the drawback of assuming that the target
did not move outside of the region of interest between consecutive frames.
Years later, Maggio et al. [2] proposes an hybrid target tracking algorithm
that by using a particle filter and the kernel based tracking algorithm was
able to increase the robustness to the mentioned problem. Still it was
designed for single target tracking. The algorithm proposed in this paper,
therefore intends to improve the work of [2] by addressing the multi-target
tracking problem.

2 Camera Model

We use the pinhole camera model [3] to derive the perspective transfor-
mation of the points on a world referential frame to the ones in the camera
image plane,

m≈ PM = K
[

CRW | CtW
]

M, (1)

where M is a vector containing the coordinates of the point in the world
referential frame, m are the pixel coordinates, P is the projection matrix,
K and CRW are the intrinsic and extrinsic parameters matrices respectively
and finally CtW is the translation vector. Given the projection matrix and
a 3D plane an image pixel m can also be back-projected to a point M =
[x y z 1]ᵀ in the plane.

3 Target Description

The state of each target to track is described, at the time step t, by the
vector xt = (xt ,yt ,θt ,vt), where xt ,yt are the target spatial coordinates
in the world referential frame and θt ,vt the target orientation and linear
velocity respectively. The targets are assumed to be moving in a plane,
where their z coordinate is constant and computed at the moment they are
detected. Furthermore the number of targets being tracked, at a given time
step, is assumed to be known.

In order to make predictions of a target next state the kinematic model
xt = f (xt−1)+wt is used with

f (xt) =





xt = xt−1 +T vt−1 cos(θt−1)

yt = yt−1 +T vt−1 sin(θt−1)

θt−1 = θt−1

vt = vt−1

, (2)

T is the time step value and wt ∼N (0,Q) an additive noise component
drawn from the multivariate Gaussian distribution N , with mean equal to
the null vector 0 and covariance matrix Q. The function f (xt) is derived
from the car model used in [4], by setting to zero the wheel orientation
angle φ . In addition to the kinematic model a target has an appearance
model, under the form of a RGB color histogram, which allows to distin-
guish the target in the image data. This model is used to produce estima-
tions of the targets position and orientation, by searching the image data.
It is computed and assigned when the target is first detected.

4 Optimal Proposal Particle Filter

The particle filter is a Monte Carlo [5] based tracking filter used to recur-
sively estimate the posterior probability density function p(xt |z1:t), where

z1:t are the set of observation vectors z up to time t. In the case of this
tracking filter the measurement and kinematic models do not need to be
linear, and the noise can be non additive and non-Gaussian.

The particle filter algorithm starts by drawing a set of N samples
xi

t , i = 1, ...,N from an importance distribution xi
t ∼ q(xi

t |xi
t−1,zt). To

each of these samples a weight ω i
t is assigned through the formula:

ω i
t =Cω i

t−1
p(zt |xi

t)p(xi
t |xi

t−1)

q(xi
t |xi

t−1,zt)
, (3)

where p(xi
t |xi

t−1) denotes the prior distribution, p(zt |xi
t) is the likelihood

and C a normalization constant to make the sum of the weights equal to
1. These weights can then be used to make the following discrete approx-
imation of the posterior distribution:

p(xt |z1:t)≈
N

∑
i=1

ω i
t δ (xt −xi

t) (4)

One commonly used estimator of the state at time t is

E(p(xt |z1:t))≈
1
N

N

∑
i=1

ω i
t xi

t , (5)

where E denotes the expectation operator. Resampling, an additional step
usually included in particle filters, replaces the actual samples by a set of
new ones drawn from the discrete approximation of the posterior, hence
propagating to the next iteration a set of samples that more likely represent
the true system state.

In one of the simplest particle filter implementations, commonly called
the bootstrap particle filter, the importance distribution is chosen to be the
prior distribution: q(xi

t |xi
t−1,zt) = p(xi

t |xi
t−1). This simplifies expression

(3) making ω i
t =Cp(zt |xi

t). However a common issue with this approach
is a phenomenon typically known as degeneracy, that is characterized by
the tendency for a few set of particles to have weights much larger than the
rest. This leads to a poor approximation of the posterior distribution. One
possible solution to overcome this is to choose a better importance sam-
pling. It has been proven [5] that the choice q(xi

t |xi
t−1,zt) = p(xi

t |xi
t−1,zt)

is optimal in the sense of minimizing the variance of the particles weights.
The great disadvantage of this choice is that it is usually very difficult to
evaluate. However for systems with models of the form

xt = f (xt−1)+wt , wt ∼N (0,Q)
zt = Hxt +νt , νt ∼N (0,R) , (6)

with R being the measurement covariance matrix and H the observation
matrix, it is possible to derive closed form expressions for p(zt |xt−1) and
p(xt |xt−1,zt) which, as deduced in [5], are:

p(zt |xt−1) =N (bt ,S) (7)

p(xt |xt−1,zt) =N (at ,Σ) (8)

bt = H f (xt−1) (9)

S = HQHᵀ+R (10)

a = f (xt−1)+ΣHᵀR−1(zt −bt) (11)

Σ = Q−QHᵀS−1HQ (12)

5 Multi-target Hybrid Particle Filter

The first step in the tracking algorithm proposed is similar to the standard
prior update of a bootstrap particle filter where the kinematic model is
used to update the particles state. The difference lies in the fact that the
noise is not added, with only the function f (·) being employed.

Then a procedure inspired by the work of Maggio et al. [2] is applied
to each target, in order to get observations for its position. It starts by
selecting a smaller number of particles, picked at random from the target
particle set with the probability of each being drawn equal to its respective
weight. If there are any duplicates they are removed in order to only have
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(d) Frame 1 (e) Tracking till frame 97 (f) Tracking till frame 197
Figure 1: Tracking twenty ants. Displaying just three for clarity.

unique particle states. The full set of particles is not used only to decrease
the computational burden.

The x and y hypothesis contained in each particle, together with the
constant z coordinate of the target, are then used as the center of an el-
lipse, whose rotation around the z axis is set equal to the target orientation
estimated in the previous iteration. The ellipse is then used for the ap-
plication of the kernel based tracking method of Comaniciu et al. [1],
together with the target appearance model. This is a method that, using
the mean-shift algorithm, iteratively moves the elliptical region to a loca-
tion in the image, where the RGB histogram of the pixels inside it more
closely resembles the target RGB histogram. The similarity measure used
is the Bhattacharyya coefficient. Finally the convergence points obtained
are back-projected into the world referential frame and stored in the set
Ot , together with those of the targets that have already been iterated.

The points contained in Ot are then clustered using a mixture of Gaus-
sians, with the number of clusters being equal to the number of targets,
NT . The mixture of Gaussians means are then stored to be used as ob-
servations for the posterior update of the optimal proposal particle filter.
It is however necessary to associate these observations to their respective
target. For that a Global Nearest Neighbours (GNN) [6] approach is em-
ployed by using the Hungarian algorithm [7], where each element of the
cost matrix is equal to the distance between the observation, associated to
each row, and the previous estimation of a targets position, associated to
the columns. This process of clustering intends to add robustness to the
problem that occurs when two similar targets are close to each other and
the elliptical region of one target is attracted to the other one since this
happens to have a higher Bhattacharyya coefficient.

With the observations associated to their respective targets a last step
is done to obtain observations for the targets orientation. This is done
through an exhaustive search in which an ellipse centered at each of the
observations is placed in different rotation values. The one which gives a
greater Bhattacharyya coefficient is used as the orientation for that par-
ticular observation. With the observations finally obtained, the likeli-
hood is computed for each particle through the measurement equation
zt =

[
I | 0

]
xt +νt ,νt ∼N (0,R), where I is the identity matrix.

6 Experimental Results

The proposed algorithm was applied to a video were twenty ants are mov-
ing in a dish [8]. This video has a dimension of 720× 480 pixels and a
duration of about eight seconds. The initial positions of the ants are set
manually and sent to the algorithm.

In order to analyze the quality of the results a comparison is made
with a multi-target tracker using background subtraction to detect the ants
and the Multi-hypothesis tracker (MHT) algorithm for tracking and data
association [9]. However as there are a considerable number of ants, only
the trajectories and error values of three randomly selected ants are pre-
sented. The ground truth was manually extracted from the video.

In figures 1(a) to 1(c) three frames of the ants video are shown. Asso-
ciated to them the trajectories estimated by the method proposed, named
Multi-target Hybrid Particle Filter (MHPF), to the respective frame. The

table 1 shows the root mean square error (RMSE), the total number of
tracks lost (TL) and the number of tracks recovered (TR), for the several
ants and the two algorithms.

MHT MHPF
Ant1 Ant2 Ant3 Ant1 Ant2 Ant3

RMSE 6.35 2.54 4.39 4.14 1.95 2.88
TL 152 0
TR 152 -

Table 1: Performance measures between the two algorithms
A track is considered lost when it changes the label that it uses to identify
a target. As can be seen the MHPF showed better results in comparison
with the other algorithm. Not only the RMSE is lower for all the ants but
it also did not lose any track.

7 Conclusion and Future Work

The proposed tracking algorithm proved to give good results, even when
the targets being tracked have all the same appearance. However it still
needs further improvement, especially in the handling of total occlusions.
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Abstract

The detection of large-scale inversions between intra-species genomes

is fundamental to understand the dynamics of chromosomal evolution,

namely to identify hallmarks associated with diseases. In this paper, we

explore a method that finds exact or approximate large-scale inversions,

for regions larger than 500 kb, between the three most popular assembled

human genomes. We identify the relative positions for each chromosome.

The inversions are computed in two maps showing at a glance the associ-

ated regions.

Introduction

How genome architecture and which macroevolutionary events emerge

through time are fundamental to understand the dynamics of species evo-

lution, namely their origin and speciation patterns [3]. Several insights

into chromosome evolution have been traditionally achieved by cytoge-

netic procedures, for example G-banding, and by molecular karyotyping

approaches, such as fluorescence in situ hybridization (FISH). More re-

cently, array-based methods became very popular [2].

Advances in sequencing technology have increased the number of

digital human genomes, raising conditions towards intra-species charac-

teristics and diversity research. Consequently, computational approaches

emerged [5], bringing high resolution, accuracy and speed with less costs.

However, the de novo assembly of the next generation sequencing (NGS)

reads is still problematic, mainly because the alignment of the reads from

these new genomes to a high quality reference genome remains a critical

aspect of data interpretation. Nevertheless, the human reference assembly

is the highest quality mammalian assembly available. The main reference

genome assemblies are those from the Genome Reference Consortium

(GRC 38) [1], the J. Craig Venter Institute (HuRef) [4] and the Washing-

ton U. School of Medicine (CHM 1.1).

In this paper, we detect the large-scale (larger than 500 Kb) inversions

between these three reference genome assemblies, exploring fundaments

from an unsupervised alignment-free method [9], that is based in the ha-

bility to efficiently model the repetitiveness of genomic sequences [8].

Method

The method involves the estimation of the amount of conditional exclu-

sive information, i. e., using only information from a reference that is

required to represent a certain region of the sequence or sub-sequence

[6]. The process is as follows:

1. Convert symbols outside A = {A,C,G,T,N} into “N”;

2. Pseudo-randomize the “N” symbols (with uniform distribution);

3. Invert the first sequence;

4. Load to the FCM [7] the sequence created in step 3;

5. Compress the second sequence using the FCM created in step 4;

6. Filter the information sequence generated in 5;

7. Use a threshold of 1.6 to segment the sub-sequence regions;

8. Paint sub-sequence regions with different colors;

9. For each sub-sequence region, repeat the process from step 3 to 8, using
the second sequence as target;

The colors are calculated automatically using a HSV scheme where

only V varies.

Results

For the results presented in this section we have downloaded the genomes

from the NCBI1 site. Chromosome Y from CHM genome is absent and

thus we have not reported results associated with this sequence.

Fig. 1 shows the maps from the large-scale inversions between A

(GRC) and B (HuRef), while Fig. 2 shows the inversions between A(GRC)

and C (CHM) assemblies. In respect to A/B, there are inversions in chro-

mosomes 1, 2, 7, 9, 10, 11, 15 and Y. Specifically to chromosome 1, the

inversions are contained in the pericentric regions (around 119 Mb). This

region is also inverted between human and chimpanzee species, although

in a much larger density [9].

On the other hand, for A/C the inversions are present between chro-

mosomes 1, 2, 5, 7, 8, 9, 10, 11, 14, 15, 16, 17, 22, X. From these, most

of the inversions are contained in pericentric regions, a major factor of

dynamism across individuals of the same species.

Conclusions

We have proposed a procedure to detect exact or approximate inversions,

larger than 500 Kb, between reference assembled genomes. The inver-

sions have been computed in a information map.

Besides specific characteristics, the reference assembly from theWash-

ington U. School of Medicine (CHM) seems to have a higher number of

inversions compared with the Genome Reference Consortium (GRC 38),

than with the J. Craig Venter Institute (HuRef).
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Figure 1: Large-scale inversions between GRC (A) and HuRef (B) assemblies for each chromosome. The information maps show exact or approx-

imate inversions with length higher than 500 kb. Each position associated with inversions, in the HuRef chromosomes, is reported in the table and

marked with a greek letter according to the map.

Figure 2: Large-scale inversions between GRC (A) and CHM (C) assemblies for each chromosome. The information maps show exact or approximate

inversions with length higher than 500 kb. Each position associated with inversions, in the CHM chromosomes, is reported in the table and marked

with a greek letter according to the map.
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Abstract

Next generation sequencing technologies are driving a novel revolution

in the personalized medicine field. The unprecedented availability of

genomes and computational tools enables the development of novel di-

agnosis and therapeutic strategies. Here, using an alignment-free method

based on the relative minimal absent words, we show that the identi-

fication of pathogen signatures is possible to allow quick intervention

for infectious agents, as exemplified by the current Ebola virus outbreak

genome analysis.

Introduction

The $1200 genome milestone has been reached, with sequencing times

of one week, and it has been argued that these values will substantially

decrease with the incoming of the third generation. The personalized

medicine field is now newborn, increasingly dependent on the advances of

sequencing technologies, and yielding major contributions for diagnosis

or genetic counseling to maximize the probability of welfare. Under this

framework, personalized vaccines are a possibility and their development

is essential with the emergence of pathogen resistance, namely for fungal,

viral and bacterial infections.

New successful applications strongly depend on the ability to detect

regions in pathogen genomes that are absent in the healthy host, mainly to

eliminate the pathogen without harming the host. Given the task, genomic

information sizes create a challenge to the wet lab, and currently this can

only be solved with comparative genomics that can be time-consuming,

expensive and more susceptible to error than computational approaches.

Although computational methods can be employed to solve these

tasks, the success of the detection algorithms are strongly dependent on

the time and memory requirements to run on common computers. Sev-

eral studies indicate that minimal absent words on the human genome

exist above size 10. Therefore, efficient data structures, such as suffix ar-

rays and hash-tables, among others, play a key role to minimize memory

requirements maintaining affordable processing times.

On the other hand, identifying comparative specific novel regions is

also a way to discover new genes and genome structures, and evidence of

evolutionary patterns and signatures across species. For example, one of

the current research topics is the identification of modern human specific

genes, compared with the newly sequenced genomes of Denisovans and

Neanderthals. Typically, these genomes have approximately 3 giga bases,

establishing the importance of efficient fast-compact data structures.

Minimal absent words have been studied and computed by many re-

searchers [1, 3, 5, 6]. In this paper, we follow an emerging branch, the

relative minimal absent words. These are minimal absent words of a cer-

tain genome that exist in another one. We propose a method to detect

these words and report their position. We have applied the method to 20

Ebola virus (EBOV) genomes and detected several minimal absent words

of the human reference genome (GRC) that occur in the virus, as well as

their positions.

Method

Consider a reference sequence, X , and n target sequences Y1,Y2, . . . ,Yn.
All sequences are from a finite alphabet, Σ = {A,C,G,T}, and |X | denotes
the size of sequence X .

We compute the k-mers of X and the Yi sequences using a sliding

window of size k. Each k-mer is converted into a numeric index, i, and

stored into a binary array if k < 17, otherwise in a hash table. Parallel,

we perform the following mapping: A → T , T → A, C → G and G →C.

The mapping is applied for each reversed k-mer, converted into an index,

i and stored as described above. Each k-mer from X is loaded, including

those from the reverse mapping, and stored in memory. We call this the

training phase.

Then we start the matching phase. The intention is to find exact k-

mers on each Yi. Therefore, for each Yi, a boolean array is created, Bi,

with |Bi| = |Yi| − k, containing a true value when a k-mer exists in the

memory.

The objective is to detect relative absent words, therefore the interest

is on the false elements from Bi. Since the process of matching is sequen-

tial, each position of a false element in Bi reports the exact position in the

target sequence, Yi.

Finally, the results are presented in a map, along each Yi, that depicts

the regions or points where the k-mer (absent in X) occurs.

Results

For the results in this section we have used the full GRC-38 human ref-

erence genome [2] downloaded from the NCBI1, including the mitochon-

drial, unplaced and unlocalized sequences. For the 20 EBOV genomes,

the sequences (first 20 genomes) have been also downloaded from NCBI2

[4].

We have implemented a version of the method that required 7 min-

utes and 51 seconds to compute all the k-mers presented in Fig. 1, from

the 20 EBOV genomes, including the training phase over a sequence of

approximately 3 GB. The maximum RAM memory used was 1 GB. The

computation was performed on a Linux Ubuntu 12.04 LTS with the fol-

lowing hardware characteristics: 4 Intel Core i7-3520M CPU at 2.90GHz,

8 GB of RAM and a SSD of 243.6 GB.

Figure 1 depicts the computation for word sizes 12, 13, 14 and 15.

As expected, the number of absent words decreases as the k-mer size de-

creases. Specifically, for k= 11 (not in Fig. 1), there are no relative absent

words. On the other hand, for k = 12, three groups of points emerge (P1,

P2 and P3). Each position of the corresponding point, according to each

genome, is shown in Table 1. In each group, the positions are very close

among the different strains of the virus.

In fact, they all degenerate from the same words, namely:

• TTTCGCCCGACT (P1),

• TACGCCCTATCG (P2),

• CCTACGCGCAAA (P3).

From the three EBOV sequence motifs absent in the human genome,

the first (P1) is included in the virus nucleoprotein (NP), while the other

two (P2 and P3) fall within the sequence of the viral RNA-polymerase (L

protein). Previous studies show that the N-terminal region of EBOV NP

participates in both the formation of nucleocapsid-like structures through

NP-NP interactions and in the replication of the viral genome [7], and

P1 sequence is part of this N-terminal region (Fig. 2). The L-protein

produces the viral transcripts to be translated by host ribosomes and is

involved in the replication of the viral genome as well. Both proteins are

critical for the virus life cycle, thus, constitute good targets for therapeutic

intervention. The identification of these viral genome signatures is also

important for quick diagnosis in outbreak scenarios.

1ftp://ftp.ncbi.nlm.nih.gov/genomes/H_sapiens/Assembled_

chromosomes/seq/
2http://www.ncbi.nlm.nih.gov/bioproject/257197



Figure 1: Ebola virus absent words relatively to the GRC reference human genome. Left plot depicts a 3D model with several k-mers for the 20

EBOV genomes along their length, while the right plot contains a (vertical) projection of the genomes and length. Points P1, P2 and P3 represent the

relative minimal absent words.

Figure 2: Structure of the Ebola virus genome. The negative-stranded RNA genome has about 19 kb in size and encodes for seven proteins:

nucleoprotein (N), glycoprotein (GP), polymerase (L) and four additional viral proteins (VP).

Genome 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

P1 1,232 1,216 1,323 1,308 1,336 1,353 1,318 1,260 1,351 1,353 1,309 1,308 1,340 1,309 1,353 1,345 1,340 1,308 1,329 1,347

P2 12,654 12,638 12,745 12,730 12,758 12,775 12,740 12,682 12,773 12,775 12,731 12,730 12,762 12,731 12,775 12,767 12,762 12,730 12,751 12,769

P3 13,056 13,040 13,147 13,132 13,160 13,177 13,142 13,084 13,175 13,177 13,133 13,132 13,164 13,133 13,177 13,169 13,164 13,132 13,153 13,171

Table 1: Starting positions for each absent word, for k = 12, contained in each EBOV genome relatively to the GRC reference human genome.

Conclusions

The field of personalized diagnosis and terapeutics is largely led by the vi-

rology branch. The identification of the regions that are present in a virus

genome but are absent in a human genome, will drive the development of

innovative terapeutics.

It is well-known that two different human genomes share a high de-

gree of homology, and we explore this characteristic to detect minimal

absent words in the human genome that are present in the Ebola virus. For

each of the 20 EBOV genomes, we have detected 3 words with size 12,

namely, TTTCGCCCGACT, TACGCCCTATCG and CCTACGCGCAAA,

using the method that we propose here.

These results can now be further explored from a biological point of

view, in order to build a vaccine that has a high probability to damage the

virus without harming the human being.
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Abstract

The current study presents an in silico model able to simulate the enzyme
kinetics of a particular enzyme and substrate. For a given concentration
of enzyme and substrate, the simulator calculates how quickly the en-
zyme stays saturated with a particular substrate, and the maximum rate
it can achieve. These properties are important in order to infer the en-
zyme activity in the cell and to predict the way the enzyme will respond
to changes in substrate concentration. Related studies can be found in
literature most of them using complex continuous models such as partial
differential equations. The simulator is based on a discrete model, easily
customizable, which displays an animated representation of the enzyme-
catalyzed reaction. In addition, through the double reciprocal representa-
tion from Lineweaver-Burk the parameters of Michaelis-Menten kinetics
were obtained. Two types of inhibitors (irreversible and reversible com-
petitive) were also added to the simulator.

1 Introduction

According to [4], there exists a wide range of possible problems to be
modeled in Systems Biology. The chosen biological simulation prob-
lem was inspired by [2, 5] which models the enzyme kinetics represented
by conventional biochemistry models namely, Michaelis-Menten [6] and
Lineweaver-Burk [3]. The model used to study this particular biological
problem was a discrete approach, the 2-D Cellular Automata (CA) with
the extended Von Neumann neighborhood. The intent of the study is to
analyze the capacity of Cellular Automata (CA) discrete models to sim-
ulate enzyme kinetics, using various amount of substrate concentration
as input and study its influence in the results. However, this study was
not only focused in the recognition of the ability to model enzyme kinet-
ics, but also to adapt the model to an in vitro study [1] conducted at the
chemistry laboratories at UBI. The simulator is based on a discrete model,
displaying an animated representation of the enzyme-catalyzed reaction.
Through the double reciprocal representation from Lineweaver-Burk the
parameters of Michaelis-Menten kinetics were obtained. Two types of in-
hibitors (irreversible and reversible competitive) were also added to the
simulator.

2 Methods

The methodology used for the development of the present work follows
a step-by-step approach, and can be divided into four main parts: (1) un-
derstanding the potential of the CA models in systems biology resourcing
to the work presented in literature; (2) study and implementation of a spe-
cific biological problem to build a conceptual model of the problem; (3)
tuning the model for a specific in vitro study; (4) validation of the model
implemented.

To proceed to the implementation of the in silico model we choose
Processing and MATLAB programming language, and CA discrete mod-
els. The CA were originally proposed by John Von Neumann as an ab-
stract simulation of self-reproduction in biology. These models run under
a finite dimensional grid with three main concepts: (1) cells, that represent
the entities; (2) neighbors, that introduce the interaction between entities;
(3) rules, that bring the dynamics to the entire system. With the initial
research in literature about the existing applications of CA in systems bi-

ology was possible to conclude that these models are a good approach and
widely used in this field. We found a wide range of modeling applications
of CA to systems biology such as in HIV, angiogenesis, cancer cells (in
the study of tumor growth), metabolic pathways and many others. There
are also several studies related to enzyme kinetics. Notwithstanding these
studies served as the basis to this simulator, they are quite limited because
did not use the inhibition component. The computer simulation presented
here, operates in a 2D grid with a variable number of cells (usually used
12100 cells), representing enzymes, substrates, products and inhibitors
(only if needed). The type of neighborhood chosen was the extended Von
Neumann. As the created system also intended to implement the ability to
modeling of different enzymes there was introduced a parameter that de-
termine the probability to occur the catalysis (designed as Pc). In attempt
to get a better understanding of the performing of the system figure 1
presents an example of the operations made during an iteration.

Rules

Iteration N Iteration N+1

New product 
was created!

Figure 1: Example of system operation during a time step, evolving the respective
application of the rules and the result in the next generation.

3 Results

In this section follows the results achieved with the current work. The
output data is the result of three main target studies: the response of the
system in the presence of different types of inhibitors (see fig. 2); the
influence of each input parameter in the final result; and the ability of the
system to portray an in vitro experiment.

3.1 In vitro study

The system suffured a set of tests in attempt to produce similar results to
those achieved in [1]. As the system has a huge amount of different com-
binations of initial values, was previously made a set of trials in attempt
to understand the influence of each parameter in the final outcomes. The
most accurate results are shown below figures 2 and 3. This study can be
viewed as a mathematical induction such as:

1. Given statement: CA implemented can approximate values from
those obtained in in vitro experience;

2. Base case: test to a specific enzyme and substrate, Acetylcholines-
terase and Acetylcholine respectively;

3. Inductive step: adjust the model to simulate other combinations
of enzymes and substrates (not applicable in this study).
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Figure 2: Representation of Lineweaver-Burk kinetics, where the pink line rep-
resents the ”no inhibitors” case, the red line represents the ”irreversible inhibitors”
case and the blue line represents the ”reversible competitive inhibitor”.

The Table 1 shows the substrate and enzyme concentration used for
this study. The total number of cells was 12100. The number of sub-
strate concentrations were equal from those used in the in vitro exper-
iment, however the enzyme concentration were induced by us, because
was not mentioned in the reference document.

[E] [S]1 [S]2 [S]3 [S]4 [S]5 [S]6 [S]7
0.000347 0.0025 0.0035 0.005 0.0075 0.01 0.015 0.02

Table 1: Substrate concentration used in in vitro study.

The Table 2 presents the values achieved in this study. As it is possible
to check exists a big difference between values. The most closer value
obtained was the Km, but the others are very distant from the desired.
However, is important to note that Lineweaver-Burk plot is obtained using
the reciprocal of v0 values, so when the value of v0 comes very small its
reciprocal tends to be very large. The reader can get a graphical overview
of the differences obtained in figure 3.

In vitro In silico ERROR

Km(mM) 0.0656 0.1973 0.1317

Vmax(mM−1.s) 0.0015 0.0047 0.0032

Table 2: Comparison values between in vitro results and the closer values
obtained with CA model.
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Figure 3: Representation of Lineweaver-Burk kinetics of the in silico model com-
paring to the in vitro experiment, where the blue line represents the value obtained
in in vitro study and the red line the values obtained with in silico model.

The system was able to identify the same general overall trends as
the ones identified from the available in vitro experiments. However, and

as already mentioned, still exists an error in this model, which probably
could be minimized with the introduction of more aspects to take into
account such as the temperature. Other important aspect that could re-
duce this difference is a relation between unities such the number of in-
teractions at each generation used in the in silico model and the time, in
seconds, used in the in vitro experiment.

4 Conclusions

The CA models have the ability to reproduce, with an high level of re-
alism, this specific biological problem - the enzymatic kinetics. From
the literature review the wide applicational range of CA to modeling and
simulation in Systems Biology is clear. The developed model was gener-
ated from appropriate features and reflects some interesting properties of
enzyme kinetics, such as the influence of different input parameters in the
final results.

However it is important to mention that the reported results refer to
a specific pair of enzyme-substrate in a given time interval. When facing
a more complex biological system such as the simulation of an entire
metabolic pathway, which involve many different enzymes and substrates,
the exclusive use of these discrete models should not suffice.

Nevertheless, the current work encourages further experiments and
study, providing an useful introductory hands-on approach to enzyme ki-
netics using CA. As a complement to this research we intend to perform
a parametric analysis of the influence of additional parameters such as
the solvent, the temperature and the pH of the environment. The adjust-
ment of the parameters to different in vitro studies appears to be another
interesting line of work. This will result not only in a more realistic model
of enzyme kinetics but also in a wider range of new applications.
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Abstract 
 The incidence of Diabetes Mellitus (DM) is increasing dramatically in 

developed countries. One of the most common side effects of this disease is 

diabetic neuropathy which is the main responsible for the disability associated with 
Diabetes. 

 Using corneal confocal microscopy (CCM) is possible to obtain image with in 

vivo the sub-basal nerve plexus. Several studies show the importance of corneal 
nerves analysis in the early diagnostic of peripheral neuropathy, a frequent and 

severe side effect of Diabetes. In an early stage of the disease, is possible to detect 

a significant decrease in density of nerve and variations of morphometric 
parameters of the sub-basal nerves plexus, like nerve tortuosity, in CCM images of 

patients with diabetic neuropathy [1].  

 The development of automated systems that allow segmentation of the corneal 
nerves and calculus of specific morphometric parameters, like tortuosity, can be a 

simple and non-invasive way to early detect diabetic neuropathy.  

 In this paper is present an automatic segmentation of corneal nerves from 
CCM images using a new model for active contours based on curve evolution. 

After corneal nerve segmentation and post-processing techniques the tortuosity of 

nerves is computed.  

1 Introduction 

Diabetic neuropathy is a nerve damage disease that occurs in the body due to 
high levels of sugar in the blood. About half of all the patients with DM of type I 

and type II will develop neuropathy in some part of their body [2]. So an early 

diagnosis and accurate assessment of this pathology, using non-invasive methods, 
is of great importance for mundial health.  

In this paper we propose an automatic segmentation algorithm for nerves of 
the cornea from images obtained by CCM and subsequent calculation of tortuosity 

of the segmented nerves. The evaluation of nerve tortuosity is related to neuropathy 

severity [3], can be useful on staging of diabetic peripheral neuropathy.  
The Fig. 1 shows images of non-tortuous and tortuous corneal nerves obtained 

by CCM. The nerves appear bright in a dark background, frequently; these images 

have other types of structures like basal epithelial cells and keratocytes. The sub-

basal nerve plexus images acquired with CCM have a central region brighter than 
the peripheral regions which difficult segmentation stage more difficult. Before 

nerve segmentation is essential to perform a correct pre-processing in order to 

enhance contrast and luminosity. 

 

Figure 1: CCM Images of non-tortuous corneal nerves of a healthy subject (left) and tortuous 

sub-basal corneal nerves of a subject with diabetes (right.) 

2 Methods 

The proposed algorithm for automatic segmentation is divided in tree major 

stages: pre-processing, segmentation and post-processing.  

2.1  Pre-Processing 

The pre-processing stage was a challenge. Several methods were tested with 

different parameters. The best results were obtained by successive application of 

image processing methods. We started by apply the gray scale morphological Top-

Hat transformation to correct uneven luminosity of the dark background. The top-

hat transformation of a gray-scale image f by the structuring element b is defined 

as the original image f minus its opening that corresponds to two successive 

morphological operation: erosion   and dilation [4]: 

 ( ) ( )hatT f f f b f f b b       (1) 

where   and   represents the dilation and erosion, respectively.  

After intense experimentation the chosen structuring element was a disk with 
radius of 13 pixels. To blur the image and attenuate the noise presence it was 

implemented a Gaussian lowpass filter of size 6x6 and standard deviation of 1.8. 

To blur the image and attenuate the noise presence it was implemented a Gaussian 
lowpass filter of size 6x6 and standard deviation of 1.8. To enhance the contrast 

the filtered images are transformed using contrast-limited adaptive histogram 

equalization (CLAHE). CLAHE operates on small tiles of the image rather than on 
the entire image. Square regions of 8 x 8 pixels were used.  

 

Figure 2: Original CCM image (left) and results of the pre-processing stage (right. 

2.2  Segmentation 

The process of image segmentation consists in partitioning an image into 

different regions based on specified criterion. Regions of interest are isolated in 
order to be represented and described by high level features simplifying the image 

processing in the specific problem context [4][5].  

In a first approach segmentation was performed through adaptive thresholds 

using the Otsu's method. This method proved effective for some images but showed 

a poor ability to generalize. As the geometric and topological shapes of corneal 
nerves are not a priori known the choice Chan-Vese model [6] also known as 

Active Contours without Edges emerged as the right choice. This algorithm has 

been used successfully in the segmentation of different structures in medical 
images, especially for the segmentation of brain, heart and trachea [8]. 

Chan & Vese proposed a new model for active contours based on techniques 

of curve evolution to detect objects in an image, Mumford–Shah functional [8] for 

segmentation and level sets.  

The Chan-Vese approach was applied to all available CCM images good 
results have been obtained. The Figure 3 (left) shows an example of corneal nerves 

segmentation using Chan-Vese method. The corresponding matrices  to obtained 

images has positive and negative numbers, each one representing one level set of 
the image. The Figure 3 (right) is the result of binarization of the image obtained 

using the Chan-Vese method (left picture) limiting the value of the level set. In this 

case, values lower than 0.1 becomes black, while higher values becomes white.  

 

Figure 3: Segmentation using Chan-Vese model (left) and binary result of processing Chan-

Vese segmentation results (right). 

The obtained results can be explained by the fact that Chan-Vese approach is 

based on global properties rather than just taking into account local properties, such 
as gradients, which happens with the most methods of segmentation using level set 

methods. 
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2 Automatic Segmentation System of Cornea Nerves and Tortuosity Calculation 
 

 

2.3 Post-Processing 

As expected, after the segmentation arise many parasites regions of small 

areas. So, a post-processing phase that isolates the region of interest - the nerves of 

the cornea - is required.  

The remove of the unwanted areas in the binary images was performed in two 

steps. First the morphological operation close was applied to correct discontinuities 
of the nerves contributing to a better definition of the object under study because 

small details are captured and connected to the region of interest. This operation is 

composed by two simple morphological operations, dilation and erosion [5]: 

 ( )closef f b f b b       (2) 

Then all segmented regions are labelled and their properties measured. 

Regions are removed based on area and eccentricity properties [9]. Using this 

strategy, almost one hundred percent of the parasite regions are removed emerging 
isolates nerves.  

 

Figure 4: The binary image (left) and post-processed images using morphological operations 

(right). 

Figure 4 shows an example of a binary image before (left) and after post-

processing stage (right). The experiments showed the importance of the order of 

application of operations. First must be applied closing operation before deleting 

unwanted regions. In another way small areas belonging to the nerves would also 

be eliminated, reducing the continuity and detail of the segmented regions. In some 

situations the post-processing step can be refined, however for the purposes of 

calculating the nerve tortuosity these pixels parasites have no influence on the 

outcome. 

2.4 Tortuosity 

Tortuosity is a property usually associated with corneal nerves. It is a 

characteristic of the corneal nerve architecture that says how curved or kinked a 

nerve appears along its course. In diabetic patients the Tortuosity is a measure from 

neuropathy diabetic, so of great importance in the diagnosis and follow up of these 

patients. 

There are several ways to determine the nerves tortuosity depending on the 
objective of the application.  

In this study we choose a simple approach for the calculus of the tortuosity, 

because it is easy to understand and requires less computing cost, making the 
process faster. The considered method has the following expression: 

 
L

C
    (3) 

Where L is the length of the considered nerve and C represents the distance 

between the ends of the nerve. The Figure 5 show a graphic interpretation of the 

tortuosity expression presented above. 

 

 

 

 

 

 

 

 

Figure 5: Length of the vessel (C) and distance between edges (L). 

To implement this approach to calculate the corneal nerve tortuosity we had 

to make some modifications in the segmented image to achieve the pretended 

results. When the nerves have no ramifications the procedure is pretty 

straightforward. The problem occurs when the nerves have branches. The solution 

was to locate the branching points of branch nerves are isolated from each division 

in order to implement the algorithm presented above, as shown in Figure 6: 

 

Figure 6: Segmented and processed image (left) and branch selected for tortuosity 

calculation (right). 

3 Discussion 

Figure 7 summarizes the application of the proposed methodology for 

segmentation of corneal nerves and calculation of its tortuosity. The right image 

shows an isolated nerve and the value of its tortuosity. The results are consistent 

with the visual analysis of the shape of the corneal nerves.  

 

 

 

 

 

 

 

 

 

Figure 7: Original image (left) and final image with the segmented nerve and value of 

tortuosity (right). 
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Abstract

This paper proposes a method that is able to address two of the major
problems in image processing: denoising and inpainting. The approach is
based on a Gaussian mixture model (GMM), estimated exclusively from
the observed image, using the expectation-maximization algorithm, based
on which the minimum mean squared error (MMSE) estimate is obtained
in closed form. To the best of our knowledge, this approach has never
been documented and the results show that it is able to perform on the
same level as other state of the art algorithms.

1 Introduction

With the current technological development, there is an increasingly higher
number of applications that, at some point, involve acquiring one or more
images, be it for recreational, medical, surveillance, astronomical, or any
one of many other purposes. Naturally, the development of methods to
improve the quality of these images is a necessity.

Image denoising is a well-known problem of image processing; it was
one of the first to be addressed and is still one of the core problems. As
the name suggests, image denoising deals with the removal of noise from
digital images. Another example refers to filling-in areas that are missing.
The latter is commonly called image inpainting and, along with image
denoising, is associated with the process of acquiring digital images.

1.1 Problem statement

The two aforementioned problems belong to a more general family of
ill-posed problems, called inverse problems: there is some observed data
and the objective is to determine a set of parameters which originated it,
according to a theoretical model. Equation (1) is a typical formulation of
such problems:

y = Hx+n, (1)

where y denotes the corrupted input signal, x the clean image that we want
to estimate, n is noise, and H is a degradation operator that depends on the
type of problem at hand. In image denoising H is an identity matrix while
in image inpainting it represents a mask. There are numerous approaches
to estimate the clean image but this paper will focus only on a particular
class of algorithms: patch-based. In image denoising, some of the best
approaches try to find a sparse representation of the patches, either in a
transform domain [3], such as wavelet or DCT, or using a dictionary [1],
while others simply search the image for similar patches and combine
them [2]. The proposed method is based on a probabilistic model that uses
a mixture of Gaussian distributions to represent the (usually overlapping)
image patches. Although Gaussian mixture models have been used before
to model image patches, estimation is usually based on a collection of
clean images, rather than only on the observed image to be denoised,
which is the approach pursued in this work.

In Section 2, the algorithm is introduced and explained in detail.
Then, in Section 3, the results are presented, discussed and compared with
other state of the art algorithms. Lastly, in Section 4, some final remarks
and considerations are drawn.

2 Method

This section describes the proposed method and the reasons why, hope-
fully, the output results will be in the same ballpark as the current state of

the art. As mentioned above, the proposed algorithm tries to find a proba-
bilistic model for the noise-free patches using mixture models. Such tool
has proven to be very useful and flexible in modelling multivariate data. In
particular, Gaussian mixture models (GMM) are capable of representing
any continuous probability density function and have interesting analyt-
ical tractability properties [4]. Mathematically, a GMM is given by the
well known expression

pX (x | φ) =
k

∑
i=1

αiN (x; µi,Ci), (2)

where N (x; ·) denotes the Gaussian (or normal) density distribution com-
puted at x, whereas µi and Ci are the mean vector and covariance matrix
of the i− th component. The parameters α represent the weight of each
component, thus are non-negative quantities, summing to one. All the
parameters that define the GMM (the set of all µi,Ci and α) are encom-
passed in φ . Estimating each clean image patch, x, from the correspond-
ing observed (noisy) patch y, can then be cast as the following problems:
first, estimate the parameters of the GMM from the set of observed im-
age patches y1, ...,yN ; second, compute the minimum mean squared error
(MMSE) estimate of each patch x, which is given by the posterior ex-
pected value:

x̂ = E[x | y] =
∫

x
pY |X (y | x) pX (x)

pY (y)
dx. (3)

The first problem can be solved by determining the maximum likelihood
(or maximum a posteriori, in the presence of some prior) estimates of
the mixture parameters. Although this can not be done analytically, it
can be performed efficiently using the widely acknowledged expectation-
maximization (EM) algorithm [4]. As for the second problem, Equation 3
is obtained by application of the Bayes rule and by minimizing the poste-
rior squared error [7]. In general, the MMSE estimate is harder to com-
pute, when compared to the maximum a posteriori estimate, due to the
need to compute pY (y). Yet, if the noise is additive white Gaussian noise,
with zero mean and covariance matrix σ2I (n∼N (0,σ2I)), then the cal-
culations greatly simplify. Considering the image denoising theoretical
model (Equation (1)) and the probability distributions of x and n, the fol-
lowing holds:

pX (x) = ∑
i

αiN (x; µi,Ci) = ∑
i

αi pi
X (x), (4)

pY (y) = ∑
i

αiN (y; µi,Ci +σ2I) = ∑
i

αi pi
Y (y), (5)

pY |X (y | x) =N (y;x,σ2I). (6)

Substituting Equations (4), (5) and (6) in (3), a somewhat lengthy process
of algebraic manipulation leads to

x̂ =
k

∑
i=1

α
′
i (y) µ

′
i (y), (7)

where

α
′
i (y) =

αi pi
Y (y)

pY (y)
, (8)

are, once again, non-negative and sum to one, and

µ
′
i (y) =C

′
i

(
C−1

i µi +(σ2I)−1y
)
, (9)



(a) (b) (c) (d)
Figure 1: Denoising: (a) original image; (b) noisy image (σ = 30, PSNR = 18.59dB); (c) BM3D (PSNR = 31.26dB); (d) Proposed (PSNR = 30.99).

and

C
′
i =
(

C−1
i +(σ2I)−1

)−1
, (10)

are obtained knowing that the product of two Gaussian distributions is
proportional to another Gaussian distribution with mean and covariance
matrix given by Equations (9) and (10) (see, for example, [5]). Note that,
as expected, both α ′i and µ ′i depend on the input data.

All the steps above are also applicable to the image inpainting prob-
lem and the final result is the same as Equation (7), with a slight modi-
fication to account for the missing data. Matrix H is, in this situation, a
binary mask with 1’s in the observed pixels and 0’s elsewhere. An alter-
native way to write Equation (1), in the case of inpainting is

yobs = Mx+n, (11)

where yobs corresponds to the observed pixels only and M is a fat matrix,
also binary, such that MMT = I and MT M = H. These last two properties
of matrix M are necessary to conclude that

µ
′
i (yobs) =C

′
i

(
C−1

i µi +MT (σ2I)−1yobs

)
, (12)

where

C
′
i =
(

C−1
i +MT (σ2I)−1M

)−1
. (13)

3 Results and discussion

In this Section, experimental results obtained with the proposed method
are presented and discussed. Tables 1 and 2 summarize the numerical
results of image denoising and inpainting, while Figure 1 shows an ex-
ample of the visual quality of the output. Table 1 was obtained through
an extensive analysis of the impact of the algorithm parameters, namely
the size of the patches (pd×pd) and the number of components in the
mixture (K). The experiments were carried out as follows: for each input
image and noise variance, both pd and K were swept from 3 to 12 and 10
to 60 (intervals of 5), respectively. Such experiment allowed us to draw
some conclusions: the values of the parameters that provided best results
depend on the noise level, on the size of the image, and on whether the
image is flat or rich in texture. These dependencies are a downside of the
proposed method and a strategy to make the algorithm more robust should
be developed. Even so, the algorithm described in Section 2 performs on
the same level as other state of the art algorithms.

The inpainting experiment (Table 2) was simpler taking into account
the previous considerations: all the values were obtained with fixed patch
size (pd= 8) and number of components (K= 25). As expected, as the
data ratio decreases the harder it gets to recover the missing pixels. Still,
the proposed method produced state of the art results.

Note: the four methods used for comparison were chosen for two
reasons: first, they provide state of the art results on each problem, and
second, there is a publicly available implementation of the algorithms.

4 Conclusions

From what could be ascertained, this is the first time that a Gaussan mix-
ture model obtained with the EM algorithm exclusively from the observed
image (rather than from a training set of clean images) is used to ad-
dress problems such as image denoising and inpainting. The obtained

sigma (σ )
Lena (512×512) Cameraman (256×256) House (256×256)

BM3D K-SVD Proposed BM3D K-SVD Proposed BM3D K-SVD Proposed
5 38.72 38.53 38.86 38.29 37.97 38.57 39.83 39.47 39.92

10 35.93 35.55 35.88 34.18 33.76 34.44 36.61 36.05 36.58
15 34.27 33.74 34.11 31.91 31.54 32.15 34.94 34.41 34.65
20 33.05 32.40 32.83 30.48 30.07 30.64 33.77 33.21 33.34
25 32.08 31.34 31.81 29.45 28.94 29.50 32.86 32.21 32.34
30 31.26 30.46 30.99 28.64 28.12 28.58 32.09 31.25 31.44

Table 1: PSNR comparison on gray-level image denoising.

Method
Lena (512×512) Cameraman (256×256) House (256×256)

80% 50% 20% 80% 50% 20% 80% 50% 20%
BP [8] 41.27 36.94 31.00 34.70 28.90 24.11 43.03 38.02 30.12
SO [6] 43.01 37.43 31.94 36.19 30.71 25.13 44.34 38.77 32.60

Proposed 41.91 37.22 31.25 33.74 28.85 24.11 45.20 39.30 31.71

Table 2: PSNR comparison on gray-level image inpainting.

results are promising but we believe that there is still room for improve-
ment. Nonetheless, this paper proposed an alternative approach, which
was shown to be able to provide state of the art results.
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Abstract
We present a new method for the detection of 3D keypoints on point
clouds and we perform benchmarking between each pair of 3D keypoint
detector and 3D descriptor to evaluate their performance on object and
category recognition. Our keypoint detector is inspired by the behavior
and neural architecture of the primate visual system. The 3D keypoints
are extracted based on a bottom-up 3D saliency map, that is, a map that
encodes the saliency of objects in the visual environment. The saliency
map is determined by computing conspicuity maps of the orientation, in-
tensity and color information in a bottom-up and in a purely stimulus-
driven manner. Finally, the focus of attention (or “keypoint location") is
sequentially directed to the most salient points in this map. The main con-
clusions are: with a similar average number of keypoints, our 3D keypoint
detector outperforms the other eight 3D keypoint detectors evaluated in
the category and object recognition experiments.

1 Introduction
The interest on using depth information on computer vision applications
has been growing recently due to the decreasing prices of 3D cameras.
Depth information improves object perception, as it allows for the deter-
mination of its shape or geometry.

This paper has two main focuses: the first is to present a new keypoint
detector; the second an evaluation of our and others 3D keypoint detec-
tors. Our keypoint detector is a saliency model based on spatial attention
derived from the biologically plausible architecture. It uses three feature
channels: color, intensity and orientation. The computational algorithm
of this saliency model has been presented in [6] and the standard saliency
benchmark in 2D images. We present the 3D version of this saliency de-
tector and demonstrate how keypoints can be extracted from a saliency
map.

In [2], the author focuses on the descriptors available in Point Cloud
Library (PCL), explaining how they work and made a comparative eval-
uation on publicly available data. In our study, we will see that it is not
enough, the results also depend on the keypoint location. The same au-
thor studies the accuracy of the distances both for objects and category
recognition and finds that simple distances give competitive results [1].

The 3D keypoint detectors and descriptors that we will compare can
be found in version 1.7 of the PCL [9]. With this, we will find what is
the best pair of keypoint detector/descriptor for 3D point cloud objects.
We propose to answer this question using a public large RGB-D Object
Dataset [7], this is composed of 300 real objects and divided in 51 cate-
gories.

In [4], the invariance of 3D keypoint detectors according to rotations,
scale changes and translations was evaluated. It also contains a more de-
tailed description of the two keypoint detectors: 1) The Scale Invariant
Feature Transform (SIFT) keypoint detector was proposed by [8]. In [5],
the original algorithm for 3D data is presented, which uses a 3D version
of the Hessian to select the interest points; 2) Intrinsic Shape Signatures
3D (ISS3D) [13] is a method relying on region-wise quality measure-
ments. This method uses the magnitude of the smallest eigenvalue (to
include only points with large variations along each principal direction)
and the ratio between two successive eigenvalues (to exclude points hav-
ing similar spread along principal directions). We compare our proposal
against these ones.

One of our goals was to evaluate the four descriptors, two main de-
scriptors and its variants based on color, in terms of category and object
recognition: 1) Descriptors such as Point Feature Histograms (PFH) [10]
can be categorized as geometry-based descriptors. This type of descrip-
tor is represented by the surface normals, curvature estimates and dis-
tances, between point pairs. PFHRGB is an version of PFH in which is
included information regarding the color of the object; 2) The Signature
of Histograms of OrienTations (SHOT) descriptor [11] is based on a sig-

nature histograms representing topological features, that make it invariant
to translation and rotation. For a given keypoint, it computes a repeatable
local reference frame using the eigenvalue decomposition around it. In
order to incorporate geometric information of point locations in a spher-
ical grid. For each spherical grid bin, a a one-dimensional histogram is
obtained. In [12], they propose a color version (SHOTCOLOR), where
use the CIELab color space as color information.

2 Proposed 3D Keypoint Detector
The Biologically Inspired 3D Keypoint based on Bottom-Up Saliency
(BIK-BUS) is a keypoint detector that is based on the saliency maps,
which are also known as visual attention [3]. The saliency maps are deter-
mined by computing conspicuity maps of the features intensity and ori-
entation in a bottom-up and data-driven manner. These conspicuity maps
are fused into a saliency map and, finally, the focus of attention is sequen-
tially directed to the most salient points in this map. Using this theory and
following the work presented in [6], we will present our keypoint detector
in six steps.

Step 1: Linear Filtering – The color channels (r, g, and b) of the input
colored point cloud are normalized when I = (r+g+b)/3 is larger than
1/10 of its maximum over the entire image, other locations yield zero.
With these three normalized color channels, we create four broadly-tuned
color channels: R = r− (g+b)/2, G = g− (r+b)/2, B = b− (r+g)/2
and Y = (r+g)/2−|r−g|/(2−b).

Five Gaussian pyramids R(σ), G(σ), B(σ), Y (σ) and I(σ) are cre-
ated from the color and intensity channels, where σ represents the stan-
dard deviation used in the Gaussian kernel. Each Gaussian pyramid is
achieved by convolving the cloud with Gaussian kernels of increasing ra-
dius, resulting in a pyramid of clouds.

The orientation pyramids O(σ ,θ) are obtained using the normals ex-
tracted from the intensity cloud I, where θ ∈ {0o,45o,90o,135o} is the
preferred orientation. In the primary visual cortex, the impulse response
of orientation-selective neurons is approximated by Gabor filters.

Step 2: Center-Surround Differences – There are two types of center-
surround structures in the retina: on-center and off-center. The on-center
use a positive weighed center and negatively weighed neighbors and the
off-center use exactly the opposite. The positive weighing is better known
as excitatory and the negative as inhibitory [3].

Center-surround is implemented in the model as the difference be-
tween fine and coarse scales: the center is a pixel at scale c∈ {2,3,4}, and
the surround is the corresponding pixel at scale s = c+δ , with δ ∈ {3,4}.
The across-scale difference between two maps, denoted by ‘⊖’, is ob-
tained by interpolation to the finer scale and point-by-point subtraction.

The first set of feature maps is concerned with intensity contrast.
Here, both types of sensitivities are simultaneously computed in a set of
six maps I(c,s)= |I(c)⊖ I(s)|. For the color channels, the process is sim-
ilar, which, in the cortex, is called ‘color double-opponent’ system. The
existence of a spatial and chromatic opponency between color channels
in human primary visual cortex is described. With that, the maps RG(c,s)
and BY (c,s) are created in the model to simultaneously take in account
the red/green and green/red, and blue/yellow and yellow/blue double op-
ponency, respectively, as: RG(c,s) = |(R(c)−G(c))⊖(G(s)−R(s))| and
BY (c,s) = |(B(c)−Y (c))⊖(Y (s)− B(s))|. Orientation feature maps,
O(c,s,θ), encode local orientation contrast between the center and sur-
round scales: O(c,s,θ) = |O(c,θ)⊖O(s,θ)|.

Step 3: Normalization – The salient objects appear only in a few
maps, which can be masked by noise or by less-salient objects present
in a larger number of maps. In the absence of top-down supervision, we
use a map normalization operator N (.) and consists of: 1 – Normalizing
the values in the map to a fixed range [0..M], in order to eliminate large
amplitude differences; 2 – Finding the location of the global maximum
maps M and computing the average m of all its other local maxima; and 3



– Globally multiply the map by (M−m)2.
Step 4: Across-Scale Combination – The conspicuity maps are the

combination of the feature maps, for intensity, color, and orientation, at
the scale s = 4 of the saliency map. They are obtained through the re-
duction of each map to scale four and point-by-point addition, called
across-scale addition, ‘

⊕
’. The conspicuity maps for the intensity, I,

and color channels, C, are given by: I =
4⊕

c=2

c+4⊕
s=c+3

N (I(c,s)) and C =

4⊕
c=2

c+4⊕
s=c+3

[N (RG(c,s))+N (BY (c,s))].

For orientation, four intermediary maps are first created by combina-
tion of the six feature maps for a given θ and are then combined into a
single orientation conspicuity map

O = ∑
θ∈{0o,45o,90o,135o}

N
[

4⊕
c=2

c+4⊕
s=c+3

N (O(c,s,θ))
]

.

Step 5: Linear Combination – The final saliency map is obtained by
the normalization of each conspicuity map and calculating the mean be-
tween I, C and O.

Step 6: Inhibition-of-Return (IR) – The IR is part of the method that
is responsible for the selection of keypoints. It detects the most salient
location and directs attention towards it, considering that location a key-
point. After that, the IR mechanism transiently suppresses this location
in the saliency map and its neighborhoods in a small radius, such that at-
tention is autonomously directed to the next most salient image location.
Computationally, the IR performs a similar process of selecting the global
and local maximums.

3 Experimental Evaluation and Discussion
In order to perform this evaluation, we will use three measures, which are
the Area Under the ROC Curve (AUC) and the decidability (DEC). The
obtained AUC and DEC for category and object recognition are given in
table 1. The decidability index represents the distance between the dis-
tributions obtained for the two classical types of comparisons: between
descriptors extracted from the same (intra-class) and different objects
(inter-class). Considering µintra and µinter denote the means of the intra-
and inter-class comparisons, σ2

intra and σ2
inter the respective standard de-

viations and the decidability is given by DEC =
|µintra−µinter |√
1
2 (σ

2
intra+σ 2

inter)
.

Analyzing the descriptors in a generic way, the best results were ob-
tained with the PFHRGB. It is interesting to compare it to the PFH: im-
provement can only be attributed to the incorporation of color informa-
tion. The same is true for the SHOTCOLOR versus the SHOT descriptor.
The two best results in terms of category and object recognition are pre-
sented in the descriptors that use color information.

Considering only the accuracy, the best combination for the cate-
gory recognition is BIK-BUS/PFHRGB, closely followed by BIK-BUS/
SHOTCOLOR, ISS3D/PFHRGB and ISS3D/SHOTCOLOR both in terms
of AUC and DEC. The pairs BIK-BUS/PFHRGB and BIK-BUS/ SHOT-
COLOR have exactly the same AUC, the difference is in the DEC where
it is slightly higher in the case of PFHRGB. BIK-BUS turns out again the
best performer among detectors: SHOT, SHOTCOLOR and PFHRGB.

In terms of object recognition, the best pair is BIK-BUS/PFHRGB,
but only beats the second best combination, ISS3D/PFH. For SHOT and
SHOTCOLOR descriptors, if we compare our keypoint detector with the
ISS3D we obtain improvements for both of 1.5% in the case of category
recognition, and 1.1% and 1.4% in object recognition, respectively.

4 Conclusions
In this paper we presented a novel 3D keypoint detector biologically mo-
tivated by the behavior and the neuronal architecture of the early primate
visual system. The BIK-BUS is a keypoint detector on a computational
technique to determine visual attention, which are also known as saliency
maps. The saliency maps are determined by sets of features in a bottom-
up and data-driven manner. The fusion of these sets produced the saliency
map and the focus of attention is sequentially directed to the most salient
points in this map, representing a keypoint location.

In the evaluation, we used some of the 3D keypoint detectors and the
3D descriptors available in the PCL library. The main conclusions of this
paper are: 1) a descriptor that uses color information should be used in-
stead of a similar one that uses only shape information; 2) in terms of

Table 1: AUC and DEC values for the category and object recognition for
each pair keypoint detector/descriptor. BOLD indicates the best (bigger)
results in terms of AUC and DEC for each pair.

Descriptor Keypoint
Category Object

AUC DEC AUC DEC

SHOT
BIK-BUS 0.827 1.281 0.863 1.513

ISS3D 0.812 1.168 0.852 1.413
SIFT3D 0.814 1.207 0.848 1.409

SHOTCOLOR
BIK-BUS 0.867 1.571 0.916 2.012

ISS3D 0.852 1.465 0.902 1.873
SIFT3D 0.839 1.394 0.896 1.792

PFH
BIK-BUS 0.848 1.488 0.893 1.832

ISS3D 0.848 1.489 0.895 1.855
SIFT3D 0.843 1.458 0.890 1.801

PFHRGB
BIK-BUS 0.867 1.586 0.948 2.397

ISS3D 0.866 1.585 0.948 2.394
SIFT3D 0.861 1.546 0.946 2.373

keypoint detectors, to obtain an accurate recognition system, we recom-
mend the use of the BIK-BUS, since its performance is by far the best
among the keypoint detectors tested; 3) in terms of descriptors, if the fo-
cus is on accuracy we recommend the use of PFHRGB and for real-time
a good choice is the SHOTCOLOR because it presents a good balance
between recognition performance and time complexity.
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