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Rehabilitation games with active markers for children 
with infantile cerebral palsy 

Lee Wan Chen1, Rubén Posada Gómez2, Ulises Juárez-Gómez3, Guillermo C. Robles4 

Intituto  Tecnologico  de Orizaba,  Mexico  

1leewc5689@gmail.com, 2pgruben@yahoo.com, 3ujuarez@
ito-depi.edu.mx, 4gc_robles@hotmail.com 

Abstract. This paper shows a combination of image processing technology and 
active markers in a medical application. Developing a human-computer inter-
face prototype, the proposed system uses a PlayStation 3TM EyeCamera and ac-
tive marker to perform neuromuscular rehabilitation games for upper limbs, as a 
tool to support rehabilitation therapies. As a case of study, we observed children 
with infantile cerebral palsy playing the rehabilitation games prototype during 
six months, obtaining a quite positive result. This paper shows a new low cost, 
attractive and effective tool, allowing multiple therapies of neuromuscular re-
habilitation to satisfy different needs of patients. 

Keywords: Rehabilitation, cerebral palsy, computer games, image processing, 
active marker. 

1 Introduction 

Today, the interaction between humans and computers becomes more and more 
common to support people�¶�V activities in a more natural way, giving more uses in 
different areas. Such as education [1], work [2], home [3], medicine [4], among oth-
ers. The technology of human - computer integration or integration of robot and com-
puter are used in rehabilitation of the medicine area [5,6] in the way it can achieve 
distinct type of rehabilitation. It is more attractive to patients performing tedious and 
repetitive exercises [7], on the other hand; it is also more economic compared to the 
traditional rehabilitation devices and allows patients to do their therapy at home. For 
all these advantages, computer is an excellent tool to support rehabilitation. [8] Shows 
that virtual reality technology offers an efficient way to help rehabilitation. 

Currently there is a consensus, considering the cerebral palsy (CP) as a group of 
developmental disorders of movements and posture, causing activity limitations, 
which are attributed to a non-progressive attack on the developing brain in the fetal 
period and early years. From 1000 births, approximately 2 or 3 have CP [9]. 

According to the problem of children with cerebral palsy, a good technique of re-
habilitation therapies will be very important. This paper shows the development of a 
human computer interface using image processing with a PlayStation 3TM EyeCame-
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ra and a LED pen as an active marker. The system includes the development of neu-
romuscular rehabilitation games for upper limbs, in order to help children with infan-
tile cerebral palsy on his therapy. And finally, this paper shows the result of case stu-
dies with children with infantile cerebral palsy.  

2 Neuromuscular disease 

Neuromuscular diseases are characterized by muscle weakness, which could result in 
difficulty of limbs movements and a decrease of the functional ability [10]. But it 
also, depending on the distribution of the weakness, difficulty in swallowing, chew-
ing, speaking or breathing. Also secondary complications may occur; for example: 
contractures and scoliosis, which may just them, incapacitate the patient. 

A relevant muscular and functional evaluation is necessary to document the natural 
history of the patient and then determine the outcome of the therapy. 

The main treatment of neuromuscular diseases can be summarized in:  

1. Maintenance or improvement of muscle strength.  
2. Prevention of contractures or deformities.  
3. Maintenance or improvement of function.  
4. Stimulation or prolongation of ambulation. [10] 

3 Human-Computer Interface with games of rehabilitation 
neuromuscular  

3.1 Installing the device  

To achieve the natural manipulation of the human-computer interface that we present 
requires a large computer screen or a TV or a projector connected to the computer, a 
webcam that detects all area of the screen and an active marker to manipulate the 
screen. In this case we use PlayStation 3TM EyeCamera as a webcam, because it 
presents a faster response time of the image than a normal web camera and the detec-
tion of image is more stable. We also use a projector and a color LED pen (red LED, 
green LED or blue LED) as active marker to manipulate the interface, such as shown 
in Figure 1.  
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Fig. 1. Installing the device 

3.2 Marker 

The marker can be a device of control or an object that manipulates the software with 
another device capturing signals of marker and transmitting the signal to the comput-
er. Currently there are different types of control devices; generally we can divide 
them into 2 types: active markers (which send signals to the device) and passive 
markers (which do not emit the signal, and wait until the device finds them). 

In this project we developed some active markers, and we compared their advan-
tage and disadvantage. We design glove with infrared LED, hook and loop fastener 
ring with an infrared LED, pen with color LED and hook and loop fastener bracelet 
with color LED. Here we use hook and loop fastener to adjust the size of the wrist and 
finger of the user. See Figure 2 

 

 

 

Fig. 2. Active markers 

When comparing the detection result of infrared LED marker and the LED color 
marker, it showed that to detect an infrared marker, a filter is needed to remove the 
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ambient lights, but it is not very effective. When the environment is a little lighter 
there may be too much intervention, if the infrared light is far, it wouldn't be detected. 
On the other hand, for the LED color marker, though we use a filter to remove most 
of the lights and colors, as this is search by specific LED color you can find less in-
tervention, �L�W���G�R�H�V�Q�¶�W���G�H�S�H�Q�G much on ambient light like infrared. Also, in the future 
we�¶�O�O�� �E�H able to involve multi user games at the same time by having different LED 
colors.  

Infrared LED and color LED are unidirectional, light is focused on the top, if the 
top of LED is turned in another direction, the light that is seen on the camera will be  
decreased a lot, it even disappears. This problem causes detection fault. To solve this 
problem we painted black color on the top, put LED inside a small sphere of glass and 
filled with hot melt, so that LED´s light will be in all different directions. 

 

3.3 Image processing to detect active marker  

First, it captures the image from the camera, then it gets the data from each pixel of 
the image in RGB format, and compares the data of each pixel with data in RGB of 
color LED light. When the color LED light is found in image, it returns his position x, 
y. Environment interference is strong enough to make the program get confused and it 
detects incorrect point. To avoid this problem we put a filter on the lens of EyeCame-
ra. See Figure 3.  
 

 

Fig. 3. Regular image with point detection filter. 

3.4 Computer games for rehabilitation of upper limbs 

We developed two games of neuromuscular rehabilitation for upper limb; car game 
rehabilitates continuo movement of upper limbs, and frog game rehabilitates move-
ment of upper limb and movement of thumb. 

Car game 
This game works in following way: The car has to move in his road with the active 

marker. If marker is outside the road it will emit a sound that represents an error and 
errors committed during the game will be recorded. If the user puts the marker outside 
�F�D�U�¶�V�� �O�R�F�Dtion it will emit another sound, �Z�K�L�F�K�� �P�H�D�Q�V�� �L�W�¶�V�� �Q�R�W�� �D�� �Y�D�O�L�G�� �P�R�Y�H�P�H�Q�W�� 
When user reaches the final goal sound of applause, it will mean that the user has 

6Research in Computing Science (81) 2014

L. Wan, R. Posada, U. Juárez, G. C-Robles



finished this level, the game saves automatically: game level, user name, date, and 
time that user takes to �I�L�Q�L�V�K���W�K�H���J�D�P�H�¶�V���O�H�Y�H�O up to milliseconds and number of times 
that user spent outside of the road. The present game has various roads recommended 
by the doctor and divide levels by difficulty in order to help users to perform their 
rehabilitation and exercising different arm movements. See Figure 4.  

  
 

 

Fig. 4.    Car game 

In this program there is also a tool that allows the doctor or therapist to design a spe-
cific path and size of the road for different patients according to their needs.  

The doctor or therapist can check on a chart, the results of the games of each pa-
tient or all patients, or state a specific level of game, and it is also possible to see on a 
graph, an specific exercise that the patient performed during a period of time.  

Frog game.  
Frog game is for exercising upper limbs movements and also exercising thumb 

movements (press the button to turn on the light).  
This game works in the following way: the frog has to eat all cakes by pointing the 

marker in each cake and press the button, turning on the light to eat the cake, the frog 
must avoid hitting the bombs, when it collides with a bomb, the game emits error 
sound and it counts an error; when all cakes are eaten, the game emits a clapping 
sound meaning that user has finished the level of the game. Either user or therapist 
can choose the difficulty of the game in the same level, eating cakes in order or not, 
with bombs or not, bombs with movements or not.  

The doctor and therapist can also create their own levels of this game, selecting 
number of bombs and cakes, marking their positions, selecting the direction of the 
routes of each bomb. This game also offers the search of the result�V�� �R�I�� �W�K�H�� �S�D�W�L�H�Q�W�¶�V��
performance, using a chart or graph. Such as shown in Figure 5. 

 

7 Research in Computing Science (81) 2014

Rehabilitation games with active markers for children...



 

Fig. 5. Graph result 

4 Study case 

Our study case has been done during 1 month to 6 months with children aged 6-10 
years with cerebral palsy. Table 1 shows the observation and progress of these child-
ren. We have also tried during a period of time with children from 1 and half to 4 
years with cerebral palsy, but this game is difficult for them, they get distracted very 
easily, most of them cannot play this game alone, they need their parent�¶�V���K�H�O�S�����6�R���Z�H��
�M�X�V�W���G�L�G�Q�¶�W���X�V�H these cases.  
 

During the test time with children from 6 to 10 years, they made very positive 
progress. One of them can do the exercises alone, and every time he makes better 
exercises, points more exactly the road with the marker and finishes with less time 
and less errors. In the beginning �K�H���F�R�X�O�G�Q�¶�W���U�H�D�F�K���K�L�J�Ker levels, after a period of ther-
apy he could reach a higher level, now he can finish high levels within a short time 
and having few or cero mistakes. Table 2 shows the progress comparing the average 
results of beginning and after 4 month. 
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Table 1. Patient's data 

 P1 P2 P3 P4 P5 
Age 10 years 9 years 8 years 6 years 7 years 

Exercised 
hand 

Left Right Left Right Right 

Time of 
exercise 

6 month 1.5 
month 

2 month 1 month 2 month 

Time of 
each thera-

py 

30 mi-
nutes 

30 mi-
nutes 

30 mi-
nutes 

30 mi-
nutes 

30 mi-
nutes 

Position 
of 

standing sitting sitting standing standing 

Hand 
common 

use 

Right Right Left Right Right 

Descrip-
tion at 

beginning  
stage 

Only 
arrive level 

4 

Cannot 
hold pen 
well and 

�F�D�Q�¶�W���S�D�L�Q�W��
with 

strength 

Cannot 
do exercise 

alone 

Cannot 
do exercise 

alone 

Cannot 
do exercise 

alone 

 
pro-

gressing 

Arrive to 
all levels 
with good 
results, can 

do fine 
work like 

opening the 
door with 

key, catch a 
ball 

Can cut 
and paste on 

a straight 
line, paint 
with more 

strength and 
inside of 
frame 

Can ex-
ercise until 

level 3 

Can ex-
ercise until 

level 5 

Can ex-
ercise until 

level 4 

 
The case of frog game has also had good progress, child P1 has participated for 3 

months and a half. In the beginning P1 �F�R�X�O�G�Q�¶�W���S�U�H�V�V���W�K�H���E�X�W�W�R�Q���Z�L�W�K his thumb of the 
left hand, which is the hand he�¶�V�� �E�H�H�Q�� �G�R�L�Q�J the therapies with. He couldn�¶t even 
holding the marker well, he needed right hand support, after 3 months the child can 
hold marker with left hand very well and press the button with his thumb. 

For children with cerebral palsy, the present project is not only an exercise therapy 
to upper limbs but it is also an exercise to identify colors, objects and through the 
different sounds they can identify its meaning. In one single therapy several goals are 
achieved; both rehabilitation of upper limb, also color recognition and identification 
of objects and sounds. This way children find interesting to do their rehabilitation 
therapy. 
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Table 2.   Comparing average result of child P1 

Level In the beginning 4 month later 
Time (s) error Time (s) error 

1 26.516 3.33 19.100 0.33 
1 A 16.171 4.33 13.235 2 
2 9.047 1 11.67 0.66 

3 A 53.500 13.33 28.846 1 
4 24.166 3 12.046 0.33 

4 A 21.400 4 15.520 0.66 
5 A 99.635 61.5 38.604 3 
5 B 46.133 2.25 12.197 0 
6 A 47.154 7.75 32.045 1.667 
6 B 69.639 19 20.460 3 
6 C 93.631 5 31.368 3.66 

 

5 Conclusion 

The present paper shows the use of image processing in the rehabilitation area, offer-
ing neuromuscular rehabilitation games to help patients, and showing through the 
case study very positive results and progress of children who participated in this case 
study. This gives us more confidence that the rehabilitation games are very good tools 
to help in rehabilitation therapies and that they are not only for the therapies of 
movement but also offer another extra advantages. The best thing of this project is 
that it can be used for different king of rehabilitations, different therapies, to satisfy-
ing needs of different patients, only by changing the game. 

 The next step of this project is to continue creating different types of games for 
different therapies in order to offer a software tool containing various games for di-
verse needs of patient. 
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Abstract. In this work, we present a robust data association method
for solving the SPLAM (Simultaneous Planning Localization a nd Ma-
pping) problem in complex environments. The use of B-Splines curves
as representation tool is one of the most important contribution s. The
problem of data association for SPLAM was initially addressed b y com-
paring the control points forming the curves that represent the obse rved
obstacles at a given moment, to the obstacles stored in the map, co-
rrelating those who are close enough. Then, the curvature of the related
B-spline is obtained to extract characteristic points (in
ect ion points and
corners) contained in the curves. Finally, the matching informat ion was
used to correct the position of the robot and the detected obstacles. We
carried out numerous experiments by using real and simulated inform a-
tion in order to validate the processes and algorithms proposed in our
approach. Our method achieves a great precision in the map construc-
tion of complex environments, which is nearly impossible with techniques
that currently exist.

1 Introduction

One of the fundamental challenges in robotics is to obtain robust and e�cient
mechanisms to model increasingly complex environments by using mobile robots
or other kinds of robots. Many approaches have dealt with this problem without
great success, since most of these methods try to extract geometric features and
represent their positions on the map [1], or to discretize the space into cells [2]
and then classify each as occupied or empty. These approaches are all limited to
well-structured environments of limited size.

From these limitations, new methods have emerged in the literature that try
to deal with this problem. One recent work uses B-Spline curves asa represen-
tation form for describing complex geometries with obstacles [3]. However, this
new form of representation itself presents a new challenge in identifying similar
environmental characteristics from successive scans and moments, so errors in
the robot odometry can be corrected as the map of the environment is built. The
approach presented by Pedraza et al., solves the problem of the representation
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of complex geometries with obstacles by using a simple method of data associ-
ation. This method involves projecting rays from a laser sensor fromobserved
objects in the estimated odometry position to the located obstacles contained
in the map, regardless of whether these points are really consistent.While this
is represents a real advance in the �eld, the method may lead to inconsistencies
in the created map.

In this way, data association is undoubtedly the most critical aspectof the
algorithm for map construction and it is considered by some authors to be the
most di�cult problem in this �eld of robotics. Therefore, the correc t association
between the sensed characteristics during an observation and the generated map
features are essential for a consistent map construction, since any false associa-
tion could invalidate the whole process.

The process of data association has received great attention in the robotics
literature in recent years [4], [5] and many solutions have been proposed; How-
ever, most of these approaches are limited to simple features such as lines and
points (preventing their use in complex environments), simplegeometries, or
simple curves where the association algorithms are very rudimentary. Although
these techniques are appropriate and allow a full SPLAM in some cases, itis
still necessary to develop and implement new strategies that may beapplicable
to more general cases without speci�c geometries.

In this paper, we present a new data association method for map construction
of complex environments based on B-Spline curves, which are used torepresent
the obstacles in the map. Thus, our approach proposes an improvement on cur-
rent methods of data association by fully exploiting the information contained
in the parametric description of arbitrary geometries. With the creation and
validation of an advanced map modeling method such as B-Spline curves,the
properties of this representation (curves, length of curves, in
ection points) are
used to obtain a robust data association method applicable to most, if notall,
mapping situations.

2 Data association based on B-Splines

2.1 Data management

When the robot gets a new set of measures of its environment through its per-
ception system, the surrounding world is just a set of pointspi 2 < 2 linked to
each other only by the logic provided by the scanning sensor (Figure 1).With
these raw data, the �rst objective is to clearly identify the object associated with
the measurements grouped into subsets to �nally get the B-spline curves that
represent the portions of the detected objects as closely as possible.

The segmentation of the raw data was performed with the adaptive cluster
method proposed by Dietmayer [6] with the goal of obtaining measurements sub-
groups belonging to di�erent objects. Once the subsets or clusterswere obtained,
the measurements corresponding to each detected object were approximated us-
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Fig. 1. Measurement points in spacepi 2 < 2 relative to an origin (the scanning robot)
obtained with a laser scanning process.

ing unclamped B-spline curves of degree 3 as shown in the next equation:

D k = C(tk ) =
nX

i =0

N i;p (tk )X i for 0 � k � m: (1)

where
P

Np(u)X is the Cox-de-Boor recursion formula to obtain a B-Spline
curve, and the parametertk represents a point on the curve [7].

Although the representation based on B-Splines signi�cantly reducedthe
noise caused by the measurement errors of the system; a smoothing of the curve
was performed using a Gaussian �lter to ensure that the process didnot �nd false
characteristic points. Then, an evolved versionD � of the curve D was processed:

D � = f x(u; � ); y(u; � )g (2)

where
x(u; � ) = x(u) 
 g(u; � ); y(u; � ) = y(u) 
 g(u; � ) (3)

Here, 
 represents the convolution operator andg(u; � ) denotes a Gaussian
�lter of amplitude � , chosen conveniently and used only to remove the noise.
While the valuable information about the curve was preserved, this selection
process made the value to be very low. Since our proposed method normally
works with open curves, a certain number of proportional points to the double
of the full width at half-maximal (FWHM) of a Gaussian, were symmetrical ly
o�set on both ends of the curve when smoothing.

Finally, in order for the association process to e�ectively execute, it was
necessary to ensure the invariance in the resolution of the curve. so, each discrete
B-Spline curve was therefore stored taking equidistant points with a distance"
between each point:

dist (
X

Np(u)X;
X

Np(u + 1) X ) �= " (4)

Thus, a parametric vector containing the B-Spline was obtained. In addition
to the described process, a restriction on the length of the curvewas applied;
this due to the fact that too-small objects do not provide su�cient i nformation
and therefore it is not interesting to include them on the map. Also, although
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our method is currently designed for use in static environments, this restriction
allows �ltering dynamic elements (people for example) that are not meant to
be included in the map. Once the B-Splines were obtained and chosen, speci�c
features contained in the curves were identi�ed that were of great importance
in the localization process. Essentially, two types of features were sought in the
curves: in
ection points and corners.

The corner type is very common feature representing a sharp point on acurve
that is generally di�erentiable. On the other hand, the concept of in
 ection points
in a very general way refers to the point on the curve where this passes from
concave to convex or viceversa.

The process for obtaining both characteristics in the curve is basedon the
curvature scale space (CSS) [8] which is used to retrieve invariantgeometric
characteristics.

2.2 Search of characteristics in B-Splines curves

The search for particular characteristics in the curves that de�ne objects is
completely based on the curvature of the B-Spline, which is de�nedas the local
measure that indicates how much a curve has moved away from a straightline.
More formally, the curvature of a point X u = [ xu ; yu ] on the B-Spline is de�ned
as the amount equal to the inverse of the radius of the osculating circleat the
point (the circle that touches tangentially to the curve in the X u point), which
means that the smaller is the radius of this circle� largest is the curvature at
this point (1 =� ). The formula for processing the curvature can be expressed as:

k(u; � ) =
_x(u; � )•y(u; � ) � •x(u; � ) _y(u; � )

( _x(u; � )2 � _y(u; � )2)(3=2)
(5)

Where, in accordance with the convolution properties, the derivatives of each
element could be easily calculated since the exact forms of the �rst and second
derivatives of the used Gaussian kernels _g(u; � ) and •g(u; � ) are known. Thus,

_x(u; � ) =
@

@u
(x(u) 
 g(u; � )) = x(u) 
 _g(u; � ) (6)

•x(u; � ) =
@2

@2u
(x(u) 
 g(u; � )) = x(u) 
 •g(u; � ) (7)

_y(u; � ) = y(u) 
 _g(u; � ) (8)

•y(u; � ) = y(u) 
 •g(u; � ) (9)

Considering the above, the list of curvatures of the B-Spline is obtained by
using the equation 5, i.e., the obtaining of the in
ection points in th e curve is
carried out simply just searching for a change in the sign between twoconsecutive
curvatures. Moreover, the searching of corners is based on the work of Heet al.,
presented in [9]. Here, the detector is based on local and global properties of the
curvature (Figure 2).

Since our proposed method uses open curves in most cases, we considered
only corners delimited on both sides by in
ection points as a safety andcertainty
method.
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Fig. 2. Curvature zero crossings (in
ections) and corners detection shown with some
example curves to validate the detection and classi�cation p rocesses.

2.3 Data association

In order to understand the proposed approach, this section presents anillus-
trative example, which will be described in each stage of development. Figure
3 shows an example that corresponds to the evolution of the robot exploration
until the instant k + s, where three objectsBO; 1, BO; 2 and BO; 3 are detected
(shown in red) in the sensor's range of vision (circumference in dotted line).
This image highlights the odometric position as an a priori approximation of the
robot's true position, obtained from the robot's motion model since errors and
the sensory noise will lead the robot to a di�erent real position and not to the
expected one. For this reason, the objectsBO; 1, BO; 2 and BO; 3 appear displaced
and do not overlap exactly with the objects to which they belong.

Fig. 3. The robot at the odometric position qk + s with three obstacles detected within
its detection range.
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The B-Splines association will consider initially only the points of the con-
trol polygon that generated the curves. In this step, the distances between the
points of the control polygons of the all objects (those contained in the Local
Safe Region (see [10] for more details about the exploration method) and those
observed in the positionqk+ s) are obtained by associating the observed curves
with the reference curves using the following criteria.

min(dist (X LSR;i ; X O;j )) � dmin ; f
i = 1 ; :::; nm

j = 1 ; :::; n0
(10)

Where X O;j and X LSR;i are the control points of the observed splines and
the splines in the current LSR respectively,dist (X LSR;i ; X O;j ) represents the
Euclidean distance between two points, andnm and n0 are the number of control
points of the splines in the map and of the observed splines, respectively. At the
end of this �rst stage, the splines with a minimum number � min of related control
points will be associated.

In Figure 4, the curves (BLSR; 1; BO; 2) and (BLSR; 2; BO; 3) have been associ-
ated, since they have 5 and 7 related points of their control polygon respectively,
which are obtained with equation 10.

Fig. 4. Rough association computed with the control points of the curv es.

If the curves are related at this point, the next step is to perform a�ne asso-
ciation; for which, corners and in
ection points contained in the related curves
will be searched. If successful, the items found will be used forperforming an
accurate association between each pair of curves (BLSR;i ; BO;j ). The informa-
tion about the type of characteristic and the curvature at that point will be used
to avoid errors in this association step (Figure 5). If in some related curves no
associated elements were found (lines or curves too smooth, for example), the
�ne association process will be executed to �nding the closest points to the ends
of the related curves as the authors proposed in [3].

Once all the elements are related, a search of the initial and �nal points of
the related curves is performed. Taking the in
ection points or the more extreme
corners as starting points contained in both related curves, one can usesome
continuous points on the parametric curve to its end. The number of considered
points is the maximum number of elements that can be taken in the curve
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Fig. 5. Association of the in
ection points between the curves and th e corners of the
local safe region and the observed curves. Green circles represent in
ection points while
diamonds represent corners.

segment of the smaller length of the two related points from the most extreme
characteristic point toward the ends of the curve. This can be seen in detail in
the related curves (BLSR; 2; BO; 3) in Figure 6. Here, one can note that the initial
point, represented by the blue circle, was taken by choosing six elements of the
parametric curve (they are showed in blue dashed line) from the in
ection point,
represented by the green circle, to the end of the curve. The length of the curve
segmentBO; 3 from the beginning of the curve to the in
ection point, it is larger
than the curve segmentBLSR; 2 from the beginning of the curve to the in
ection
point and therefore the elements of the curve segment with shorter length will
surely be contained in the another curve segment of greater length.

Fig. 6. Example of how the initial and the end point of the related curve segments are
found.

The same process is performed at the end of the curve, where 15 points
of the parametric curve were taken from the corner, represented with green
diamond. The curve segment of smaller length from the corner at the end ofthe
curve belonging toBLSR; 2contains only 15 points. Finally, when the association
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process ended, the related curves will have an appearance similar to those shown
in Figure 7.

Fig. 7. The curve segments related to the described process of data association. Blue
circles represent the ends of related curves, while green circles and green diamonds
represent in
ection points and the corners of the curve respective ly.

3 Experimental results

Although the data association is a general problem that is applicable to any
SPLAM algorithm, in this section we decided to implement our proposal by
using the Extended Kalman Filter for SPLAM. This was done in order to make
a comparison of our proposal with the proposal submitted by Pedraza et al. [3],
since this is one of the few works that has grappled with the problem of complex
environment representation using the same description of obstaclesused in this
work, though with a di�erent approach to data association for our work. We have
conducted numerous experiments with both real and simulated data inorder
to verify and validate the approach proposed in this work. The data obtained
with simulation experiments have allowed the veri�cation of the accuracy and
consistency properties of the algorithm by comparisons with other existing and
validated algorithms. Additionally, experiments with di�erent data from real
environments were used to verify the applicability and e�ectiveness of these
techniques.

A simulated robot and the real Pioneer P3DX robot equipped with front and
rear bumper arrays, a ring of eight forward ultrasonic transducer sensors (range-
�nding sonar) and a Hokuyo URG-04Lx laser range �nder (with a detection range
from 0.02 to 4 meters with a standard deviation (� L ) of 1%, an angular resolution
of 0.36 degrees and a scan angle of 240 degrees) were used in the experiments.
The ultrasonic transducer sensors were used to obtain environmentalinformation
in the 120 degree range, since the laser range �nder cannot see at this angle.The
LIRMM laboratory environment was used in the experimental and simulation
tests (the environment had several corridors), see Figure 8.
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The data association strategy developed in this work and any other solution
proposed in this �eld could be validated using a computational performance
criterion, map quality and consistency of the algorithms. However, unlike the
methods whose environment representation is based on speci�c geometries and
where much of the information acquired by the sensors is wasted, our approach
exploits the maximum amount of possible information provided by the sensors
avoiding dangerous simpli�cations.

Fig. 8. The LIRMM environment.

Although the environment used in our experiments does not represent a
serious challenge to the traditional algorithms, the use of a data association
method based on B-Spline curves allows linking segments of continuous data,
without the need for segmentation of information into smaller pieces. From the
above, we �nd that the data association algorithm based on B-Splines, extends
the capabilities of the SPLAM algorithms to more general situations. Figure
9 shows the results of SPLAM experiments we have developed as part of our
research.

Fig. 9. Accuracy and consistency experiments for the EKF-SPLAM based on the data
association approach proposed in this work.
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Figure 9 shows the real trajectory of the robot (blue solid line), theodometric
trajectory (green dotted line) and the trajectory obtained by the EK F-SPLAM
method (dotted red line). On the other hand, when there is certainty about the
real trajectory of the robot (as in the simulations) is possible to perform some
checks to give an idea of the quality of the algorithms from the point of view of
consistency. For this reason, it has been possible to include in therepresentation
of the odometric error in X , Y and � on the right part of the �gure (blue line),
as well as the localization errors (red dotted line). From the data obtained with
our approach and taking as reference the errors shown by the SPLAM method
presented by Pedraza et al. [3], we conclude that the proposed methodof data
association notably improve the quality of the map and the errors as shownin
Figure 10.

Fig. 10. Errors obtained with SPLAM strategies, for the simple data associ ation [3]
and for the proposed data association in this work.

Finally, in this section we present experiments with real data in real envi-
ronments to validate the results presented in the simulation step. In all tests,
the maps were obtained by considering only the odometric information reported
by the robot and the maps obtained after applying our SPLAM implementa-
tion with our proposed data association. Figure 11 shows the real environment.
The map obtained with our SPLAM strategy is shown in Figure 12a, while the
odometric map obtained using only odometry information is shown in Figure
12b.

Fig. 11. The real environment used for the tests.

Considering that our approach has been proposed to build maps of complex
environments, another experiment was performed using the real environment

22Research in Computing Science (81) 2014

A. Toriz P., A. Sánchez L., R. Gonzalez V., B. Bernabe L.



Fig. 12. a) Map built with the proposed SPLAM strategy. b) Map built with only
odometry information.

shown in Figure 13. In this example, we can see that the construction of the
map would be impossible using a conventional method based on lines and points.
Figure 14 shows the map obtained with our approach.

Fig. 13. LIRMM environment with objects.

4 Conclusions

We have proposed a method for data association based on the curvatures analysis
of the related B-Splines curves, for solving the SPLAM (SimultaneousPlanning
Localization and Mapping) problem in complex environments. Here, we usethe
techniques of digital images CSS [8], used in the pattern recognition �eld, in
ec-
tion points and corners extraction among others. This association mechanism
not only established a robust correspondence between the observations made by
the robot and the objects contained in the map, but it facilitated parametric
correspondence between each pair of associated representative elements.

After testing the proposed method in both simulated and real complex envi-
ronments, and comparing the performance of the system to standard algorithms
like EKF SPLAM, we conclude that this functionality was well demonstrated
and supports the strength of this new approach to this family of mapping prob-
lems.
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Fig. 14. Final map of the complex environment.
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Abstract The aim of this work is to explain how to apply perceptual
criteria in order to de�ne a perceptual forward and inverse quantizer.
We present its application to the H i-SET coder. Our approach consists
in quantizing wavelet transform coe�cients using some of the human
visual system behavior properties. Taking in to account that noise is
fatal to image compression performance, because it can be both annoying
for the observer and consumes excessive bandwidth when the imagery is
transmitted. Perceptual quantization reduces unperceivable details and
thus improve both visual impression and transmission properties. The
comparison between JPEG2000 coder and the combination of Hi-SET
with the proposed perceptual quantizer ( � SET) shows that the latter
is not favorable in PSNR than the former, but the recovered image is
more compressed (less bit-rate) at the same or even better visual quality
measured with well-know image quality metrics, such as MSSIM, UQI
or VIF, for instance.

Keywords: Human Visual System, Contrast Sensitivity Function, Per-
ceived Images, Wavelet Transform, Peak Signal-to-Noise Ratio, No-Reference
Image Quality Assessment, JPEG2000.

1 Introduction

Digital image compression has been a research topic for many years and a number
of image compression standards has been created for di�erent applications. The
JPEG2000 is intended to provide rate-distortion and subjective image quality
performance superior to existing standards, as well as to supply functionality [1].
However, JPEG2000 does not provide the most relevant characteristics of the
human visual system, since for removing information in order to compress the
image mainly information theory criteria are applied. This information removal
introduces artifacts to the image that are visible at high compression rates,
because of many pixels with high perceptual signi�cance have been discarded.

Hence, it is necessary an advanced model that removes information according
to perceptual criteria, preserving the pixels with high perceptual relevance re-
gardless of the numerical information. The Chromatic Induction Wavelet Model
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presents some perceptual concepts that can be suitable for it. Both CBPF and
JPEG2000 use wavelet transform. CBPF uses it in order to generate an ap-
proximation to how every pixel is perceived from a certain distance taking into
account the value of its neighboring pixels. By contrast, JPEG2000 applies a per-
ceptual criteria for all coe�cients in a certain spatial frequency independently of
the values of its surrounding ones. In other words, JPEG2000 performs a global
transformation of wavelet coe�cients, while CBPF performs a local one.

CBPF attenuates the details that the human visual system is not able to
perceive, enhances those that are perceptually relevant and produces an approx-
imation of the image that the brain visual cortex perceives. At long distances
the lack of information does not produce the well-known compression artifacts,
rather it is presented as a softened version, where the details with high perceptual
value remain (for example, some edges).

2 JPEG2000 Global Visual Frequency Weighting

In JPEG2000, only one set of weights is chosen and applied to wavelet coe�-
cients according to a particular viewing condition (100, 200 or 400 dpi's) with
�xed visual weighting[1, Annex J.8]. This viewing condition may be truncated
depending on the stages of embedding, in other words at low bit rates, the qual-
ity of the compressed image is poor and the detailed features of the image are
not available since at a relatively large distance the low frequencies are percep-
tually more important. The table 1 speci�es a set of weights which was designed
for the luminance component based on the CSF value at the mid-frequency of
each spatial frequency. The viewing distance is supposed to be 4000 pixels, cor-
responding to 10 inches for 400 dpi print or display. The weight forLL is not
included in the table, because it is always 1. Levels 1, 2,: : : , 5 denote the spatial
frequency levels in low to high frequency order with three spatial orientations,
horizontal, vertical and diagonal.

Table 1. Recommended JPEG2000 frequency (s) weighting for 400 dpi's ( s = 1 is the
lowest frequency wavelet plane).

s horizontal vertical diagonal
1 1 1 1
2 1 1 0.731 668
3 0.564 344 0.564 344 0.285 968
4 0.179 609 0.179 609 0.043 903
5 0.014 774 0.014 774 0.000 573

26Research in Computing Science (81) 2014

Jaime Moreno, Oswaldo Morales, Ricardo Tejeida



3 Perceptual Forward Quantization

3.1 Methodology

Quantization is the only cause that introduces distortion into a compression
process. Since each transform sample at the perceptual imageI � is mapped
independently to a corresponding step size either� s or � n , thus I � is associ-
ated with a speci�c interval on the real line. Then, the perceptually quantized
coe�cients Q, from a known viewing distanced, are calculated as follows:

Q =
nX

s =1

X

o = v;h;d

sign ( ! s;o )
�

j � ( �; r ) � ! s;o j

� s

�
+

�
cn

� n

�
(1)

Unlike the classical techniques of Visual Frequency Weighting (VFW) on
JPEG2000, which apply one CSF weight per sub-band [1, Annex J.8], Percep-
tual Quantization using CBPF ( � SQ) applies one CSF weight per coe�cient
over all wavelet planes! s;o . In this section we only explain Forward Perceptual
Quantization using CBPF (F- � SQ). Thus, Equation 1 introduces the perceptual
criteria of Perceptual Images to each quantized coe�cient of Equation of Dead-
zone Scalar Quantizer. A normalized quantization step size� = 1=128 is used,
namely the range between the minimal and maximal values atI � is divided into
128 intervals. Finally, the perceptually quantized coe�cients are entropy coded,
before forming the output code stream or bitstream.

3.2 Experimental Results applied to JPEG2000

The Perceptual quantizer F-� SQ in JPEG2000 is tested on all the color images
of the Miscellaneous volumeof the University of Southern California Image Data
Base[2]. The data sets are eight 256� 256 pixel images and eight 512� 512 pixel
images, but only visual results of the well-known imagesLena, F-16 and Baboon
are depicted, which are 24-bit color images and 512� 512 of resolution. The CBPF
model is performed for a 19 inch monitor with 1280 pixels of horizontal resolution
at 50 centimeters of viewing distance. The software used to obtain a JPEG2000
compression for the experiment isJJ2000[3]. Figure 1(a) shows the assessment
results of the average performance of color image compression for each bit-plane
using a Dead-zone Uniform Scalar Quantizer (SQ, function with heavy dots),
and it also depicts the results obtained when applying F-� SQ(function with
heavy stars). Using CBPF as a method of forward quantization, achieves better
compression ratios than SQ with the same threshold, obtaining better results
at the highest bit-planes, since CBPF reduces unperceivable features. Figure
1(b) shows the contribution of F-� SQ in the JPEG2000 compression ratio, for
example, at the eighth bit-plane, CBPF reduces 1.2423 bits per pixel than the bit
rate obtained by SQ, namely in a 512� 512 pixel color image, CBPF estimates
that 39.75KB of information is perceptually irrelevant at 50 centimeters.

Figure 2 depicts examples of recovered images compressed at 0.9 bits per
pixel by means of JPEG2000 (a) without and (b) with F-� SQ. Also these �gures
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(a) (b)

Figure 1. (a)JPEG2000 Compression ratio (bpp) as a function of Bit-plane. Function
with heavy dots shows JPEG2000 only quantized by the dead-zone uniform scalar
manner. While function with heavy stars shows JPEG2000 perceptually pre-quantized
by F- � SQ. (b)The bit-rate decrease by each Bit-plane after applying F- � SQ on the
JPEG2000 compression.

show that the perceptual quality of images forward quantized by� SQ is better
than the objective one. Also, �gure 3 shows examples of recovered images of
Baboon compressed at 0.59, and 0.45 bits per pixel by means of JPEG2000 (a)
without and (b) with F- � SQ. In Fig. 3(a) PSNR=26.18 dB and in Fig. 3(b)
PSNR=26.15 dB but a perceptual metrics like WSNR [4], for example, assesses
that it is equal to 34.08 dB. Therefore, the recovered image Forward quantized
by � SQ is perceptually better than the one only quantized by a SQ. Since the
latter produces more compression artifacts, the� SQ result at 0.45 bpp (Fig.
3(b)) contains less artifacts than SQ at 0.59 bpp. For example theBaboon's eye
is softer and better de�ned using F-� SQ and it additionally saves 4.48 KB of
information.

4 Perceptual Inverse Quantization

The proposed Perceptual Quantization is a generalized method, which can be
applied to wavelet-transform-based image compression algorithms such as EZW,
SPIHT, SPECK or JPEG2000. In this work, we introduce both forward (F-
� SQ) and inverse perceptual quantization (I-� SQ) into the Hi-SET coder. This
process is shown in the green blocks of Fig. 4. An advantage of introducing� SQ
is to maintain the embedded features not only of Hi-SET algorithm but also of
any wavelet-based image coder. Thus, we call CBPF Perceptual Quantization +
Hi-SET = cH i-SET or � SET.

Both JPEG2000 and � SET choose their VFWs according to a �nal viewing
condition. When JPEG2000 modi�es the quantization step size with a certain
visual weight, it needs to explicitly specify the quantizer, which is not very
suitable for embedded coding. While� SET neither needs to store the visual
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(a) JPEG2000 PSNR=31.19 dB.

(b) JPEG2000-F- � SQ PSNR=27.57 dB.

Figure 2. Examples of recovered images of Lenna compressed at 0.9 bpp.

weights nor to necessarily specify a quantizer in order to keep its embedded
coding properties.

The main challenge underlies in to recover not only a good approximation
of coe�cients Q but also the visual weight � (�; r )(Eq. 1) that weighted them.
A recovered approximation bQ with a certain distortion � is decoded from the
bitstream by the entropy decoding process. The VFWs were not encoded during
the entropy encoding process, since it would increase the amount of stored data.
A possible solution is to embed these weights� (�; r ) into bQ. Thus, our goal is
to recover the � (�; r ) weights only using the information from the bitstream,
namely from the Forward quantized coe�cients bQ.

Therefore, our hypothesis is that an approximation b� (�; r ) of � (�; r ) can
be recovered applying CBPF to bQ, with the same viewing conditions used inI .
That is, b� (�; r ) is the recovered e-CSF. Thus, the perceptual inverse quantizer or
the recoveredb� (�; r ) introduces perceptual criteria to Inverse Scalar Quantizer
and is given by:

bI =

8
<

:

nX

s=1

X

o= v;h;d

sign( d! s;o )
� s � (j d! s;o j + � )

b� (�; r )
+ ( bcn + � ) � � n j d! s;o j > 0

0; d! s;o = 0

(2)

For the sake of showing that the encoded VFWs are approximately equal to
the decoded ones, that is� (�; r ) � b� (�; r ), we perform two experiments.
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(a) JPEG2000 compressed at 0.59 bpp.

(b) JPEG2000-F- � SQ compressed at 0.45 bpp.

Figure 3. Examples of recovered images of Baboon.

Figure 4. The � SET image compression algorithm. Green blocks are the F-� SQ and
I- � SQ procedures.

Experiment 1: Histogram of � (�; r ) and b� (�; r ). The process of this short ex-
periment is shown by Figure 5. Figure 5(a) depicts the process for obtaining
losslessy both Encoded and Decoded visual weights for the 512� 512 Lena
image, channelY at 10 meters. While Figures 5(b) and 5(c) shows the fre-
quency histograms of� (�; r ) and b� (�; r ), respectively. In both graphs, the
horizontal axis represents the sort of VFW variations, whereas the verti-
cal axis represents the number of repetitions in that particular VFW. The
distribution in both histograms is similar and they have the same shape.

Experiment 2: Correlation analysis between� (�; r ) and b� (�; r ). We employ
the process shown in Fig. 5(a) for all the images of the CMU, CSIQ, and
IVC Image Databases. In order to obtain b� (�; r ), we measure the lineal
correlation between the original� (�; r ) applied during the F-� SQ process and
the recoveredb� (�; r ). Table 2 shows that there is a high similarity between
the applied VFW and the recovered one, since their correlation is 0.9849, for
gray-scale images, and 0.9840, for color images.
In this section, we only expose the results for the CMU image database.
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(a) (b) (c)

Figure 5. (a) Graphical representation of a whole process of compression and decom-
pression. Histograms of (b) � (�; r ) and (c) b� (�; r ) visual frequency weights for the
512� 512 imageLenna, channel Y at 10 meters.

Table 2. Correlation between � (�; r ) and b� (�; r ) across CMU, CSIQ, and IVC Image
Databases.

Image 8 bpp 24 bpp
Databasegray-scale color

CMU 0.9840 0.9857
CSIQ 0.9857 0.9851
IVC 0.9840 0.9840

Overall 0.9849 0.9844

Fig. 6 depicts the PSNR di�erence (dB) of each color image of the CMU
database, that is, the gain in dB of image quality after applying b� (�; r ) at
d = 2000 centimeters to the bQ images. On average, this gain is about 15 dB.
Visual examples of these results are shown by Fig. 7, where the right images
are the original images, central images are perceptual quantized images after
applying � (�; r ) and left images are recovered images after applyingb� (�; r ).

After applying b� (�; r ), a visual inspection of these sixteen recovered im-
ages show a perceptually lossless quality. We perform the same experiment
experiment for gray-scale and color images withd = 20, 40, 60, 80, 100,
200, 400, 800, 1000 and 2000 centimeters, in addition to test their objective
and subjective image quality by means of the PSNR and MSSIM metrics,
respectively.

In Figs. 8 and 9, green functions denoted as F-� SQ are the quality metrics
of perceptual quantized images after applying� (�; r ), while blue functions
denoted as I-� SQ are the quality metrics of recovered images after applying
b� (�; r ). Thus, either for gray-scale or color images, both PSNR and MSSIM
estimations of the quantized imageQ decrease regardingd, the longer d the
greater the image quality decline. When the image decoder recoversbQ and
it is perceptually inverse quantized, the quality barely varies and is close to
perceptually lossless, no matter the distance.
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Figure 6. PSNR di�erence between bQ image after applying � (�; r ) and recovered bI
after applying b� (�; r ) for every color image of the CMU database.

5 Conclusions

In this work, we de�ned both forward (F- � SQ) and inverse (I-� SQ) perceptual
quantizer using CBPF. We incorporated it to Hi-SET, testing a perceptual im-
age compression system� SET. In order to measure the e�ectiveness of the per-
ceptual quantization, a performance analysis is done using thirteen assessments
such as PSNR, MSSIM, VIF, WSNR orN R PSNR, for instance, which measured
the image quality between reconstructed and original images. The experimen-
tal results show that the solely usage of the Forward Perceptual Quantization
improves the JPEG2000 compression and image perceptual quality. In addition,
when both Forward and Inverse Quantization are applied into Hi-SET, it signi-
�catively improves the results regarding the JPEG2000 compression.
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(a) Girl 2

(b) Ti�any

(c) Peppers

Figure 7. Visual examples of Perceptual Quantization. Left images are the original
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� (�; r ) at d = 2000 centimeters and right images are recovered I-� SQ images after
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(a) PSNR (b) MSSIM

Figure 8. PSNR and MSSIM assessments of compression of Gray-scale Images (Y
Channel) of the CMU image database. Green functions denoted as F-� SQ are the qual-
ity metrics of forward perceptual quantized images after applying � (�; r ), while blue
functions denoted as I-� SQ are the quality metrics of recovered images after applying
b� (�; r ).

(a) PSNR (b) MSSIM

Figure 9. PSNR and MSSIM assessments of compression of Color Images of the CMU
image database. Green functions denoted as F-� SQ are the quality metrics of forward
perceptual quantized images after applying � (�; r ), while blue functions denoted as
I- � SQ are the quality metrics of recovered images after applying b� (�; r ).
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Abstract. An important field in Digital Image Processing is related to noise esti-
mation, since it is essential for many image-processing procedures such as Fil-
tering, Segmentation, Pattern recognition etc.; noise is inherent to any procedure 
and cannot be avoided since there are many types of noise from different sources, 
such as: image acquisition, image compression, transmission channel, etc. There-
fore, we propose a novel Gaussian noise estimator using in first instance homo-
geneous areas and the whole image content by obtaining mean Euclidean dis-
tances between the noisy image and the image obtained by applying a mean filter 
to the noisy image. We validate the proposal against another algorithm, as well 
as their performance analysis for noise estimation and for a real application that 
consist in filtering noisy images using the CBM3D algorithm. Validations consist 
in using general-purpose images taken from the database BSDS500, which has 
low detailed images as well as high textured ones. Besides, our proposals is able 
to deliver better results for high noise levels. 

Keywords: Gaussian Noise estimator, Color Images, Euclidean distance, Abso-
lute and Angle distances. 

1 Introduction 

Basic procedures in the Gaussian noise estimation consist in estimating the standard 
deviation in order to determine the noise level present in the image, for our case in color 
images. For denoising image algorithms, knowing the type and the noise level to be 
treated is essential, which in most real applications is not common, thereby many meth-
ods of noise estimation have been proposed, Stanislav Pyatykh et. al. [1] consider three 
of them, which are: 

1. Wavelet transformation  
2. Image filtering 
3. Preclassification of homogeneous areas 

Another method proposed is found in [2] where Aihong Liuonly considers image fil-
tering and preclassification of homogeneous areas. 

Nevertheless, most of them have common criteria to take into account in their algo-
rithms such as splitting noise, and image or modelling noise as a Gaussian distribution. 
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The present paper exposes two noise-estimation algorithms for Additive White Gauss-
ian Noise (AWGN) [3,4] modeled by the equation (1), where �#�N is the noisy image, �# 
is the original image and �J�:�ä�á �ê�6�; is the AWGN, with mean �ä 
L �r and variance �ê�6. 
The proposed algorithms in this paper are based in filtering and splitting noise in the 
image, the first proposal uses the whole image and the second uses preclassification of 
homogeneous areas. Since these algorithms are improvements of an algorithm pre-
sented by Rosales-Silva et.al. in [5], a quickly review is needed, this explanation is 
given in section 2. 

�#�N
L �# 
E �J�:�ä�á �ê�6�;.                                     (1) 

To validate the proposed noise estimators, we implemented the algorithm designed by 
Xinhao Liu et.al. [6] (�³�W�K�H��reference algorithm� )́ which uses a technic based on patches 
�V�H�O�H�F�W�L�R�Q�����D�Q�G���D���³�W�X�Q�L�Q�J�´���S�U�R�F�H�V�V���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���L�P�D�J�H���L�Q���Z�K�L�F�K���W�K�H���H�V�W�L�P�D�W�R�U���L�V���E�H�H�Q��
applied, however this algorithm process R,G,B channels individually, so it obtains three 
different results for each estimation, so it does not take into consideration the correla-
tion in the R,G,B color channels. 
Xinhao Liu et.al. in [6] states, �³�H�Y�H�Q�� �L�I�� �W�K�H�� �W�U�X�H�� �Q�R�L�V�H level is estimated ideally, the 
�G�H�Q�R�L�V�L�Q�J���D�O�J�R�U�L�W�K�P���P�L�J�K�W���Q�R�W���D�F�K�L�H�Y�H���W�K�H���E�H�V�W���S�H�U�I�R�U�P�D�Q�F�H���´�� 
 
In order to make comparisons to our proposals, the algorithm Color Block Matching 
3D �³CBM3D�  ́presented in [9] by Dabov et.al. is implemented. The algorithm CBM3D 
consists of selecting sets of similar blocks of pixels which collaborate in the denoising 
procedure, this means that, each block provide information for the robustness in the 
denoising algorithm. 
 
The paper is organized as follows: in Section 2 is introduced the theoretical background 
in which our algorithms are based; Section 3 exposes the detailed methodology of the 
two algorithms proposed; Section 4 exposes analysis and comparisons between the pro-
posed and reference algorithms using images from the Berkeley Segmentation database 
�³BSDS500�  ́[8]; Section 5 presents the conclusions. 

2 Distance Estimation Criteria 

Our proposed algorithms improve the results of a previous work treated in [5], the 
previous work algorithm �³�E�D�V�L�F���D�O�J�R�U�L�W�K�P�´ consists in three steps: 

1. Filter the noisy image �:�#�N�; by a mean filter [10] using a window processing of 3X3 
pixels, so a filtered image �:�#�B�; is obtained. 

�#�B
L �/�A�=�J�(�E�H�P�A�N�:�#�N�;.                                   (2) 

2. Obtain the angles �:�#�J�C�Ü�á�Ý�;, Euclidean �:�&�Ø�è�Ô�á�Õ
�;and absolute distances �:�&�Ô�Õ�Ô�á�Õ

�;, be-

tween pixels in the same spatial position �:�E 
L �r�á�s�á�t�á �å �ä �á �/�â ���F 
L �r�á�s�á�t�á �å �ä �á �0�â be-
tween the filtered image and the noisy image, assuming them to be three dimen-
sional (�4,���),���$) points. 
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3. Compute the mean and the standard deviation for angles, Euclidean  and absolute 

distances obtained from Eq.(3), Eq.(4),  Eq.(5) respectively assuming that a Gauss-
ian distribution describes the data to be taken into account. 

As an example, the results obtained from the proposed algorithm applied in the well-
known image Lena by contaminating it with a noise level of 25, are shown in fig 1. 
Even when Absolute and angle distances were analyzed, for commodity only the pro-
cess for the Euclidean distances (fig 1a) is shown, fig 1a was obtained by applying eq. 
(4) to each pixel, between noisy image and filtered image. Euclidean distances histo-
gram normalized and its approximated Gaussian distribution in fig 1b are obtained in 
order to calculate the mean Euclidean distance and its standard deviation, this parameter 
is supposed to be equal to the noise level  introduced in the original image in an artificial 
way using Matlab functions. 

 

  

 
 
 

 
                  (a)                                                                  (b) 

Fig. 1. a) Euclidean distances between pixels in noisy and filtered images, b) normalized histo-
gram and approximated Gaussian distribution for Euclidean distances in (a). 

 
The previous method has low accuracy because it assumes that filtered images have no 
noise, which is not true, for most of the real images to be processed. The Gaussian noise 
added artificially has an standard deviation of 25 and after applying the basic algorithm 
to estimate the noise level was obtained to be equal to 17.31 by using the histogram 
distances. This result shows that the estimated value is different from the original noise 
level artificially added; this is the main objective treated in this paper. 
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2.1 Basic algorithm performance 

After several experiments, where different noise levels were added to images from 
BSDS500, it was found a relationship between the results obtained from the basic al-
gorithm presented in section 2 and the standard deviation of the AWGN previously 
added to the images. This is shown in the fig. 2, only the analysis for mean Euclidean 
distances is shown because after some analysis, it was demonstrated to have a better 
performance for Gaussian noise estimation, also in fig 2a could be seen that the relation 
between the noise level added to the image and the mean of the Euclidian distances 
tends to be a monotonic function which could be modeled as an straight line, while in 
fig 2b its possible to see that the standard deviation of the Euclidian distances result in 
a non-monotonic function which should be modeled as a polynomial function. 
 

In fig 2a and 2b, is shown the average performance and the uncertainty for each point 
from applying the basic algorithm to all images in BSDS500, adding different amounts 
of noise from 0 to 100 in increments of 2 in its standard deviation. 

 
(a) 

 
(b) 

Fig. 2. Average performance for all images in BSDS500 �³doted and circles line�´���L�Q�F�O�X�G�L�Q�J���X�Q��
certainties �³�E�O�D�F�N continuous �O�L�Q�H�V�´��for each point analyzed, a) using the mean Euclidean dis-

tance, b) using the standard deviation of the Euclidean distances. 

So, our proposed algorithms were based in the results presented in fig 2 a, this proposals 
are explained in section three, on the basis of the basic algorithm presented at the be-
ginning of this section. 
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3 Proposed Algorithms for Noise Estimation 

As it could be seen in fig 2a, the average behavior can be modeled as a straight line 
just by applying a linearization method, while in the fig 2b this does not apply because 
in that case the average performance is a non-monotonic function and it produces that 
for certain amounts of noise two results could be obtained from the algorithm where 
only one of them is the correct output. 

3.1 First Proposal (EstGl) 

�/�H�W�¶�V suppose that the red line in the fig 2a is an straight line �ê represented by eq. 
(6), which is equal to mean Euclidean distance �³�R�´��plus-minus its uncertainty �³�¿�ê� ,́ in 
order to obtain a value representing the noise level from this equation its necessary to 
approximate it to the ideal case, which is when the value obtained is exactly the same 
noise level which was added artificially to the processing image. So this is an straight 
line with slope equal to one, first of all it is necessary to adjust �ê to cero by taking from 
it, �W�K�H�� �P�L�Q�L�P�X�P�� �Y�D�O�X�H�� �³�R�à�Ü�á�´�� then normalize it by dividing for �³�R�à�Ô�ë�´�� �D�Q�G�� �I�L�Q�D�O�O�\��
multiply the value resulted by the maximum valu�H���F�R�Q�V�L�G�H�U�H�G���I�R�U���W�K�H���H�V�W�L�P�D�W�R�U���³�T�à�Ô�ë�´��
which we proposed as 100 in order to avoid arithmetic overflow (arithmetic overflow 
will be discussed in Section 5). This procedure is simplified as �³�( 
L �:�T�à�Ô�ë���:�R�à�Ô�ë
F
�R�à�Ü�á�;�;� .́ After  testing this adjustment for the basic algorithm, �( was experimentally 
obtained equal to 0.95 and �R�à�Ü�á equal to 10.96. 

�ê 
L �R 
G �¿�ê,                               (6) 

�ê�Ô�ã�å�â�ë
L �(�R
F�(�R�à�Ü�á
G �(�¿�ê.                                          (7) 

�ê�Ô�ã�å�â�ë represents a line whit the same performance shown in fig 2a, so in order to 
�K�D�Y�H���D���E�H�W�W�H�U���H�V�W�L�P�D�W�R�U�¶�V���U�H�V�S�R�Qse, it is proposed a piecewise linearization, developed 
by applying a least squares linearization, for three segments. Intervals for every seg-
ment�¶�V limits which resulted in lower errors were proposed. Then making the assump-
tion that eq. (7) represents an straight line equal to �U�á 
L �I �á�T 
E �>�á�â where �T represents 
the AWGN added to the image, �I �á is the slope in the n-th segment and �>�áis the point 
where the line  �U�á crosses y axis, the term �¿�ê could be omitted in order to avoid uncer-
tainties propagation. So after Isolating x in algebraic treatment, we obtain the equation 
(9), and to simplify we propose the use of �$�á and �-�á variables. 

���:�R 
F �R�à�Ü�á�;�( 
L �I �á�T 
E �>�á.                               (8) 

�T 
L
�é�¿

�à �Ù

F

�¿�é�Ø�Ô�Ù

�à �Ù

F

�Õ�Ù
�à �Ù

,                                   (9) 

�-�á 
L
�¿

�à �Ù
 ,                 (10) 

�$�á 
L 
F
�¿�é�Ø�Ô�Ù

�à �Ù

F

�Õ�Ù
�à �Ù

.                                 (11) 

39 Research in Computing Science (81) 2014

Gaussian Noise Estimation Applied to Color Images



The term �¿�ê�Ø�æ�ç in eq. (12) is the uncertainty of the estimator which is calculated 
under several experiments. 

�ê�Ø�æ�ç
L �-�á�R 
E �$�á 
G �¿�ê�Ø�æ�ç.                                         (12) 

Table 1. Values for constants���-�á, �$�á and intervals for each segment. 

n-th Segment Proportionality constant 

�-�á 

Adjust to cero con-

stant �$�á 

Values obtained from eq. 

(7) 

1 1.02 -32.40 Lower than 13 

2 0.82 -7.21 From 13 to 67 

3 1.13 -10.41 Higher than 67 

 
The estimator proposed will be called EstGl, given by eq. (12), although a specific 

process is necessary to determine the value of the constants to be used in eq. (12), this 
process is explained in the next blocks diagram. 

 

Fig. 3. Proposed Estimator EstGl. 

3.2 Second Proposal (EstBl) 

An adjustment on EstGl called EstBl consists in an homogeneous area pre-selection, 
it consists in dividing the image in blocks of 13X13 pixels and then apply the EstGl for 
each block as if they were complete images, taking as the result obtained by the esti-
mator the smallest value obtained from the blocks which represents the most homoge-
neous area in the image, where, as mentioned in [6] is more likely to obtain the real 
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noise level, this is mainly because homogeneous areas do not contain details which 
could be mistaken for noise in the noise estimation algorithm. 

4 Results 

In order to probe the performance of the proposed algorithms two tests were applied, 
the first one is for noise estimation (Section 4.1), which consist in contaminating the 
images from BSDS500 by a known noise level, then estimating the noise level using 
the proposed algorithms and �³the reference algorithm� ,́ the second one in Section 4.2 
consists in contaminating the images from BSDS500 by a known noise level  and filter 
those noisy images using the CBM3D algorithm taking into account the estimations 
obtained by the proposed algorithms, �³�W�K�H��reference algorithm�  ́and the real noise level. 

 
4.1 Performance Results in Noise estimation 

We use all images in BSDS500, and the implementation of a comparison to �³the 
reference algorithm� ,́ the proposed methodology evaluation consists on the next steps: 

1. Acquire an original image from the database BSDS500. 
2. Add an amount of AWGN to the original image. 
3. Estimate the noise level from the noisy image. 
  

 
 (a)  

 
(b) 

Fig. 4. Display of uncertainty (a) and error percentage (b), for proposed estimators and refer-
ence estimator. EstGl �³�F�R�Q�W�L�Q�X�R�X�V���O�L�Q�H���Z�L�W�K���F�L�U�F�O�H�V�´, EstBl �³�F�R�Q�W�L�Q�X�R�X�V���O�L�Q�H���Z�L�W�K���W�U�L�D�Q�J�O�H�V�´, es-
timation for red by reference estimator �³�G�L�V�F�R�Q�W�L�Q�X�R�X�V���O�L�Q�H�´, estimation for green by reference 

estimator �³�[-�S�R�L�Q�W�V�´��and estimation for blue by reference estimator �³�G�R�W�W�H�G���O�L�Q�H�´. 
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This procedure was applied for all images in BSDS500 and for a range of amounts 
�R�I���Q�R�L�V�H���³�I�U�R�P�������W�R�����������L�Q��its �ê in one by one increments�´�����D�I�W�H�U���R�E�W�D�L�Q�L�Q�J�����U�H�V�X�O�W�V for 
proposed estimators and reference, their average performance was calculated as well as 
their uncertainty and mean percentage error which are shown in fig 4. 

In fig 4 is shown the uncertainty (a) and error percentage (b), in the proposed algo-
rithms we have a lower error for amounts of noise greater than 10, the proposed algo-
rithms have higher accuracy for amounts of noise from 10 to 100 but with lower preci-
sion for amounts of noise from 0 to 100, this will be discussed in Section 5. 
 

So, after proving that our proposed algorithms have an acceptable performance for 
noise estimation a second test was proposed which consists in filtering images artifi-
cially contaminated, this test and the results obtained from it are explained in Section 
4.2. 

4.2 Filtering images 

For some filtering algorithms is necessary to know a priori the amount of AWGN 
contained in images, one of them is the CBM3D presented in [9] and which also has 
been used as reference because it has proved to be one of the best denoising algorithms. 
Therefore, another comparison between proposed estimators and �³�W�K�H��reference estima-
tor�  ́performance, is made by adding a fourth step in the procedure presented in section 
4.1, which is: 

4. Filter the noisy images by CBM3D, taking into account the real and estimated 
amounts of noise. 

As mentioned in Section 4.1, �³the reference algorithm�  ́estimates amounts of noise 
for each channel in the R,G,B color space model, so in order to have just one estimation 
from the reference algorithm,  a mean value was obtained from these results calculating 
the average of the noise values computed for every channel.  

 
Results for filtered images were evaluated using the Peak Signal-to-Noise Ratio 

(PSNR) eq. (13) where �+ and �G represents the evaluated and reference images respec-
tively; the average PSNR for different noise levels and its uncertainty considering all 
results obtained are displayed in fig 5. 

 

�2�5�0�4 
L�s�r�H�K�C�5�4�F
�6�9�9�.

�-
�/�ã�¾�ã�¿

�Ã �Ã �Ã �.�Â
� �:�Ü�á�Ý�;�?�Þ
� �:�Ü�á�Ý�;�.
�.


��8�Ã�á�¸�á�³
�¿�7�-
�Õ�8�,

�¾�7�-
�Ô�8�,

�G.            (13) 
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(a) 

 
(b) 

Fig. 5. Display of uncertainty (a) and PSNR (b), for filtering using CBM3D considering results 
obtained from EstGl �³continuous line with circles� ,́ EstBl �³�F�R�Q�W�L�Q�X�R�X�V���O�L�Q�H���Z�L�W�K���W�U�L�D�Q�J�O�H�V�´, �³�W�K�H��

�U�H�I�H�U�H�Q�F�H���D�O�J�R�U�L�W�K�P�´ �³�F�R�Q�W�L�Q�X�R�X�V���O�L�Q�H�´���D�Q�G��real �³�G�L�V�F�R�Q�W�L�Q�X�R�X�V���O�L�Q�H�´. 

In fig 5 are displayed results obtained from the analysis of 439 images, even when 
BSDS500 has 500 images only 439 images where used for this analysis, since �³�W�K�H��
�U�H�I�H�U�H�Q�F�H���D�O�J�R�U�L�W�K�P�´ algorithm deliver complex numbers as estimation after processing 
61 images at low noise levels lower than 5. 

5 Discussion 

In section 4.1 uncertainty and error percentage are displayed in fig 4 for results ob-
tained from proposed and �³�W�K�H�� �U�H�I�H�U�H�Q�F�H�� �D�O�J�R�U�L�W�K�P�´; as mentioned, proposed algo-
rithms have lower error with greater  uncertainty especially EstBl.  

However uncertainty increases as the noise level increase this effect could be a con-
sequence of arithmetic �R�Y�H�U�I�O�R�Z���H�U�U�R�U���Z�K�L�F�K���³�F�X�W�V�´���D�Q�G���G�H�I�R�U�P�V���G�L�V�W�U�L�E�X�W�L�R�Q�¶s tails, for 
example if the AWGN added has a big standard deviation, representing the noise level 
and we assume that after this process is possible to split the image and AWGN, both of 
them would have been modified because of the arithmetic overflow error which in this 
case leads to the consequence of the impossibility of representing some values obtained 
by adding noise to an image. 

43 Research in Computing Science (81) 2014

Gaussian Noise Estimation Applied to Color Images



In section 4.2 uncertainty and PSNR criteria are displayed in fig 5, it is remarkable 
�W�K�D�W���H�Y�H�Q���Z�K�H�Q���S�U�R�S�R�V�H�G���D�O�J�R�U�L�W�K�P�V���³�(�V�W�*�O���D�Q�G���(�V�W�%�O�´���K�Dve lower errors in comparison 
with �³the reference algorithm�  ́(fig 4b) , they have a similar average performance in the 
quality of the filtered images measured by the PSNR (fig 5b), considering estimations 
by all analyzed methods �D�Q�G�� �W�K�H�� �³�U�H�D�O��noise level�´�� except for EstGl when the noise 
level is lower than 10. 

 
Also it is important to say that uncertainty shown in fig 5a, is similar for estimations 

made by EstBl, and �³the reference algorithm�  ́and are also similar to the results obtained 
by considering the real noise level. 

6 Conclusion.  

Two algorithms were proposed the EstBl and the EstGl, was demonstrated that they 
have an acceptable performance, in noise estimation for images from the BSDS500 and 
in real applications. 

 
However, arithmetic overflow errors are still a problem mainly for high noise levels 

(for our consideration greater than 35) as shown in the results of the fig 4 and the fig 5. 
 
Another important fact is that these algorithms were proposed and tested for general-

purpose images. So it is possible to apply the same principle for an specific type of 
images in order to have a better estimation, the variation would be the requirement of 
having to calculate all the constants needed, �(, �R�I�E�J, �-�á �$ and proposing limit inter-
vals in order to obtain better results for noise level estimation as dictated in Table 1. 

 

Acknowledgments 

The authors thank to the National Polytechnic Institute of Mexico (Instituto Politéc-
nico Nacional de México), and the National Council of Science and Technology of 
Mexico (CONACYT) for their support to make possible this work. 

 

References 

1. S. Pyatykh, J. Hesser, L. Zheng,  Image Noise Level Estimation by Principal Component 
Analysis, IEEE Transactions on Image Processing, vol.22, no.2, pp.687,699, Feb (2013). 

2. Aihong Liu, A Fast Method of Estimating Gaussian Noise, Information Science and Engi-
neering (ICISE), 2009 1st International Conference on, pp.441,444, 26-28 Dec. (2009). 

3. Russo, F, A method for estimation and filtering of Gaussian noise in images, Instrumentation 
and Measurement Technology Conference, 2002. IMTC/2002. Proceedings of the 19th IEEE , 
vol.2, no., pp.1689,1694 vol.2, 2002. 

44Research in Computing Science (81) 2014

F. Gamino, A.J. Rosales, F.J. Gallegos



4. Wei Liu, Weisi Lin, Additive White Gaussian Noise Level Estimation in SVD Domain for 
Images, Image Processing, IEEE Transactions on , vol.22, no.3, pp.872,883, March 2013. 

5. A. J. Rosales-Silva, F. J. Gallegos-Funes, I. Bazán-Trujillo, and A. Ramírez García,  Robust 
fuzzy scheme for Gaussian denoising of 3D color video, 2014,EURASIP Journal on Image 
and Video Processing,20,2014. 

6. Xinhao Liu, M. Tanaka, M. Okutomi, Single-Image Noise Level Estimation for Blind De-
noising, Image Processing, IEEE Transactions on, vol.22, no.12, pp.5226,5237, Dec. 2013. 

7. Dong-Hyuk Shin, Rae-Hong Park, Seungjoon Yang, Jae-Han Jung, Block-based noise esti-
mation using adaptive Gaussian filtering, Consumer Electronics, IEEE Transactions on, 
vol.51, no.1, pp.218,226, Feb. 2005. 

8. D. Martin. C. Fowlkes, D. Tal and J. Malik, A Database of Human Segmented Natural Images 
and its Application to Evaluating Segmentation Algorithms and Measuring Ecological Statis-
tics, pp 416�² 423, July 2001. 

9. K. Dabov, A. Foi, V. Katkovnik, K. Egiazarian, Image Denoising by Sparse 3-D Transform-
Domain Collaborative Filtering, Image Processing, IEEE Transactions on , vol.16, no.8, 
pp.2080,2095, Aug. 2007. 

10. I. Pitas and A. N. Venetsanopoulos, Nonlinear Digital Filters: Principles and Applications. 
Boston, MA: Kluwer Academic, 1990. 

45 Research in Computing Science (81) 2014

Gaussian Noise Estimation Applied to Color Images





���������������������	�
�������
�����������
�	�����������������	���������������	�������	�������	����
�������������
���	�������������������	���	�������	���������������	��������������������������������������

����������

���������������������	�����
�����
���������������������������������������������������������������������������������
��������������������������������������������
������������������

�������������������������������������������
����� �������������������
���������!�����"�����#�$���%���&�����������������
����� ���������������	��������
���������������������	���
�������
������������������������������������������ ��

��
���������
�����������'�����������(�������
�����������������)�$�������������������������������)�����$���������(���*�������	�����$�������)���	�����������+����
�	�����
�� ������ ������������ ���(�����$���,������������ �(�����������$���� �����+���	������ �������� �����*�� �+���$�(�	������������������ �+�������� �����
��
���������������������������(���������������*���
�������(���+�����������������	�����������������������������������������$���-���������	�(�������������
���������������

�����+�������������$�������������+���$�(�����)�����
���
�����������������(�����$���,�������������(�����������$���*�)�����������)��������������������������
�������
�����)�����������)�����
���������+���	�������������������$�����������)�������	�$�������	�����*���������������
�����
���������+���	���������������-���.����
���)������ �(���(������ �*���� �(�����(�������� ���� �����*�� �������������������� ������ ���������������� ���������������)�$�� �����-�� �/�)���� �(�����(��������
�$�����)���
�����������������
���������$���
�������+�����������������������)�����������������������$�������)���	�����������+�������
�����)���������
�����������

���������� ������ �������������+�������� �������������������� �����
�� ���)���� �����0���+���������� ���	���+���������� �������� ���
�0�	������ ���)���� ���������������)�$�� ������
���������������������������������(�����������$�-���/�)���������(�(�������+�)���*���������(�(�������
���������������	�(�������������
�����������������+���

���������� �*�����)�� �$�������
�� �����
�� �����+���$�(���������� �
�������-�� �1���(�������$������������ ������������������ �*�����)�� �����)������ ���������

�������)�$�����	���������������(�����������������
���������������������)���*�������)���������	�������(�(�������+�)�������������������������������
���+���$�

�(���+���������
�������(�������������+���	�������������������*�����������������������������$�����������)�����������	���������������	�+���	���������������������
�������-��

� ���
�!���
���������	�����	�(�������������
���+���������������+���������������������������(�������
���$�������)���	�����������+�������������������������������

�������)�$���2�����3�-��

�"�� �������
�����������	������

�������	�(�������������
�� �����������������+������������ �+���������������� ������ �������������������� ���� �(������������������ ������ ���)���� �
�������������� ������ ���	�+�)��
�*������ ���)������ ���)���� �����0���+������ �������������������� ������ ���)���� �����$���� �������	�(�� ������ �$�������� �����$���������� ������ �����+�)�� �����)������ ���)������
�*�����)�������������
�����������)���������0���+�����������������)�������������	�(���-���.������������������������ �*�����������)�������������������)�$�����������������	�

�(�������������
�������������������+�����������������������������
�������������$�������(�(�������+�)�����)�����������������+�������)���*���������
�������������������+�����

�����������(���������������������������)�����
���������4���5�-������

�6�����������������	���)���������)���������+���������
�������
���������	�(�������������
�������������������+�����������������������(�����������$�����������(�����

�$���,�������������� �*�)�������� ���)���� ���������� ������ ������ �������������� ���)���� �(������������������ ���)������ �$�������$���,������ ������ �$�������$���,���
�� ���)����
�����0���+�����������
�����������
���2���)�����7�	���������������������)�������������������
���������	�+���	���������3�-�� �/�)�������������������������)�����������������+�����

�������
�����	���������$�����(�����(�����������������������)�������(�(�����+���������������������������������)�$�������������(�����$���,���������������������)�����������	�

���������� ������ ���)������ �(�����������$�� ������ �(���������+�	�������-�� ������������������ ������ �$�������� ������ ���)���� �(�����������$���� ������ ���(�����$���,��������������
�*�)�������� ������ ������ �����+�������������� ������ �������
�� ������ ���
�
���$������������������ �����+�������� ���)������ �������������������� ���)���� �����0���+���������� ������
���(�����$���,������ ������ ���)���� �+�������� ������ �������	�(�������������
�� �����������������+������������ �*���� �)�������� ���)���� ���(���+���� ������ �������	������������
�������$���
�� ������ �������� ���)���� �(���������������� �(�������������������� ������ �������������-�� �.���� ���� �����$���������� �*�������� ������ �)���(�(�������� ������ �����)������

©L. Berthet, J. C. Chimal, E. A. Santos, E. Castillo
Advances in Computer Science
Research in computing Science 81, 2014 pp. 47-57



�
���$���������� ������ ���)���� �������������+�������� �.�������������������+������ ���	�+�)�� ������ ���)���� �(�������������(������ ���������+������������ ���	�������� �������������

������������ �����+�-�� �4�8�5�-�� �/�)������������������ ������ ������ �����+�������������� ������ ���	������������ ���)���� �(�����������$�� ������ ���(�����$���,������������ ������ ����
�����������������*���������*�����)���	�����������	�$�������������+�����������������(���+�����-������

�����+�������������� �������������(�������
�� ���������������)�$���� ���������
�� ������ ���*�����$�� ���������������������+���� �)�������� ���������� ���(�(�������
��
���	�+�+���������	�������� ������ ���)�����(�����������$�����������)���� �������	�(�������������
�� �����������������+�������������4�9�5���� �4�:�5�����4�;�5���� �������)���	���)��
���������������������	�$�������+���
�������������������������������(�����(���������������������!�������
�������
���.���+���$�(�����������<���������2�!�.�<�3�-���.����
���)�������*�����#�����*�����*���������(�����(�������������������������������������������)�������������������� ���������������)�$���2�����3�����������������������������

�������������(�����$���,�������������(�����������$�����������
���*�����*�����������(�(���������������������)�����������	�(�������������
�������������������+������������������
�!�.�<�-��

�#�� ���������������������	�
�������
�����������
�	�����������������������	�����$�
�����������	�������	����������������
��������������������������������

�'�����������(�������
�� �!�������)���	�����������+���� �)�������� �(���������
�� ���)�������� ���������+�������+���� ������ �������	�(�������������
�� �����������������+���

���������� �4�=�5���� �4�>�5���� �4�?�5�-�� �@���*������������ �$�������� ���������������)�$���� ���������� �*�����#�� ���������� �*�����)�� ���	�$�������+������ �
�������-�� �.����
���)�����������+�����������*���������(�������������)�����$�������)���	�����������+���������������������������������)�$���2�����3���(�����(�������
���������A�����
�6�)����
�����������4�%�5�������������	�$�������+���������(�����$���,�������������������
���������������������������������������������������)�����(�����������$���������������	�

�(�������������
�� �����������������+������������ �*�)�������� �����0���+������ �*�����)�� �$�������
�� �����
�� �����+���$�(���������� �
�������� �
�����+�����(������������
�)�����������������������������������
���������������	�(���-��

�#���"�� �%���!�����������������
�	�����	�����������������	�����������������������	���������������	�
�������
�����������
�	��������

�/�)���������+�������������)���������������������)�������������������������)�����������+�	�����
�����)�������������������������������$���������+���$�(�	�����������+�������

�������������� ���������+���������������������
�������� ������ ���)���� �������)���� ���)������ ���������)�-���/�)���� ���������)���������������)�����+������������ �������$�	���������
��
���������	�+�)������ �*���������)���������������������������+���������
�� �*�����)�����)���������0���+�������������	���+�������������������������(�����$���,���
���� �*�)���+�)��
�$���#�������������(���������������������� �������$�	���������������*�����(�����$���,���������������������������)�$���-���B���������������)�������������+�)�����7�	������
������ ���� ���������������� ���������������)�$�� �2�����3�� �������� �$�	�������$���
������ ���(�����$���,������������ ���(�(�����+�������������� �
�����������(���
�� ������
�A�����
�6�)���������������������8�C�C�%���4�%�5�-���������*�������(�����(�������
�����������������������������������	�$�������+���������(�����$���,��������������������
�+������������ �$���
���������
�� �������� �������������������� �������������	�(���� �����������0���+�������������������	�(�������������
�� �����������������+������������ ������
�!�.�<�-���/�)���������$���
�������+�������������������������
�
�����������
�����������*�-��

�.�����������#�����*�������)���������)�������������+�������������������(�(�����(�������������������	�����������������)�����(�������$���������������������)�������������

�������)�$�����������+���	�+���������������������������
���(�����������$�����+�������������)���$�-���.�������)�������+�������������)�������������������)�$���������+�����

������������ ������ �����	���� ���	���
���$������������ �(�������$�����������D���� ���������2�����������+������������������ �����
�� �������������������� ������ ���)���� �����������+�

�����������������3�������
�����)�����7�	�������������������������������������������-���.�����������������������������+�����������
�����	�����������E�	�#�������#�������
���F���#��
�4���C�5�����������)�������������������*�����+�����+���	�
�����������)���������)���������������������	�����������������)���������(�������$�������������������D���� ���G������
�����G���������
�����������������������������*�����������;�������
���;�C�-������

�/�)�������� �+�����+���	������������ ���������*�� �����$�(���������������� ���)���� �$�������$�������� ������ ���)���� ���������������� �
�����������
�� ������ �4���C�5����
�����������������*���D����

�3�2 ���������� ���������� ������ ������ �����*�����)�������G����

���������� ���������� ���������� ��

������ ������ ������ �������������������������������������������������������������������������������������������������������������������2���3��

48Research in Computing Science (81) 2014

Y. Villuendas-Rey, J. F. Cabrera-Venegas, J. A. Anton-Vargas



�/�)���������������������)�����$�������$���������������������������������������������������$�������������������$���
�������+���������������������)�����(����������������
�������������������������-�� �.�������)���������
������ �*���� ���������� ���	���������������������� �
�����������(�����)���������������������������������)�������������������)�$�-��
�.�������������������������*������������ �$���
�������+���������������������)�����(�������������������������)�������������)�������������������������+�������������+���������
�

�������
�� �����#�������� �H�(�������	���������������H�����������)������ ���������������-�� �I�����)�����)���� �����0���+���������������������������
�����������)���� ������������������
���������������)�$�����*�����+���������
���������)�����������+�)�������������������+�������������������$�����������)�����������������+���������������(����������������������������
�������	�����������+�����
���
�����������������)�����(�����������$�����������(�����$���,�������������*�����*�������������������������-������

���	�����)�����$���������� ���)���� �+�)�������+���������������+���� ������ ���)���� �������������������� ������ ���)���� ������������������ ���������������)�$�� �4���C�5�� ��������
�����
�����������
�����������)���������������*���������*�����D����

���-���1���+�)�� ���������������� �����(���������������� ���� �+�����
���
�������� ���������
�� �������	���������� ������ ���)���� �(�����������$�� ������ ���(�����$���,������������
�*�����*�������������������������-����

�8�-���������� ���)���� �������������������� �������� �	�������������� ���)������ �$���������� ���)������ ���� ���������������� �+������ �����������+���� �����)������ ��������������������
�*�����)���	�����+���������
���������������������������-����

�9�-���/�)���� �����������+������������������ ������ ���)���� ���������������� ������ �(�����(������������������ ������ �������� ���������)�����������J�� ������ ���)������ �+�������� ���)����
���������� ���������)���� ���������� �*�������� ������ ���)���� �������	������ ������ ���� �(�������	���������������� ������ ���������)�������� ������������������ ������������ ���)����
���������������������)�����$�������������������+���������-���.�������)���������������������������������������������������)�����������)���������)�����+�	������������������������������
���)���������)�����+�	�����������������������������������(�������	�������
�������+���	�������������������������������������+�����
�������������������������������-����

�:�-���/�)�������������)�����������������������������������������������������+�����
���������������������
���������$�������
�����������)���������0���+�������������	���+����������
���)�������*�����������������(�����$���,���
�-������

������������ �*�����������	�$�������)������������������������ �*�������������H�(�������	�����������H�����)������ �������	���������-���/�)�����������)�����H�$�������

�$�������H�����������������������������*�����������������������������������2�8�3�����������������
�����������7�	�������������2���3�D��

�3�2 ���� ���������	�
�������� ���������������������������������������������������������������������������������������������������2�8�3����

�1���+�)�� �$�������)���	�����������+�� �$�	������ ���$�(�����$�������� ���� �����������+���� �������*�������� ���������+�)�� ������ ���)���� �������	������������
���(���+���� �2�����(�����������������3�� �����
�� �������������������+������������ ������ ���)���� �������
�� �������	������������ �2�����(�������������������3�-�� �.���� ���)����
�(���������+�	�������� �+�������� ������ ���)���� ���������������)�$���� ���������
�� ������ ���*�����$���� ������ ���������������������� ���)���� �������������������+������������ ������
���)�����������
���������	���������������������������������������)���������������,�������������������(�������	���������������������������)���������������������������������-���/�)������
�(�����+���
�	������ �����
�	�+���� ���)���� �����(������������������ ������ ���)���� ���������+�)�� ���(���+���� ������ ���)���� �(�������	���������������� ������ ���)���� ����������
���������������� �*���� �)�������� �����	���
���� �����
�	�+�������� ���)���� �(�������������������������� ������ �����(���������� ������������ ������ ���)���� ���������+�)�� ���(���+����
���)�����������������������������$�����)�������������������(���������������
�����������)���������������������������������-����

�/���� ������������ ���)������ �(�����������$���� �*���� �����+���	�
���� ���� �����*�� �+�)�������+���������������+�� ������ ���)���� �������������������D�����)�������� �/���$����
�������E�������-���/�)�����/���$�����������E�����������������������������������������(�������$�������������������)�������������������)�$���������
���������
�����������������)����
���	�$�����������������������������������������+�)������������������ �*���������H���������H�-���/�)���������������������)�����������������������������������������������,���
������������
�*�)���������)�������������������������������������������������
�����������������������������
�������������������+�����������
�������+�)���������������������-���1���������������$����
���)���������������������������������(�������	�������
�����)�����������������������������������-���/�)�������������������������������������������������(�������	�������
���
�	����������
�������	�$�������������������������������������
�����������
���2�����������+�����
�����������������$�������������������3�����*�����+���������
���������)���������)����������������������
�
���������� �����
�� ������ ������ �����(�����+���
�� �������� �����)������ ���������������� �����������������
�� ���+�+�����
�������� ������ ���)���� ���������������������� �(�����+���

�
�	�������	�����
�����������)�������������������)�$��

�/�)�����������*���+�)�������+���������������+�����������������������������#�������	�������)�������������������)�$�������������+���������(�����$�������������	������������
�����
���� ������ ���)���� �����$���� �����$������ ������ ���$�(���������������)���� �(�������������������������������� �����(���������� �������������������� ������ ���)���� ���������+�)��
���(���+���-�� �������)���	���)���� ���)���� �$���
�������+�������������� �����������
�	�+���
�� ������ ���)���� �$�������)���	�����������+�� ���������*�� ���� ��������������
�����(������������������ ������ ���)���� ���������+�)�� ���(���+������ ������ ������ �(���������������� ������ ���������� �������
�� �������	�������������� ���������� ���(�����$������
�������	���������������
�	�������������)�����H�
�������)�H�����������)�����������������������-���.�����������-���������*�������)���*�����)�����(�����	�
�����+���
�������������)����
�������������������������������)�$���*�����)�����)�����$���
�������+���������������
�����+�	�������
�����������)�����������+���������-��

49 Research in Computing Science (81) 2014

Extended Firefly Algorithm and its Application...



��

�����	���
�������������������������������������	��������

�.���(�	���D�� ���D���7�	����������������������������������������
�� �D���������������������������������+�������������������2�����0���+�������������	���+���������3��
���D���7�	��������������������������������������������
�	�D�������$�����������������������������������������������2�������3��

�B�	���(�	���D���������	�����D���'�������������������������2�������	�������������������)�������(�����$���,�������������(�����������$�3����

�6�������������-�����������������������.�����+���������,�������������2�+�����������������+�����
���
���������������	�����������3��
�����
���������������������� ��

�� �������G�������
�������	��������������������� ��
�� ���!���������G������

�������������
������
�"�������������������G�������	 �
���� �
������������ �������� �
������

�6�����������8�-���6�)�����������������������������������2�����(���������������������)�������������+�)�����(���+���3��
���	�������	�����
���G���J��
�!���	�������2�����	�������	�����
���#�������3��

�����
���������G�������������� ��
�����
�������G�������������� ��

�	�����2�� �2�� ���3���K���� �2�� ���3�3��
�� �����G���������	�
����������� ��
�� ���!���������G���������������	����

�������������
������
�	�����2���� ���!���������K���	�3����

�$���
�������������	������������������� ��
�%���&�����'������������������������� ��

����������
�� ���!�������L�L��

���������	���&����������
�������������
������
�������	���������������	 ������ �
������������ �������� �
������

�������	�����������������	�
�������������	����� ��
���	�������	�����
�(�(��

���������!���	������
�	�����2�������"�����������������3�������� �2�������	�����3���3��

�������	�����������"���������������������������	����
��

���	�������"�����M�����	�
�����+���
���������������������
���
���������������������������������)�$���2�1�����3�-����

50Research in Computing Science (81) 2014

Y. Villuendas-Rey, J. F. Cabrera-Venegas, J. A. Anton-Vargas



���������)���������$�(�����������������������	���������������)�������������������������
�����-�����������������$�(���������������*�����)�������������������
���������	�

�������������������)�����8���
�������������������������������)�������������������)�$���������
�����)���������$�����������������������������)�������������������� �������9�������������

�����������������)���������(�����$�������������	�����������*�����N�������������$�(���������
���������
���(�������������������*�����*�����������������������������)�����������	�

���������� �
�	���� ������ ���)���� ���������������� �
�����-�� �/���� ������������ ���)������ �(�����������$���� �*���� �+���������
������ �����������
�	�+�������� ���� �@�������� ������
�����$���� ������ ���)���� �$�������)���	�����������+�-�� �/�)���� �@�������� ������ �����$���� �*�������� ������ �
���
���+�������
�� ������ ������������ ���)���� �����������

�$���������������������)�������������������������������2�������	�������������������)�����(�����������$�3�������	���
���
�-��

�I�)������ ���� ���������������� �
���������� ������ �*�������� ������ �+���������
�������
�� ������ �������������������� ���)���� �@�������� ������ �����$���� �2�$���
�������)
�������	�������������3�-�� �/�)������ �$���������� ���)������ ���)���� ���������������� ������ �7�	�������������� �2�+�����
���
�������3�� �*�������� ������ �+���$�(�������
��
�*�����)�� ���)���� ������������������ ���������������� ������ ���)���� �@���������� �����
�� ������ ������ ������ �������������� ���)������ ���)���� ���������� ���������� ���)���� ������������������
�������������������������)�����@�����������������)���������$�����*�������������������(�����+���
�����������)�����+�����
���
�����������������������-������

�/�)���� �����*�� �$�������)���	���������+�� �(�����(�������� �������������� ���������*�� �������
�������� ���)���� �������	���������� ������ �(�����������$���� ������ ����
���������������� �*�������� �������� ���������� �������������+�����
�� ������ ���	�$�������+�� ���������+�)�� ���(���+�����-�� ������������ ���)���� �����������
�	�+���������� ������
�/���$�������������������������
�����)�����@�������������������$�����+���������$�(�������������)�����7�	���������������������)�������������������
���������	���������-���.����
���)���������������*�������������+���������������������������,���
�����)�������(�(�����+���������������������)�������$�������)���	�����������+���������������	�(�������������
��
�����������������+�������������������!�������
�������
���.���+���$�(�����������<���������2�!�.�<�3�-��

�#���#�� ������������������ ���	�
�������
�� ���������
�	�������� ���������	������ ������ �������������
���	�������� �����������	���	�������	������ ������
���������'���������(��

�/�)�����(�����+���������������������	�(�������������
�������������������+�������������+���������������������������������+���$�����������������������(�����������$��������
���(�����$���,�����������-���.�������)�������+���������� ���)�������(���+���� ������ �������	������������ ������ ������������ ������ �������� ���)���� �(���������������� �*��������������
�+������������ �������	�(���� ������ �����0���+�������� �����
�� ���)���� ���	���+���������� ������ ���(�����$���,���� ������ ���)���� �7�	������������ ������ ���)���� ���������������
��
�������	�(���-�� �I���� �*�������� �+�������� ������ ���)���� ���(�(�������+�)�� �*���� �*�������� �����(���������� ���������D�� �1���������
���
�� ���������������� ���������

�������)�$���������������	�����������������2�1�������3�-���I�����)�����)�����������������������(�(���������������)�����(�����(�������
���$�������)���	�����������+��������
�������	�(�������������
�������������������+�������������������!�.�<���������������������+�������������� �����������������������
�������������)���*�����)���� ��������������������
�*�������������� �$���
�������
�������
�� �*�)���+�)�������������+������������������ �*�������������� �	�����
���2�����0���+�������������	���+���������3�-�� ������������ �*����
�������
���������
�������������)���*�����)���������������������(�������	�����������������*���������������$���
���-������

���������������*�����)���������������
�������$���������)�����(�����������$�����������)�����
���$���������������������������+�������������������)�$���������������

���	�(�������������
�������������������+�����������-���/�)�������$�������������)������ �*�����������
�������� �#�����*�����)���� �������	�����������#�������)�������	�$�

���������������������	�(�����*�����*���������������������������-����

���������������������������	�����(�����������$�������������������������*�������������������*�������������������	�(�����)�����
�������������0���+�������2�����+�����
���

�
���������+���	���������������3�-���/�����$���
���������)�������+���	�����������������������+�)�����������������������(�������������������)�����#���+�����������������������)�����#��
�������	�(���������
�����������	�����������������)���������������*���������*�����D����

�� ���
 �� �������� �� ������ �� �� �� ������ �������������������������������������������������������������������������������������������������������������2�9�3����

�*�)�������� �������(�������������������)�����+���������������������)�����������	�(�����������������)�������������������������2�����+�����
���
���������+���	���������������3�-����
�/���� ���������*�� ���)���� �)�����
���������� ������ �!�.�<���� �������������
�� ������ �	���������� ���)���� ���������������� ������ ���)���� �����0���+������ ������ ���)����

�������	�(�������#�����+���������������*�������������+�����������+�����������������������������	�(�����)���������0���+�������)�������$�������$���,���������)�����
�������$���

���������������*�����)�����������������������0���+���������������������������	�(�D����

������ �� �����	 ����� �!���"�#�$�%
���&������ �'�����������������������������������������������������������������������������������2�:�3����

�/�����+���$�(�	���������)�����
�����������+�����������*�����������*���������0���+�������&������ �'�����*�����)���!�.�<���������������	�����������*�����	�����
��
���)�����@�1�B�!���
���������$�����������������2���7�	�������������;�3���(�����(�������
���������I�����������������
���!�������O�����,���4�����5�-����

51 Research in Computing Science (81) 2014

Extended Firefly Algorithm and its Application...



�(�)�*�+ ������ �'�� �� �,�- �& �. �����. �� �'�. ��
�/

�.����
��

�&�. �� �0
�1��

�2�3�4���5���6�����. �� �'�. ��
�&���7�7�����. �� �'�. ��

����
�8� �9� �2�:� �����;�;�����<�8�;�4
� �2����� ���5�����;�;�����<�8�;�4

�2�;�=�4���:���>�4
����

�2�3�4���5���6�����. �� �'�. �� �� �?�@ ���7�����. �� �' �.

�1 �4�5�>�4�:�=�4���4
��

�&���7�7�����. �� �'�. �� �� �A���. �B �'�. �A �������� �. �B ����� �. ���C ���������������������������������������������������������2�;�3����������������

������ �. �������
������� �. �������������)�����$�������$�	�$�������
���$�������$�	�$���������	�������������������������	�������� �����������(���+�������������-����
�B���)���������$�(���������������������$�����������������)�������������������)�$�����������)���������������+�����������������������������0���+�������������	���+���������-��

�/�)������ ���	���+���������� �$�������	�������� ���)���� ���������������� ������ �����+�)�� �+���	���������������� �2�������	���������3�� �����
�� �(�����$������ ������ �#�����*��
�*�)���+�)���+���	�������������������������)�������������-���/�)���������0���+�������������	���+���������� �*�����	���������������	�����������������������������������������)����
�<�	�����������
�������2���7�	�������������=�3�����
�����������
���������4���8�5�-���/�)�����<�	�����������
�������������������+���	�������������������������)�����7�	���

������������ �������*�������� ���)���� ���$�������������� �
�����������+���� ���$�������� ���*���� �������	�(������ �����
�� ���)���� �����,���� ������ ���)���� ����������������
�������	�(�-�������)�����)���������	�����������<�	�����������
�������������������+���	�����������������$�����������*�����)���������$���������+���$�(���+���������
��
�$�������������(�������������������	�(�����4���9�5�-����

��
�	 �


�	 �
�3�2�$����

�3���2�$����

�-�-��

���-�-�����-�-��

��
�*��

���������*���*��

�'

�'�'��
�+

��
��

��

�
���� �����������������������������������������������������������������������2�=�3����

���������)�������������$�����������������)�������������������)�$�����������)���������������������������������������������������-���.�������	�����+�����������*�����	������
�����������
���$�������������������������(�����+�������-���I�������������+�������������)�����
���������������������������0���+�������*���������$�������������)�������*��������
������ ���)���� �+�������������� ������ ���)���� �������	�(���-�� �/�)������ ������������������ ������ �������
���$�� ���������+���������� ������ ���)���� �+�������������� ������ ���)����
�������	�(�������������*���������(�������������������*���
�����������������������)�������������+�)�����(���+�����������
�����������������*�����$�������������������������)����
�
���������������������������)�����������	�(���������������������������-��������

������������������ �*�����
�����������
�� �)���*�������� �(�������	������ ���)���� �������������������-���������� ���)�������� �*���� �
�����������(������ �$�����)���
�� ������
�(�����
�	�+���� ���� �����*�� �������	������������ �������$������ �+�	������������ �������	���������� �������(���������� ������ ���)���� ������������������ ������ �$�	��������������
������ ���)���� �P�����������+�� ���������������)�$�� �(�����(�������
�� �������� �4�>�5�-�� �B�	���� �(�������	���������������� �+���������������� ������ �����(�����+��������
�������
���$�����������������������)�����+�����������������������)�����������	�(���������������������)�����������0���+���������������������
���$���*�����-��

�/�)���� ���������+���������� ������ ���)���� �+������������ ���)������ �*�������� ������ �����(�����+���
�� ������ �����������,���
�� �������
���$�����-�� �������� ���)�������� ����
�������
���$�� ���	�$�������� ������ �����������������
�� �����
���+������������ �*�)������ �+������������ �*�������� ������ �+�)���������
�-�� �/�)�������� ���������)������
�������
���$�����	�$�������������������������������
�������(�����������������������)���������0���+�������������)�����
�����������������)�������*�������������(�����+�������)����
���������+�����
���+�����������-���/�)���������������������������������*�������)���������(�������������������������*���
�������������������������)�������������+�)�����(���+������
�����
�����������������
���������(�����$�����	�������+�����������������+�������������)�������������������)�$�-��

�/�)�����������-���8�����)���*�����������������$�(������ ���������� �����������������(�������	���������������-�� �.�������)���� �������	�������� �*���������(��������������
���)�������������������������������������������
�����������*�������)�����(�������	�������
�����������������-���.�����
�����(�������	�������
�������)�����+���������������������)����
�����+�����
���������	�(�������������(�����+���
�������������������	���������������)�����������0���+�������������)�����������	�(�-��

��

52Research in Computing Science (81) 2014

Y. Villuendas-Rey, J. F. Cabrera-Venegas, J. A. Anton-Vargas



��

���	�������#���������(���������������������������������������������������(�������	���������������-��

�)�� ���������
�	�������������	���������������*��������������

�/���� �+�)���+�#�� ���)���� �(�����������$�����+���� ������ ���)���� �(�����(�������
�� ���������������)�$�� �2�1�������3�� �*���� �
�����������(���
�� �����(�������

�$���������� �*�����)�� �������� ���������������)�$���� �	�����
�� ������ �������	�(�������������
�� �����������������+������������ ������ �!�.�<�-�� �/�)�������� ���������

�������)�$���� �*�������� �
�������
���
�� ������ ���*���� �������	�(���-�� �.���� ���)���� ������������ �*���� �)�������� ���)���� ���������������)�$���� ���������
�� ������
�#�$���������D���Q�M���4���:�5�����Q�!�6�����4���;�5�������<�8�C�������4���=�5�-���.�����
���������+�����
���������	�(���*�����)�����������������������)�$����
���)������ �	������ �)�����������+�)���+������ �����
�� �$�������)���	�����������+�����(�(�������+�)�����D���@�.�!�.���� �4���>�5���� ���1�'�!�<���� �4���?�5�������
��
���P�Q���� �4�>�5�-�� �.���� ���)���� �+���$�(�������������� �*�������� �	�����
�� ������������ �
�������� ���������� ������ �!�������
�� �����
�� �.���+���$�(����������
�<�������� �2�!�.�<�3�� �������$�� ���)���� �����.�� �����(���������������� �4���%�5���� ������ �/���������� ���� �������� ���)���*���� ���)���� �
�����+�����(���������� ������
�����+�)���
���������������-����

�+�����������"�����<�������������������
�����+�����(���������-����

������������������������ �������������
�	�������������������
���������� �%�������
�	�������������������
���������� ��������������������
�+�������+������ ���;������ �>������ �8������
�
�����$�������������������� �������� �9�9������ �=������
�)���������
�+������ �>������ �=������ �;������
�)���(������������������ ���9������ �=������ �8������
���������������� �=������ �?������ �8������
�����$�(�)������ ���;������ �9������ �:������
������������ �8������ �9������ �9������

����
�/�����$�������	���������)�������������������
���������	���������*�����	�����
�����)�����+�����������������������)�����
���������������������������)���������������+���	���������

�������-�����������������+�)�����������������
���+���	�����������������*�����+�����+�	���������
�����������1���������(�����4�8�C�5�-���1���������(���������������������������

�����������������
�������������
�������
�����������
�������D����

����

�8��
�8�-����

�B����������������
���������������D���������2�������8�-���3�J�����������2�8�������3�J���������2�9�-�8�����8�3��

��

���� �8�� �9�-�8��

����

�8��
�8�-����

�M�������	�������
�D�������2�������8�-���3�J���������2�8�������3�J�����������2�9�-�8�����8�3��
����������������

���� �8�� �9�-�8��

53 Research in Computing Science (81) 2014

Extended Firefly Algorithm and its Application...



�� �� ��
�� ��

�� ���	 �
�� ��
�� ��

�� ���	 �
�� ��
�� �� ����

��

��
����
��

�� ����
�� ����

��

����

�� ��

����

��

��

�$

�������,�-�$��

�$

�������,�-�$��

�.

�$
���� ������ �����������������������������������������2�%�3����

�I�)���������. �����������)�����������������������0���+�������2�
���������������3�����$�����������)�������������������
���+���	�������������������$�������������)�����������	�(��
���������������������)�����+�������������������
���, �2���3�����������������)�����+�������������������)���������0���+�������-������

�1���������(�������������������� �$�������	������ ������ ���)���� �
���������������+�����������*�����������)���� �������	�(�������������������
�� ������������ �	���

���	�(�������������
�� �+�������������������� �����
�� ���)���� ������������������ �+�������������� ������ ���� �
�������� �������-�� ���+�+�����
�������� ������ ���)���� �����������

�$���������������
���1���������(�����$�������	�����������)�����������
�����������
�����������������,���������������������)�����������������������������	�(�����2�+�������

�������� ������ ���)���� �
�������� �������3�� �*�����)�� �����������
�� ������ ���������������
�� �������	�(���� �2�+���	���������������� �������	�������3�-�� �/�)������������������
�*�)���������)���� �������	�����������1���������(���������� ���$�����������������)�����������	�(�����*�������������� �$�������������$�������������������)�����
�������� ��������
�+�������������-����

�I���� ���(�(�������
�� ���)���� �
������������������ ���������������)�$���� �������� �����+�)�� �
�������� �������-�� �/�)������ �*���� �+���$�(�	�����
�� ���)���� �1���

�������(���������
�����������������+�)�����������������
���+���	���������������-���.���������+�)�����������������)�$�������)�����7�	���������������������������	�(�����*������
�����������������)���
�� ������ ���)���� �7�	�������������� ������ �+�������������� �������� �����+�)�� �
�������� �������-�� �/�)���� �
���������$���������������� �	�����
�� ������ ���)����
�����(�������$���������� �������� �������� ���)���� ���������������)�$���� �*������ �@�1�B�!�� �4�����5�� �2���7�	������������ �?�3�-�� �/�)������ �
���������$����������������
�)�������������������(�(�������
�����������������������������(�������$�����������������	�
���������������	�����!�.�<���4�8���5�-����

�.�����/�����������8���*�������)���*�����)�����������	�����������+�+�����
���������������1���������(���������)���������������������	�����������������)�����)�������)���

���
���������������
�-������

�+�����������#�����1���������(�����������	���������������1�������������-�����)�����������������������������������)�$���-����

��
�������� �+�������������� ���)�������� �������	�������� �������	���� ���)���� �(�����������$�����+���� ������ ���)���� ���������������)�$������ ������ �*������ �����+��������������
�������
�����	�������������)������ �)���������������)���������N�������������������+���������
���������������+���������������)���������(�����������$�������-�� ���������������� �*����
�	������ ���)���� �$�����)���
������������ �����+���$�$�����
���
�� ������ �<���$�������� �������� ���)���� �+���$�(�������������� ������ �+���������������������� ������
�$�	�������(�������
�������������������4�8�8�5�-������

������������������ �*���� �����������������)���
���, �G�C�-�C�;���� �������� ���� �%�;�R�� ������ �+���������
�����+���-�� �/�)�������� �������� �����+�)�� �(��������
�2�1�������� �����-�� ���������������)�$�3���� �*���� �������� ���)���� �����������*�������� �)���(�����)���������D�� �@�C�D�� �.���� ���)���� �(�����������$�����+���� ������
���)���� ���������������)�$�� �1�������� �����
�� ���)���� �����)������ ���������������)�$�� �
�����N���� ������������ ���������������+�������� �
���������������+�������� �����
��
�@���D�� �.���� ���)���� �(�����������$�����+���� ������ ���)���� ���������������)�$���1�������� �����
�� ���)������ ������ ���)���� �����)������ ���������������)�$��������������
���������������+���������
���������������+�����-����

������������ ���)�������� �*���� ���(�(������ ���� �I�����+���������� ���������� ������ ���)���� �������	�������� ���������������
�� ������ �����+�)�� �(�������� ������ ���������

�������)�$�����2���)�������������������)�$���1���������*�����)�������+�)�������������������)���������)���������������������)�$���3�-���/�)�����������	�����������������)����
�������������������(���������������
���������/�����������9�-���1���+�)���+�����	�$�������)���*�����)�����(�������������������������������)�����I�����+����������������������
�����
�� ���)���� �����$������ ���)���� �1�������� �*�������� ���������� ������ �������� �*�����)�� �������(���+���� �����)�����-�� �.���� �����+�)�� �+���������� ������ ���)���� �����

�����������
���(�������������������������������$���������������)�������C�-�C�;�����������������(���������������������������0���+�������)�������	�������)���(�����)���������-������

�������������������� � �, �� � ���-�� �� �����#�.�"�"�� �/�������� �� ���0������ �� ���$� �� �� ����������
�+�������+���� �C�-�%�=�;�?���� �C�-�%�9�:�:���� �C�-�%�;�C�9���� �C�-�%�:�>�;���� �C�-�%�:�?�?���� �C�-�%�:�;�������.���1�2�3�1����
�
�����$������������������ �8�-�9�=�8�;���� ���-�>�9������ �8�-�:�9�8�=���� �8�-�:�9�8�=���� �8�-�9�C�=���� �8�-�:�8�;�=�����.���4�2�3�4����
�)���������
�+���� �C�-�%�%�;���� �C�-�%�%�=���� �C�-�%�%�:�9���� �C�-�%�%�:�9���� �C�-�%�%������ �C�-�%�%�9�%�����.���2�4�1�3����
�)���(���������������� �C�-�>�8�C�9�����.���5�4�6�)���� �C�-�>�9�:�=���� �C�-�>�9�:�=���� �C�-�>�9�?������ �C�-�>�;���8���� �C�-�>�9�:�:����
�������������� �C�-�%�:�C�>���� �C�-�>�=�C������ �C�-�%�9�:�?���� �C�-�%�9�:�?���� �C�-�%�C�>�>���� �C�-�%�:�;�=�����.���4�6�1�4����
�����$�(�)���� ���-�>�;�C�?���� ���-�>�?�;�=���� ���-�?�?���9���� ���-�>�C�9���� ���-�=�>�8������ ���-�>�%�%�%�����.���2�"�#�6����
���������� ���-�;�?�9�:���� ���-�;�?���?���� ���-�;�?�:�;���� ���-�;�?�8�������"���5�6�5�2���� ���-�;�?���;���� ���-�;�;���;����

54Research in Computing Science (81) 2014

Y. Villuendas-Rey, J. F. Cabrera-Venegas, J. A. Anton-Vargas



�+�����������)�����I�����+���������������������������1���������(���-��

����

��
��

��
��
��
��
��
��

�����������
������������ ���)�������� �������	�������� �*���� �$������ �+�����+���	�
���� ���)������ ���)���� �(�����(�������
�� ���������������)�$�� �2�1�������3�� �����

�+�����
�����������(�����������$�����+�������������)�����������������������������������)�$���������+���(�������)�����$�����)���
���Q�!�6���-���.�������)�������+����������
���)���� �����(�������$�������� �*������ �������� �������	���)�� ������ �������� ������ ������������ ������ �
�����N���� �
���������������+������ �������*�������� ���)���� ���������

�������)�$���-����

�/�)���������������	�����������������*�������������������)�������$�������)���	�����������+�������������
���������������)���������(�����$���������������������	��������
�������� �	�����	�(�������������
�� �+���������������+������������ ������ �$�������
�� �����
�� �����+���$�(���������� �
�������-�� �@���*������������ ������ ������ �����+�����

�������������+�+���$�(�������)���������$�������������������������������	���	�����������(�������$���������-��

�6�� ���������������	��������

�.���� ���)������ �(���(������ ���� �����*�� �������������������� ������ ���������������� ���������������)�$�� ������ ������ �(�����(�������
�-�� �B�	���� ����������������������
�
�������$�����������
�� �1���������
���
�� ���������������� ���������������)�$���� ������������������ ���)���� �+�����+���(���� ������ �������������+�������� ������������������
���������*�������� ���)���� �$���
������������ ������ �����)������ ���(�����$���,������������ �(�����������$���� �
�����������
�� ������ �������
���	�$�������+�� �
���

�$���������-�� �/�)���� ���������������)�$�� �*������ ���(�(�������
�� �������� ���)���� �	�����	�(�������������
�� �+���������������+������������ ������ �$�������
�� �����
��
�����+���$�(���������� �
�������-�� �1���(�������$������������ �������	�������� ���������*�� �����������$�������� ���)������ ���)���� �(�����(�������
�� ���������������)�$��
���+�)������������ �����$���������� ������ ���	�(������������ �(�����������$�����+���� �������(���+���� �����)������ �$�����)���
���� �����(���������
�� ������ ���(���+�������

���,���
�����������������	�����-���/�)�����������������*�����$�������+�����+���	�
�������)���������)�����(�����(�������
�����������������)�$�������������������������������
��
���)�����������	���������������	�+���	���������������������
�������-��

�*�������
������������

���-�� �@�����
������ ���-���� �Q�����*���������� ���-�D�� ������ ���������	���������������� ���(�(�������+�)�� �������� �$�	�����������0���+���������� �+���	���������������-�� �.�1�1�1��
�/�����������+�������������������1�������	���������������������$�(�	�����������������������-���������S���-�������(�(�-���;�=���T���>�=���2�8�C�C�>�3�-����

�8�-�� ���)�������@�-�����Q���$�����Q�-�����-�D���P���������������(�����$���,�������������������+�������
���������
���������������������������������������������+�����������������
�������

�����������-���1���(���������6���������$�����*�����)�����(�(�����+�����������������������-�9�=�����(�(�-���>�8�:���
���>�9�:���2�8�C�C�%�3�-����

�9�-�� �M���������������-���Q�-�����-�����S�	���������
���������������������E�-�D���/�)�����(�����(�������������������*�����������
�������(�������
�����������������)�$����������������������
�+���	���������������-�� �E���������������� �����
�� �S������������������ �!���
�������� �
�� ���������������� �
���� �6���+�����
���
���� �'�������������������� �
���� �����
������
�S���	�����������2�6�'���S�3�����������-�=�����S���-�������(�(�-���8�%���T���:�9���2�8�C�C�?�3�-����

�:�-�� ���)�����������$�����	������ ���-���� ���	������ �6�-�D�� ���� �'�����
�.�����(�������
�� �
�������������	�����
�� �+���	���������������� ���������������)�$�� �������� �*����������������
���������������������*�����#���-���I�.�A�B�S�N�C�?���������!���2�8�C�C�?�3�-����

�;�-�� ���)�$���
�������-�����<���������E�-�D�������#�
�$�����������+���	�������������������������������)�$�����������$�������
�����	�$�������+�����������
���+���������������+������
�
�������-���<���������U���Q�����*�����
�������1�������������������������������-�=�9�����(�(�-���;�C�9���T���;�8�>���2�8�C�C�>�3�-����

���������������� �7�	�����8���9���������8���+�	���� �,�
���������	���	���
��
�Q�M�� �>�
�C�
�C�� �.���.�"�1��
�Q�!�6���� �=�
���
�C�� �C�-���8�?��
���<�8�C������ �>�
�C�
�C�� �.���.�"�1��
�@�.�!�.���� �>�
�C�
�C�� �.���.�6�)��
���'�!�<���� �=�
���
�C�� �.���.�"�1��
���P�Q���� �>�
�C�
�C�� �.���.�"�1��

55 Research in Computing Science (81) 2014

Extended Firefly Algorithm and its Application...



�=�-�� �@�����������,���
���)�����/�-�����!���������
�������!�-�����-�D�����������*���)���������
�����(�(�������+�)�����������
���������+���	�����������������	��������������������������
���������������)�$�������
���Q�
�$������������������ �������������+���������.�������������������+���������
���6�������������M�����+���������������2���.�6�M�3�-�����=���)�����6�.��
�.���������������������������6���$�(�������	�$�������-���.�1�1�1���2�8�C���8�3�-����

�>�-�� ���������� �<�-�� �Q�-���� �6�)�����$������ �E�-���Q�-�D�� �P�����������+�� �#�
�$�����������+���	���������������� ���������������)�$���������� �$�������
�� ���	�$�������+�������
��
�+���������������+������ �
���������������-�� �.�������������������������� �����	���������� ������ �������������+�������� �.�������������������+���� �U�� ���(�(�����+��������������
�2�.�����.���3�����������-�������S���-�8���2�8�C���C�3�-��

�?�-�� �1�������+�����
������ �!�-�� �E�-���� �.�����������$������ �<�-�� ���-�D�� ���� �����*�� �������/�������
���������
�� ���������������)�$�� �������� �+���	���������������� ���)�������

�����������+�����(�������-�������6�U�/�����������-���C�����S���-�����2�8�C���C�3�-����

�%�-�� ������������ �A�-�� �6�-�� ���������������� ���������������)�$���� �������� �$�	�������$���
������ ���(�����$���,�����������-�� �E���+���	������ �S���������� ������ �����$�(�	��������
�6�+�������+���������(�(�-�����=�%���T�����>�?���2�8�C�C�%�3�-��

���C�-�� �E�	�#�������#���� �6�-���� �F���#���� �6�-�D�� ���������������� ���������������)�$�� �������� �������������	���	���� ���������������������
�� �B�(�����$���,������������ �/�����#����
�2�8�C�C�%�3�-��

�����-�� �I�������������� ���-�� �<�-���� �!�������������,���� �/�-���-�D�� �.�$�(���������
�� �@���������������������	���� �<�����������+���� ���	���+�����������-�� �����	���������� ������
�������������+���������.�������������������+�����������������+�)�����������-�=�����(�(�-�������T���9�:���2���%�%�>�3�-��

���8�-�� ���,�	���0������ ���-�D�� ���� �+���	���������� ���������
�������� �������$���*�����#�� �������� ���������$���� �����(���������������� �
�������-�� �'���������������$�������+������
�������-���?�����(�(�-���9���%���T���9�8�C���2�8�C�C�8�3�-��

���9�-�� �'���	�������!�-�D���!���
�����
���������
�����������	�������������������+���	�������������������������
�������������$�������	�������-���M�������������������+��������������������
�������-�:�C�����(�(�-���?�C�>���T�����?�8�:���2�8�C�C�>�3�-��

���:�-�� �@�	���������� �F�-�D�� �����	���������������� ������������ �
�������� ���������� �*�����)�� ���	�$�������+�� �����
�� �+���������������+������ �������	�����-�� ���������� �M���+�������+�� �
��
���������������������������+�����������Q�����*�����
�������
�����+�����������������
���<���������!�������������2���%�%�>�3�-����

���;�-�� �P�����+�O���
�6���������������� ���-���-���� �!�������O�����,�
�/���������
���
���� ���-���-�D���1������������������ ������ �+�
�$���������� ���������������)�$���������� ���)�����	������
������ �����$���������������� ���	���+�����������-�� �9���
�� �1�	�����(�������� �����������������+���� ������ �M�������+���(�������� ������ �<�������� �!������������ �����
��
�Q�����*�����
�������<�����+���������������M�������	�����2���%�%�%�3�-��

���=�-�� ���)�$���
�������-�����<���������E�-�D�������#�
�$���������������(�����+���	�������������������������������)�$�������������	�����(���+�����+���	�����������������������$�������
��
���	�$�������+�������
���+���������������+�������
�������-���M�������������������+�������������������E�����������������������-�9�8�����(�(�-�����C�=�8���T�����C�=�%���2�8�C�����3�-��

���>�-�� ���)�$���
���� ���-���-�D�� �@�.�!�.���D�� ���� �@�����������+�)���+������ �!�������
�� �/���(���� �<�������� �����	���������������� ���������������)�$�-��
�����������������������	�������
�����	�������	��������������������������������������������������������� �����������!����
�!�"�!�#�$�����������������$���������������
 ���2�8�C�C�;�3�-��

���?�-�� �@�������F�-�����A�	�����A�-�����<�����������6�-�D�������	�����������������$�������
�����	�$�������+�������
���+���������������+�������
�������D�������+���	�������������������$�

�����������(�(�������+�)�-�����������������������������������
�������%�����&�	�����	��� �'� �#� ���� ���2�8�C�C�;�3�-��

���%�-�� �!�����,�������-�����-�����!�	���(�)�������M�-�!�-�D�������.�������(�����������������������!���+�)���������E�����������������<������������������������������������������������
�����������������������������.���������������<���(�������$���������������.���������$�����������������
�������$�(�	���������6�+�������+�������.�������������2���%�%�?�3�-��

�8�C�-�� �@���	�������-�������)�����������-�����6�	�������-�D���@�����������+�)���+�������+���	�����������������������$�������
���
�����������������
���������
�����������+�����)�����������

�+�)���-�����.���������$�������������6�+�������+���������������-���>�>�D���(�(�-���:�:�>�:���T���:�:�%�8���2�8�C�C�>�3�-��

�8���-�� ���������	�����
�����
���������� ���-�D�� �6�������+���������� ���������	�������� �����
�� �����0���+������ �������� �$�������
�� �����
�� �����+���$�(���������� �
�������-�� ���9���)��
�.�����������$�������+�������������������������������M�������������������+�����������������-�����.�����M���8�C�C�=�����E�S���6���;���%�>�����6�(���������������@�����

�
�����������������E�����@���������������(�(�-���9�?�����T���9�?�?���2�8�C�C�?�3�-����

�8�8�-�� �<���$���������� ���-�D�� �6���������������+������ �+���$�(�������������� ������ �+���������������������� ���������� �$�	�������(������ �
���������������-�� �/�)���� �����	���������� ������
�!���+�)���������E�����������������������������+�)�����������-�>�����(�(�-�������
�9�C���2�8�C�C�=�3�-����
����

��

56Research in Computing Science (81) 2014

Y. Villuendas-Rey, J. F. Cabrera-Venegas, J. A. Anton-Vargas
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Abstract. Postural evaluation is based on traditional methods without
a uni�ed approach to obtain quantitative results. Digital image analysis
applied to the postural evaluation presents an alternative that comple-
ments evaluation and allows obtain better diagnostic. This paper descri-
bes an algorithm that applies two methods to obtain quantitative results
in postural evaluation. Both methods are designed to identify markers
located in speci�c anatomical parts on the evaluated patient. The �rst
method uses regions analysis for detecting areas corresponding to the
markers. The second method uses the Hough transform to detect circles
taking advantage of marker's geometry. The results obtained by imple-
menting both methods are the coordinates of the markers, from these
points the slope equation is implemented to generate a quantitative eva-
luation result.

Keywords: postural evaluation, marker identi�cation, image analysis,
regions analysis, Hough transform.

Resumen. Las valoraciones posturales se basan en métodos tradicionales sin un
parámetro uni�cado para la obtención de resultados cuantitativos. El análisis
digital de imágenes aplicado a la evaluación postural presenta una alternativa
que complementa la evaluación y permite obtener un mejor diagnóstico. En el
presente trabajo se describe un algoritmo que aplica dos métodos para obtener
resultados cuantitativos en la evaluación postural. Ambos métodos fueron di-
señados para identi�car marcadores ubicados en partes anatómicas claves del
paciente evaluado. El primer método utiliza análisis de regiones para la detec-
ción de áreas correspondientes a los marcadores. El segundo método utiliza la
transformada de Hough para la detección de círculos aprovechando la geome-
tría de los marcadores. Los resultados obtenidos al implementar ambos métodos
consisten en las coordenadas de los marcadores, a partir de esos puntos se im-
plementa la ecuación de la pendiente para generar un resultado cuantitativo de
la evaluación.
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1. Introducción

La evaluación postural es un campo correspondiente a la �sioterapia [1], está
enfocada a la exploración del aparato locomotor principalmente rodillas, cadera
y hombros. Se evalúa la posición de las articulaciones, idealmente éstas deben
alinearse de tal forma que una línea recta imaginaria cruce a través de ellas. Si
la línea no intersecta alguna articulación entonces se diagnóstica una alteración
en la postura [1]. El método de evaluación consiste en colocar al paciente detrás
de una cuadrícula para ubicar la silueta con puntos de referencia, por lo que la
evaluación se basa en la percepción del �sioterapeuta. Los trabajos desarrollados
por [2] y [3] mostraron el potencial de utilizar procesamiento de imágenes para
analizar el rango de movimiento del cuerpo humano. Otra alternativa que se ha
reportado es el uso del sensor KINECT de microsoft, el cual ha tenido aplicación
en el campo de análisis biomecánico para rehabilitación como lo muestran los
trabajos de [4] y [5], aunque se debe considerar el grado de error del sistema
KINECT que se ha reportado por [6].

Para un tema relevante como la salud de un paciente, se desea reducir al mí-
nimo los errores que pueda generar el resultado del procesamiento. Otra técnica
que se destaca en el análisis postural es el uso de marcadores colocados por un
experto en el cuerpo del paciente como en los trabajos de [7] y [8]. El éxito de
sus resultados se debe a que al estar colocados en el cuerpo del paciente se tiene
una mayor precisión en la detección y diagnóstico de patologías posturales. En
este documento se describe la implementación de dos métodos para la detección
de los marcadores.

El primer método consiste en el análisis de regiones para la detección de áreas,
en el cual se busca los grupos de píxeles que cumplan un requisito especí�co y
conformen un área determinada. El segundo método implementa la transformada
de Hough para la detección de círculos (CHT) [9], esta técnica fue seleccionada
con el propósito de aprovechar la geometría de los marcadores. Los resultados que
aporta la CHT son las dimensiones geométricas de los marcadores (radio, área) y
las coordenadas del elemento detectado. Una vez detectadas dichas agrupaciones
se calcula el centroide de los elementos para obtener su ubicación dentro de la
imagen. A partir de las coordenadas obtenidas por ambos métodos se implementa
la ecuación de la pendiente para obtener un resultado cuantitativo el cual se
representa con un valor angular para la posición de las articulaciones.

2. Metodología

Para realizar la captura de las imágenes se desarrolló un sistema de visión
por computadora compuesto por una cámara digital, sistema de iluminación y
marcadores re�ectantes. Un experto en �sioterapia coloca los marcadores a la
altura de maléolos exteriores, cóndilos femorales, trocantérs mayor y acrómios.
Se capturan imágenes de un fondo al igual que tomas de los planos sagitales
izquierdo y derecho del paciente. La primera parte del algoritmo consiste en
segmentar la silueta del paciente y generar una imagen que pueda ser procesada
mediante los métodos de análisis de regiones y CHT.
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2.1. Segmentación de la silueta

El proceso para generar dicha imagen se basa en cuatro pasos: primero se
realiza la operación de resta tomando las imágenes de los planos y el fondo
para segmentar la silueta del paciente en ambos planos. En el segundo paso se
umbralan las imágenes resultantes de la resta a partir de un umbral dinámico
como lo reportó [10], la silueta segmentada se presenta como un objeto del cual
es posible obtener dimensiones. En el tercer paso se toman las dimensiones del
objeto segmentado y se recorta la silueta en las imágenes resultantes en la resta,
el recorte se efectúa para reducir el tamaño de la imagen a procesar. En el cuarto
paso las imágenes recortadas son sometidas a �ltros, gaussiano y mediana, para
eliminar el ruido y agrupar los píxeles que conforman el área de los marcadores.
La imagen resultante del �ltrado proporciona características distintivas a los
marcadores pues estos se presentan comohuecosdentro de la silueta del paciente.

2.2. Análisis de regiones

La implementación del algoritmo inicia con el umbralado de la imagen seg-
mentada, el resultado de este proceso presenta la silueta del paciente con huecos
conformados por el área de los marcadores. Posteriormente la imagen es revertida
y se aplica una dilatación utilizando un elemento de estructura con dimensiones
3x4 como en el trabajo reportado por [11], la dilatación da a los marcadores
un área característica. Posteriormente se etiquetan los objetos presentes en la
imagen para analizar sus características geométricas y seleccionar a aquellos que
cumplen con la condición requerida, en este caso es el área la cual es calculada
mediante la cantidad de píxeles que conforman al objeto.

Para seleccionar los objetos de interés se realiza la comparación de su área,
este valor debe encontrase dentro de un rango preestablecido. Los elementos que
no cumplen con el requisito son descartados, para los elementos que superan la
prueba se calcula el centroide de cada uno. La información de los centroides es
ordenada tomando el siguiente orden, el primer elemento es el marcador ubicado
en el tobillo (maléolo), seguido por los marcadores de rodilla (cóndilo), cadera
(trocánter) y hombro (acrómio).

Las coordenadas de cada marcador se utilizan para calcular la posición angu-
lar de las articulaciones mediante la ecuación de la pendiente. El primer valor es
calculado a partir de la relación tobillo-rodilla, el resultado es la posición angular
de esta ultima. El segundo valor es la relación rodilla-cadera, su resultado es la
posición de la cadera. Finalmente la posición del hombro se calcula a partir de
la relación cadera-hombro.

2.3. Transformada de Hough

La operación de resta presenta a los marcadores como círculos oscuros, por lo
cual la CHT es una buena técnica para identi�carlos. A pesar de su gran e�cien-
cia, la CHT tiene algunas complicaciones al detectar círculos con radios menores
a 10 píxeles. MATLAB cuenta con una herramienta que implementa la CHT con
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un factor de sensibilidad (S), este parámetro mejora las probabilidades para la
detección de candidatos que presentan oclusiones o distorsiones en su forma. Sin
embargo, al aumentar la sensibilidad sin una referencia pueden aparecer falsos
positivos. Para aprovechar la herramienta se diseñó un algoritmo que permite
obtener resultados ajustando de forma automática los parámetros de entrada.

Los parámetros de entrada son el radio del candidato a ser detectado y el
factor S, los resultados obtenidos del procesamiento son el número y las coor-
denadas del centro de los círculos detectados. Para veri�car que los candidatos
detectados sean los marcadores sus centros deben cumplir con la Eq. 1, donde
C(x; y) son las coordenada del centro del círculo eI B es la imagen binaria obte-
nida del umbralado de la imagen resultante de la resta, la cual es posteriormente
revertida con el propósito de presentar a los marcadores como agrupaciones de
píxeles con valor lógico de 1. Con este proceso es posible veri�car que los centros
de los círculos detectados se encuentran dentro de un marcador, los candidatos
que no cumplen la condición son descartados.

C(x; y) = f (x; y) j I B (x; y) = 1 g (1)

El número de candidatos aprobados debe ser igual al número de marcadores
colocados en el paciente (M = 4), de no ser igual, la imagen es pasada nueva-
mente por la CHT pero con un incremento en S(� S), los incrementos se realizan
hasta cumplir con la condición requerida. Al realizar una retroalimentación se
asegura la obtención de resultados deseados. Con las coordenadas obtenidas al
aplicar la CHT se utiliza la ecuación de la pendiente para calcular el valor an-
gular de la articulaciones analizadas, la �gura 1 muestra el diagrama de bloques
del algoritmo.

Fig. 1. Diagrama de bloques del algoritmo.

3. Comparación de resultados

Las pruebas realizadas con ambos métodos se llevaron a cabo en la Escuela
de Fisioterapia perteneciente a la Universidad Autónoma de Puebla. Se tomaron
fotos de 12 voluntarios a los cuales se les proporcionó dos prendas de vestir y un
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gorro, todo en color negro con el objetivo de facilitar la segmentación y detección
de los marcadores.

Utilizando el método de análisis de regiones es posible detectar los marca-
dores, sin embargo esta técnica es susceptible a las variaciones de iluminación
lo cual afecta en la segmentación de los pies. Para solucionar ese problema se
analizaron las imágenes por segmentos a �n de aislar la region de las extremida-
des inferiores y aplicar un umbral dinámico a �n de reducir los posibles errores
por variación de iluminación. Este método tuvo una efectividad del 80 % con
respecto a los 12 pares de imágenes analizadas.

Por el contrario, la CHT es robusta ante las variaciones de iluminación y a las
posibles variaciones de tamaño que pueden presentar los marcadores en la imagen
segmentada. Esta técnica requiere de menos procesamiento para realizar ajustes
y obtener los resultados deseados. Ambos métodos son capaces de detectar los
marcadores, sin embargo la CHT tiene una efectividad del 100 % al detectar los
marcadores.

Conociendo las coordenadas de los marcadores, la Ecuación de la pendiente
es una forma e�ciente de obtener valores cuantitativos en la evaluación postural.
A partir de las coordenadas es posible trazar líneas que muestren la distribución
de las articulaciones, la �gura 2 muestra los resultados del análisis sobre los
planos sagitales izquierdo y derecho utilizando ambos métodos. La línea recta
blanca representa la referencia donde deben ubicarse las articulaciones, la línea
punteada representa la distribución de las mismas, las �echas indican la dirección
del ángulo, los puntos A, B, C y D son los puntos anatómicos marcados.

(a) Derecho (b) Izquierdo (c) Derecho (d) Izquierdo

Fig. 2. Análisis de postura: las imágenes a) y b) se obtuvieron con CHT, las imágenes
c) y d) se obtuvieron con análisis de regiones.
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Tabla 1. Resultados de la valoración postural.

Plano Tobillo-Rodilla (A) Rodilla-Cadera (B) Cadera-Hombro (C)
Izquierdo (Regiones) 85.260� 87.892� 88.135�

Izquierdo (Hough) 84.920� 87.541� 88.144�

Derecho (Regiones) 82.042� 88.522� 87.238�

Derecho (Hough) 82.385� 88.891� 87.749�

La tabla 1 presenta los resultados cuantitativos de la evaluación postural, el
diagnóstico terapéutico a partir de la información de la tabla y el apoyo grá�co
de las imágenes es una �exión constante en las rodillas y el hombro derecho caído.
Estos problemas son causados por la tensión en de los �exores de la cadera para
el caso de la rodillas y abducción en la escápula para el caso del hombro. Si
la silueta es segmentada por completo sin ninguna alteración, ambos métodos
resultan efectivos y tienen muy poca variación en sus resultados. Sin embargo, si
la silueta presenta objetos que poseen un área similar a los marcadores, el análisis
de regiones presenta problemas para diferenciar entre ambos como lo muestra
la �gura 3b. Dicho problema puede resolverse agregando más características
a evaluar tales como perímetro y redondez de los objetos analizados. Por el
contrario, la CHT resulta efectiva en la detección correcta de las regiones de
interés debido a los parámetros utilizados para realizar la identi�cación como lo
muestra la �gura 3c.

(a) Entrada (b) Regiones (c) Hough

Fig. 3. Comparación de métodos.
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La ventaja de la CHT radica en que evalúa los parámetros de forma y dimen-
siones de los objetos a diferencia del análisis de regiones implementado el cual
evalúa únicamente dimensiones haciéndolo susceptible a errores de identi�cación.
La tabla 2 muestra los resultados obtenidos en la valoración de 12 pacientes, la
valoración de cada paciente incluye los planos derecho e izquierdo por lo que se
analizaron 12 pares de imágenes en cada cada método.

Tabla 2. Resultados de 12 valoraciones.

Método Aciertos Errores Origen del error
Hough 24 0 Ninguno

Regiones 19 5 Incapacidad para distinguir forma del objeto

4. Conclusiones

La falta de higiene postural es uno de los principales problemas en las afec-
ciones del aparato locomotor. Sin embargo las técnicas de valoración existen-
tes carecen de un resultado cuantitativo debido a la falta de herramientas que
los proporcionen. El procesamiento digital de imágenes aplicado a la valoración
postural presenta una alternativa para la obtención de diagnósticos más com-
pletos. Se implementaron dos métodos los cuales aprovecha las características
geométricas de los marcadores para la obtención de resultados cuantitativos.
Los resultados obtenidos y la forma en que estos se presentan al �sioterapeuta
y éste lo hace al paciente, facilitaron el entendimiento, diagnóstico y proceso de
rehabilitación que debe seguir el paciente. Este trabajo posee las características
para servir como herramienta didáctica al proceso de aprendizaje y capacitación
para los estudiantes de �sioterapia. El trabajo futuro a desarrollar incluye el
análisis frontal y posterior en la valoración postural al igual que el análisis de
movimiento enfocado en la terapia de rehabilitación.
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Resumen. En este trabajo, se presenta una nueva metodolog’a para la 
identificaci—n autom‡tica y la segmentaci—n de hiperintensidades de la materia 
blanca que aparecen en las im‡genes de resonancia magnŽtica de cortes axiales 
del cerebro. Para ello, primero se emplea una secuencia de tŽcnicas de 
procesamiento de im‡genes para formar la imagen, donde las hiperintensidades de 
la materia blanca notablemente difieren del resto de los objetos. Esta etapa de 
preprocesamiento facilita el proceso posterior de identificaci—n y segmentaci—n de 
las regiones de hiperintensidades. La metodolog’a propuesta fue probada en 55 
im‡genes diferentes de resonancia magnŽtica de seis pacientes. Estas im‡genes 
fueron analizadas por el sistema propuesto y las im‡genes resultantes de 
hiperintensidades fueron comparadas con las im‡genes manualmente segmentadas 
por un experto. Los resultados experimentales muestran la tasa promedio de 
positivos verdaderos de 0.9 y el ’ndice de similitud de 0.7. Al mismo tiempo, los 
falsos positivos se encuentran en la mayor’a de los casos dentro de la materia gris 
que no causa problemas para el diagn—stico temprano. La metodolog’a propuesta 
del procesamiento y an‡lisis de im‡genes de resonancia magnŽtica puede ser œtil 
para la detecci—n temprana de lesiones de la materia blanca del cerebro. 
 
Palabras clave: im‡genes de resonancia magnŽtica, segmentaci—n de im‡genes, 
hiperintensidades de la materia blanca. 
 
Abstract. In this work, a new methodology for automatic identification and 
segmentation of white matter hyperintensities that may appear in magnetic 
resonance images of brain axial cuts is presented. For this purpose, firstly a 
sequence of image processing techniques is employed to form an image where the 
white matter differ notoriously from the rest of the objects. This pre-processing 
stage facilitates the posterior process of identification and segmentation of the 
hyperintensity regions. The proposed methodology was tested on different 55 
images magnetic resonance images of six patients. These images were analysed by 
the proposed system and the resulted images were compared to the images 
manually segmented by an expert. The experimental results show the mean rate of 
true positives of 0.9 and the similarity index of 0.7. At the same time, the false 
positives are found in the most cases within the grey matter that does not cause 
problems for early diagnosis. The proposed methodology of magnetic resonance 
image processing and analysis may be useful in early detection of brain white 
matter deceases. 
 
Key words: magnetic resonance images, image segmentation, white matter 
hiperintensities 
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1 Introducci—n  

Actualmente, las im‡genes de resonancia magnŽtica (MRI) son instrumentos 
importantes usados ampliamente en diferentes aplicaciones mŽdicas. Entre los diferentes 
tipos de posibles males que se pueden detectar con MRI, las im‡genes de cortes axiales 
del cerebro se usan para detectar varias enfermedades caracterizadas por anomal’as de la 
materia blanca. Las lesiones de la materia blanca se caracterizan por la presencia de 
hiperintensidades dentro de ella (WMH), las que se pueden encontrar dentro de los 
tejidos de la materia blanca normal como objetos m‡s brillosos cuando el sistema MRI 
usa las tŽcnicas de ponderaci—n T-2 y la recuperaci—n de inversi—n atenuada del l’quido 
(FLAIR) [1].  

El problema de la segmentaci—n de la WMH es dif’cil porque las diferencias en brillo 
entre regiones normales y da–adas son peque–as y puede variar en toda la imagen. La 
segmentaci—n manual es posible, pero es una tarea que consume mucho tiempo y est‡ 
sujeta a la variabilidad del operador; por ello, la reproducci—n del resultado de la 
segmentaci—n manual es dif’cil ; por otra parte, el nivel de confidencia atribuida sufre 
tambiŽn [2]. Por estas razones, la segmentaci—n autom‡tica de la WMH es preferible, 
pero es una tarea bastante dif’cil y pertenece al ‡rea de investigaciones activas [3, 4, 5]. 
Recientemente, un gran nœmero de mŽtodos de segmentaci—n de la WMH fueron 
propuestos en la literatura. En [2], describen tres generaciones de tales mŽtodos.  

En este art’culo, presentamos una metodolog’a para la segmentaci—n de WMH 
completamente autom‡tica usando im‡genes de escala de grises de ponderaci—n T2 
FLAIR. La metodolog’a propuesta puede ser œtil para los radi—logos que analizan y 
diagnostican los males cerebrales sin la necesidad de costosas tŽcnicas basadas en 
muchos cortes multiespectrales y diferentes ponderaciones que producen un gran 
volumen de datos para cada paciente. El trabajo est‡ organizado as’: despuŽs de la 
Introducci—n, la secci—n 2 describe la metodolog’a de segmentaci—n de la WMH; en la 
secci—n 3 se presentan los resultados, y las conclusiones se brindan en la secci—n 4.  
 

2 Metodolog’a de la segmentaci—n de las WMH  

La metodolog’a propuesta de la segmentaci—n de las WMH en im‡genes MRI consta de 
varios pasos que se pueden dividir en dos etapas: preparaci—n de la imagen y 
procesamiento final. En la primera etapa, la imagen es preprocesada para el tratamiento 
posterior, mediante la eliminaci—n del cr‡neo y la separaci—n de la materia gris. Una vez 
que la imagen es preparada, en la etapa final diferentes tipos de tejidos del cerebro se 
analizan y la materia blanca se separa. Finalmente, las hiperintensidades en la materia 
blanca se detectan y segmentan. El diagrama de bloques de la metodolog’a propuesta se 
presenta en la figura 1.  
 
2.1. Etapa de preparaci—n de la imagen 

En esta etapa se realizan diferentes tŽcnicas de tratamiento: preprocesamiento, 
eliminaci—n del cr‡neo y extracci—n de la materia gris. 
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Fig.1. Diagrama de bloques de la metodolog’a propuesta para la segmentaci—n de las WMH. 

 

2.1.1. Preprocesamiento 

El paso de preprocesamiento permite disponer de la imagen lista para la eliminaci—n del 
cr‡neo. El resultado de este paso es la imagen etiquetada cuyos objetos son el cerebro y 
partes del cr‡neo que despuŽs se eliminan. El preprocesamiento consiste en el umbralado 
por el mŽtodo de Otsu [6], el filtrado morfol—gico por apertura y clausura, el suavizado 
con promedio deslizante y el etiquetado de las componentes conectadas. 

La tŽcnica de Otsu segmenta los objetos de la imagen que obviamente difieren del 
fondo, esto es, el cerebro y las cavidades del cr‡neo en MRI como se muestra en la 
figura 2. DespuŽs del umbralado se aplican tres filtros de mejoramiento de im‡genes: 
filtros de apertura y clausura [7] con el tama–o del elemento de estructura de 4x4 
pixeles, y el filtro de promedio deslizante [8] con la ventana de 5x5 pixeles. El objetivo 
del filtro de apertura es eliminar las uniones indeseables entre objetos despuŽs del 
umbralado Otsu y separar en las im‡genes MRI el cr‡neo y los artefactos que tienen 
mucho menor tama–o que el cerebro. El filtro de clausura suaviza el contorno del 
cerebro y rellena hoyos; el filtro de promedio deslizante suaviza la imagen y repone los 
puntos de las esquinas perdidos en el procesamiento previo. 

En el paso siguiente los componentes conectados se etiquetan. Para ello, se emple— el 
algoritmo de conectividad 8 [9], el cual considera todos los pixeles vecinos tratados que 
permite etiquetar de una manera m‡s correcta el objeto completo. El objetivo del 
etiquetado es distinguir los objetos en la imagen por sus etiquetas para poder contarlos y 
determinar su eventual tama–o. La figura 3 ilustra el etiquetado: en la imagen 
preprocesada se asigna una etiqueta a cada objeto de diferente nivel de gris. 
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Fig. 2. Umbralado Otsu: a) imagen original; b) imagen resultante del umbralado. Las flechas 
indican las uniones indeseables entre los objetos. 

 

 
Fig. 3. Componentes conectadas etiquetadas de la imagen del cerebro. 

 
2.1.2 Eliminaci—n del cr‡neo y separaci—n de la materia gris  

La eliminaci—n del cr‡neo se realiza sobre la base de que el tama–o del cerebro es 
mucho mayor que el tama–o de los artefactos obtenidos con el preprocesamiento de la 
imagen. Para ello, primero se cuentan todos los objetos, las etiquetas se guardan y se 
determina el tama–o de cada objeto. Segundo, los objetos de mayor tama–o se 
seleccionan y los de menor tama–o se eliminan, separando as’ los objetos de tejidos del 
cerebro del resto. Como resultado se obtiene la imagen de los dos l—bulos cerebrales. 

En el paso siguiente, solo algunas partes de la materia gris se extraen porque ellas no 
est‡n bien definidas en la imagen original y s—lo se pueden reconocer mejorando el 
contraste. Ello se ilustra en figura 4a, donde despuŽs de mejorar el contraste las regiones 
de materia gris deben eliminarse ya que representan las hiperintensidades de la materia 
gris, las cuales se pueden confundir con las hiperintensidades de la materia blanca, 
resultando la identificaci—n de WMH err—neas. 

Para extraer la parte informativa de la materia gris, primero se aplica el algoritmo de 
relleno de hoyos [7] a las regiones del cerebro porque en algunos casos las WMH se 
encuentran en los bordes de los hoyos. DespuŽs, se aplica el algoritmo de 
tama–o/porcentaje especialmente dise–ado para eliminar un porcentaje de los objetos 
externos del cerebro.  
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Fig. 4. Im‡genes de las regiones de materia gris despuŽs del aumento de contraste y la extracci—n 
de la parte informativa de la materia gris: a) regiones de contraste aumentado; b) extracci—n de la 
parte informativa de la materia gris. 

 
Algoritmo de erosi—n tama–o/porcentaje 

Este algoritmo elimina las regiones usando erosi—n morfol—gica [7] con un elemento de 
estructura de 3 pixeles de di‡metro. El algoritmo erosiona la imagen hasta que la 
diferencia entre la imagen original obtenida despuŽs del aumento de contraste de las 
regiones de materia gris y el relleno de hoyos, ( )yxfh , , y la obtenida por erosi—n, ( )yxfe ,

, se aproxima al porcentaje predeterminado:  

1) Calcular el tama–o de los pixeles diferentes de cero 0V  en la imagen ( )yxfh , ;  

2) Realizar la erosi—n con un elemento de estructura de 3 pixeles de di‡metro de la 
imagen de entrada la cual se designa como ( )yxfe , . 

3) Calcular el tama–o eV  de los pixeles diferentes de cero en la imagen ( )yxfe , . 
4) Comparar 0V  y .eV  Si ( ) %,55.35%10000 <!" VVV e  regresar al paso 2. 

La imagen obtenida con el algoritmo de tama–o/porcentaje propuesto se intersecta 
con la imagen binaria del cerebro. Como resultado se obtiene la parte de materia gris 
(ver la figura 4). La figura 4b muestra que todos los objetos con el contraste mejorado 
pertenecientes a las hiperintensidades de materia gris se eliminaron. 

 
2.2. Procesamiento final 

En esta etapa la imagen se procesa hasta que se obtenga la WMH segmentada. La etapa 
consta de tres pasos: tratamiento de la imagen, identificaci—n de la WMH y 
segmentaci—n de la WMH. 
 
2.2.1. Tratamiento de la imagen 

El objetivo de este paso es mejorar el contraste de la imagen. Para ello, el filtro de 
promedio deslizante [8] con la ventana de tama–o 5x5 se aplica a la imagen original del 
cerebro segmentado. DespuŽs la imagen se delimita y se corta en los l’mites del cerebro 
usando una caja delimitadora. Seguidamente, el fondo de la imagen se sustituye por el 
valor promedio de los pixeles diferentes de cero como se muestra en la figura 5.  

DespuŽs, se mejora el contraste de la imagen mediante el algoritmo de correcci—n 
gamma [8] con un factor de 30. As’, se acentœan las lesiones y el fondo de la imagen y 
sus tama–os se reestablecen. Finalmente, el contraste se mejora agregando la imagen 
resultante a la imagen original del cerebro segmentado; como se muestra en la figura 6. 
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La imagen ( )yxf ,  obtenida as’ es la imagen de entrada para el paso de crecimiento de 

regiones.  

 
Fig. 5. Tratamiento de la imagen mediante la caja delimitadora y el fondo promedio: a) 
delimitaci—n de la imagen del cerebro; b) corte de la imagen del cerebro con el fondo promediado. 
 

 
 

Fig. 6. Mejoramiento del contraste: a) aumento del contraste por saturaci—n; b) la imagen despuŽs 
de aplicar la correcci—n gamma. 
 
2.2.2. Segmentaci—n e identificaci—n de las WMH  

En esta etapa, primero se determinan las regiones de interŽs con base en los pixeles m‡s 
brillantes, pues ellos representan las regiones m‡s significativas. Una vez que las 
regiones de interŽs se han determinado, el halla centroide de cada regi—n. Los pixeles del 
centroide resultante son las semillas para el proceso siguiente de crecimiento de 
regiones; ellas forman la matriz de semillas ( )yxS , . La figura 7a muestra el resultado 
del proceso de crecimiento de regiones donde a cada regi—n se asocia s—lo un pixel de 
semilla.  

 
Fig. 7. Segmentaci—n de la WMH: a) detecci—n de las regiones de interŽs; b) la imagen 
segmentada. 
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Los pixeles centroides de las regiones de interŽs de la imagen resultante del proceso 
de identificaci—n de la WMH son semillas para la segmentaci—n por crecimiento de las 
regiones [8, 10]; para este fin se utiliz— el algoritmo con conectividad de 8. El resultado 
obtenido por el procedimiento de crecimiento de regiones es la imagen( )yxg , mostrada 

en la figura 7b. 
 

3 Discusi—n de resultados  

En esta secci—n se presentan los resultados de la evaluaci—n del proceso de identificaci—n 
de las WMH. Para la evaluaci—n se usaron 55 im‡genes ponderadas T2 FLAIR de 6 
pacientes diferentes con esclerosis mœltiple proporcionadas por el Instituto Nacional de 
Rehabilitaci—n. Estas im‡genes son de escala de grises de tama–o 600x600 pixeles. Para 
la comparaci—n estas im‡genes fueron segmentadas manualmente por un radi—logo 
experto y comparadas con las im‡genes segmentadas autom‡ticamente con la 
metodolog’a propuesta. El criterio empleado para el an‡lisis comparativo fue la 

diferencia de tama–o: ( ) %100)( !"= manautmandif VVVV , donde autV  es el tama–o de la 

imagen segmentada autom‡ticamente y manV  es el tama–o de la imagen segmentada 

manualmente.  
Las segmentaciones manual y autom‡tica fueron comparadas utilizando la tasa de 

verdaderos positivos (TPR), la tasa de falsos positivos (FPR) y el ’ndice de similitud 
(SI). La tasa media de los positivos verdaderos (TPR) se define como (Ong et al., 2012):

( ) ( )MSVMSASVTPR != , donde ( )!V  es el nœmero de elementos en el conjunto, MS  es 

el conjunto obtenido de la segmentaci—n manual de WMH, AS es el conjunto obtenido 

de la segmentaci—n autom‡tica de WMH y !  denota el operador de intersecci—n. La 
tasa media de falsos positivos (FPR) se define como (Ong et al., 2012): 

( ) ( )MSVMSASVFPR != , donde MS  es el conjunto de puntos diferentes del conjunto 
de segmentaci—n de WMH manual. El ’ndice de similitud (SI) se define, como (Ong et 
al., 2012): ( ) ( ) ( )MSVASVMSASVSI += !2 . 

El promedio de verdaderos positivos obtenido es 9.0=TPR , lo que significa que la 
mayor’a de las WMH segmentadas manualmente tambiŽn fueron detectadas 
autom‡ticamente: 86% de las im‡genes tienen TPR en el rango de 0.8 a 1, 7% tienen

7.0=TPR , y 7% tienen TPR en el rango de 0.4 a 0.6.  
Al mismo tiempo la tasa media de falsos positivos fue 7.0=FPR : 50% de las 

im‡genes tienen FPRen el rango de 0 a 0.5, 48% tienen FPR en el rango de 0.8 a 1, y 
2% tienen FPR  en el rango de 0.6 to 0.7.  

El ’ndice promedio de similitud es 7.0=SI  que indica una coincidencia 
significativa entre las dos segmentaciones manual y autom‡tica. El 70% de las im‡genes 
tienen SI  en el rango de 0.7 a 1 y el 30% restante tienen SI  en el rango de 0.3 a 0.6.  
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Fig. 8. Diferencia de tama–o entre las segmentaciones manual y autom‡tica de las WMH. 
 

 
Fig. 9. Gr‡fica comparativa de los resultados obtenidos por el mŽtodo de detecci—n autom‡tica de 
valores at’picos y el mŽtodo propuesto. 

 
Los resultados de la comparaci—n de la segmentaci—n de las WMH en tŽrminos de 

diferencia de tama–o se muestran en la figura 8.  
La metodolog’a propuesta fue comparada con el mŽtodo de detecci—n autom‡tica de 

valores at’picos [3]. Los resultados obtenidos con la metodolog’a propuesta son mejores 
en tŽrminos del ’ndice de similitud y de la tasa de verdaderos positivos, pero existen m‡s 
falsos positivos al compararla con el modelo de intensidad local [3]. La figura 9 muestra 
esto gr‡ficamente.  

4 Conclusiones 

Se ha propuesto una metodolog’a autom‡tica para la identificaci—n y segmentaci—n de 
las hiperintensidades de la materia blanca (WMH) del cerebro. Los resultados finales 
obtenidos en la identificaci—n y segmentaci—n de las WMH se acercan a los resultados 
obtenidos con la segmentaci—n de las WMH manual supervisada por un experto. La 
exactitud de la identificaci—n de las WMH obtenida fue de 87.8%. Las WMH 
identificadas se segmentan mediante el algoritmo de crecimiento de regiones, 
obteniŽndose una tasa de verdaderos positivos y de ’ndice de similitud de 70%. El 
trabajo futuro ha de ser orientado hacia la reducci—n de la tasa de falsos positivos, para 
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lo que deber‡n incluirse etapas adicionales de procesamiento de im‡genes en la 
metodolog’a propuesta.  
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Resumen.  El avance de la tecnología ha llegado a impactar incluso en la 
democracia, que involucra la toma de decisiones no solo a nivel político, 
sustentando  así  lo que se ha denominado como voto electrónico. 
Actualmente existen países que ya han implementado este tipo de elecciones 
en base a modelos de votación electrónica que se apegan a la legislación de 
cada uno de ellos y que además hacen uso de dispositivos especializados para 
la emisión y recepción del sufragio. Sin embargo, aunque ya existe una 
cantidad considerable de avances tecnológicos  para la captación y conteo de 
votos, aún no se ha considerado un modelo que pueda basarse en el uso de 
dispositivos móviles, que le brinde a los electores la oportunidad de emitir su 
voto desde cualquier lugar en el que se encuentren y con la certeza de que los 
principios del voto y las garantías procedimentales serán respetados.  

Abstract.  The advancement of technology has come to impact even in 
democracy, which involves decisions not only at the political level, thereby 
supporting what has been called e-voting. Currently there are countries that 
have already implemented such choices based on models of electronic voting 
adhere to the laws of each of them and also make use of specialized devices 
for transmission and reception of suffrage. However, although there is a 
considerable amount of technological advances to capture and count, still has 
not been considered a model that can be based on the use of mobile devices, 
that gives voters the opportunity to cast their vote from wherever they are 
located and with the certainty that the principles of the vote, and due process 
will be respected. 

Palabras clave: Voto electrónico, Seguridad, Dispositivos móviles, 
Autenticación, Firma digital. 
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I  Introducción 

Con el avance de las nuevas tecnologías de la información y la comunicación, 
especialmente  el Internet, se ha potencializado el flujo de información a niveles 
sorprendentes que ha llegado a producir cambios sociales en los países que tienen 
acceso a este tipo de servicios. 

Estos cambios han provocado que la democracia evolucione, los procesos 
electorales se envuelvan en el flujo de información y la toma de decisiones se facilite; 
y así todo concurre para considerar la inserción del voto electrónico [2]. 

Existen países que han ido introduciendo el voto electrónico en sus diferentes 
procesos electorales de acuerdo con diversos modelos de votación que se apegan al 
sistema político de cada uno de ellos. Sin embargo, todos estos modelos de votación 
incluyen dispositivos especializados en la recepción del voto y aún no se ha 
considerado inclinarse por los dispositivos propios de los usuarios, por ejemplo los 
dispositivos móviles, para emitir el sufragio.  

Por otra parte, el avance continuo de los dispositivos móviles y su capacidad de 
conectividad con las redes inalámbricas les permite a los usuarios estar comunicados 
en cualquier momento y desde cualquier lugar (anytime-anywhere); lo que nos lleva a 
uno de los principales retos que tiene que cumplir toda votación electrónica llevada a 
cabo por este medio, es decir, proveer seguridad al mandar datos por medio del aire, 
ya que es uno de los canales de propagación más inseguros para transmitir, por lo que 
es necesario hacer uso de modelos de seguridad adecuados para cubrir esta necesidad 
[10]. Esta es la razón por la que el presente trabajo de investigación está enfocado en 
desarrollar una Arquitectura basada en un Modelo de Votación Electrónica sobre 
Medios Móviles el cual le permitirá al usuario emitir su voto por medio de un proceso 
de identificación y autentificación a través de su dispositivo móvil, desde cualquier 
lugar en el que se encuentre, siempre y cuando cuente con una conexión a Internet.  

A continuación en la Sección II se brindará un marco teórico donde se enuncian 
algunos de los conceptos más importantes para el presente trabajo; en la Sección III se 
plantea el problema en base a los antecedentes abordados en el marco teórico y se 
define la problemática a resolver; en la sección IV se describe la Arquitectura 
propuesta para dar solución a la problemática planteada y finalmente en la sección V 
se presentan las conclusiones y el trabajo a futuro.  

 

II  Marco Teórico 
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Siendo el voto la expresión pública o secreta de una preferencia ante una o más 
opciones [1], se puede decir que el voto electrónico (VE) tiene el mismo objetivo, con 
la excepción de que se emplean mecanismos electrónicos para realizarlo por lo que se 
pueden identificar dos aspectos del mismo [2]: 

a) VE en sentido amplio: es todo mecanismo de elección en el que se utilicen 
los medios electrónicos o cualquier tecnología en las distintas etapas del 
proceso electoral, principalmente el acto efectivo de votar. 

b) VE en sentido estricto: es el acto preciso en el que el emitente del voto 
deposita o expresa su voluntad a través de medios electrónicos (urnas 
electrónicas) o cualquier otra tecnología de recepción de sufragio. 

Teniendo en cuenta esta clasificación, el presente trabajo considerará el voto 
electrónico en el sentido amplio, lo que lleva a definir algunos conceptos básicos para 
este aspecto. 

Existen diversos sistemas de voto electrónico que actualmente ya son utilizados 
en diferentes países, principalmente los occidentales; de manera general se identifican 
tres tipos de sistemas principales y un cuarto [2] que va en proceso de adoptarse por 
ser más reciente. Los sistemas antes mencionados son: 

1) Mediante tarjeta perforada. El elector recibe una tarjeta, en la cual debe 
perforar su opción por medio de un aparato. Este sistema es un tanto 
problemático, pues la precisión de la perforación depende del usuario y 
podrían no contarse adecuadamente la perforación de cada tarjeta. Este es un 
sistema obsoleto, pero aún lo continúan empleando. 

2) Mediante un aparato lector. El votante realiza marcas con un bolígrafo en 
una papeleta, para que después éstas puedan ser introducidas en un aparato 
lector y se cuente el voto.  El votante no entra en contacto directo con la 
tecnología, pero sí su papeleta. 

3) Mediante aparatos de grabación directa. Usan aparatos similares a un cajero 
automático, el elector establece su preferencia por medio de una pantalla 
táctil o un teclado. Puede que el mismo aparato registre el voto o que el voto 
se grabe en un soporte externo. Tras emitir su voto, el votante utiliza su 
tarjeta a modo de una papeleta tradicional, introduciéndola en una urna, que 
a su vez será un aparato lector de tarjetas magnéticas, y que realizará el 
recuento. 

4) Voto electrónico remoto. Es el que provee que el votante no deba 
desplazarse hasta el colegio electoral y pueda emitir su voto a través de la 
red (puede ser interna o desde cualquier plataforma conectada a Internet). 
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El modelo sobre el cual se basa la Arquitectura propuesta corresponde a éste 
último tipo de sistema.. 

En general la seguridad, se refiere al cumplimiento de los servicios de seguridad 
que se listan a continuación [3]: 

�x Confidencialidad. Garantiza que la información privada pueda ser accedida 
únicamente por las entidades autorizadas. 
 

�x Integridad de los datos. Se refiere a la protección de los datos de tal manera 
que no puedan ser modificados, destruidos o extraviados de una manera 
maliciosa o accidental. 

�x Autenticación. Es un servicio relacionado con la identificación de 
identidades o de datos. La autenticación de una entidad es la confirmación de 
su identidad, es decir, una comprobación de que es quien dice ser. La 
autenticación de datos se refiere a la validez de los datos, lo que implica la 
integridad de los mismos. 
 

�x No rechazo. Asegura que el remitente de cierta información no pueda 
rechazar/negar su transmisión o contenido y que el receptor no pueda negar 
su recepción o contenido. 

La firma digital es un esquema matemático que garantiza la privacidad de la 
conversación, la integridad de los datos, la autenticidad del  mensaje/emisor digital y 
el no repudio del remitente [4]. También se puede decir que es un método 
criptográfico que asocia una identidad, ya sea de una persona  en particular o de un 
equipo a un mensaje enviado a través de transmisión por la red. 

La firma a ciegas es una clase de firma digital producida para mensajes que se 
mantienen ocultos para el signatario y por lo tanto una tercera entidad solicita la firma  
[5]. Este concepto fue introducido por Chaum con la finalidad de garantizar 
anonimato en los sistemas de pago electrónico [6], pero actualmente también se le ha 
dado uso en los sistemas de votación electrónica. Las firmas a ciegas requieren de dos 
entidades, el usuario quien solicita la firma y el signatario quien firma el mensaje. 

De manera general, un sistema de votación electrónica por Internet debe cubrir  
con todos los requisitos funcionales del proceso electoral, así como los servicios de 
seguridad necesarios para protegerse de ataques potenciales provenientes de la red. 
Algunos de los requisitos esenciales son los siguientes [5]: 

�x Autenticación: sólo los votantes incluidos en el padrón electoral serán 
autorizados para emitir su voto. 
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�x Anonimato y no coerción: nadie debe ser capaz de determinar el valor del 
voto ni de vincularlo con el votante. 

�x Unicidad: ningún votante debe votar más de una sola vez. 
�x Verificación y auditoría: debe ser posible verificar que al final del proceso 

electoral, todos los votos fueron contados correctamente. 

Otros requisitos propuestos por [7] son: 

o Precisión: Se debe evitar que el voto emitido sea alterado, duplicado o 
eliminado por cualquier persona. Cada voto legítimo debe ser contabilizado 
correctamente.  

 
o Simplicidad: El proceso de votación debe ser lo más simple posible. En otras 

palabras, una interfaz de elección electrónica amigable al usuario y que no 
necesite aprender técnicas complejas y cualquier equipo adicional. 

 

III  Planteamiento del Problema 

Los avances tecnológicos aunados a las técnicas criptográficas han sido un factor 
para la paulatina inserción del voto electrónico dentro de los sistemas tradicionales de 
sufragio. El Internet y diversos dispositivos electrónicos facilitan la captura, recepción 
y transmisión del voto, ofreciendo así un proceso más cómodo y eficiente para todos 
los participantes. 

No obstante, el nuevo sistema de votación que se deriva del voto electrónico, es 
decir, el e-voting remoto acarrea también ciertos problemas o riesgos adicionales a los 
que ya existen en el sistema tradicional. Por ejemplo, la autenticación del usuario, ya 
que debe de ser identificado para tener los respectivos permisos para votar y a su vez 
guardar su anonimato al momento de emitir su voto. 

Otro problema viene de considerar el Internet como el principal medio de 
transmisión, pues es necesario implementar los esquemas de seguridad para 
votaciones electrónicas que ofrezcan seguridad al sistema y confidencialidad a los 
votantes. 

Ya que generalmente el voto es capturado electrónicamente y enviado a una urna 
electrónica para ser contabilizado al finalizar el periodo de votación, la auditoria se 
convierte en otro problema, ya que no hay una garantía de que esos votos que van 
siendo almacenados no sean alterados mientras finaliza la elección. 
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En la actualidad hay muchos protocolos y esquemas de votación electrónica que 
van de acuerdo a ciertos modelos de votación. Por ejemplo, �³�8�Q���H�V�T�X�H�P�D���Y�H�U�L�I�L�F�D�E�O�H��
�G�H�O���Y�R�W�R���H�O�H�F�W�U�y�Q�L�F�R���S�R�U���,�Q�W�H�U�Q�H�W�´���>���@ proporciona un esbozo de cómo dar seguimiento 
al proceso de la votación, especificando 4 fases, a saber, fase de registro, 
autenticación, votación y conteo, además propone cinco entidades participantes: 
Votantes, Autoridad Certificadora, Centro de autenticación, Centro de supervisión y 
Centro de conteo, siendo la mayor aportación de este trabajo la verificabilidad. 

�2�W�U�R�� �W�U�D�E�D�M�R�� �W�L�W�X�O�D�G�R�� �³�8�Q�� �3�U�R�W�R�F�R�O�R�� �6�H�J�X�U�R�� �G�H�� �9�R�W�R�� �(�O�H�F�W�U�y�Q�L�F�R�� �S�D�U�D�� �O�D�V��
�(�O�H�F�F�L�R�Q�H�V���*�H�Q�H�U�D�O�H�V�´�� �>���@��propone un centro de voto que está compuesto por cuatro 
pasos con los que navega a través de cinco módulos. 

�8�Q�� �W�H�U�F�H�U�� �S�U�R�W�R�F�R�O�R�� �H�V�� �³�8�Q�� �0�H�F�D�Q�L�V�P�R�� �G�H�� �9�R�W�D�F�L�y�Q��Anónima basado en el 
�3�U�R�W�R�F�R�O�R�� �G�H�� �,�Q�W�H�U�F�D�P�E�L�R�� �G�H�� �&�O�D�Y�H�V�´ [9], éste hace uso de la firma a ciegas y del 
protocolo de Diffie-Hellman para el intercambio de llaves entre el votante autenticado 
y el servidor encargado de recibir el mensaje correspondiente al voto. Una de las 
desventajas de este protocolo es que no permite al votante verificar que su voto haya 
sido contado correctamente. 

En la tabla I podemos observar la comparativa de las diferentes propuestas de 
modelos y protocolos de votación. 

TABLA I.  
COMPARATIVA DE POTOCOLOS DE VOTACIÓN ELECTRÓNICA 

Protocolos 

Requerimientos 
Protocolo de 

Liaw [8] 

Protocolo de 
Chang-Lee 

[9] 

Protocolo de 
Chun-Ta Li 

[7] 

Modelo y 
Arquitectura 
propuestos 

Precisión �9  �9  �9  �9  
Simplicidad   X �9  �9  �9  

Apegado a la Ley �9  �9  �9  �9  

Verificabilidad �9   X �9  �9  
Privacidad �9  �9  �9  �9  
Esquema sobre 
Internet 

�9  �9  �9  �9  

Basado en redes 
inalámbricas 

No especifica No especifica No especifica �9  

Contemplan 
dispositivos móviles  X  X  X �9  

 

 

IV  Arquitectura Propuesta 
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Con los modelos de votación electrónica que se han propuesto hasta el momento, 
se puede observar que la mayoría toma en cuenta lugares específicos para que el 
elector acuda a emitir su voto y/o contemplan dispositivos dedicados a la recepción y 
conteo del voto. Es verdad que ya existen modelos planteados para un esquema 
basado en Internet, pero sus descripciones en cuanto al tipo de comunicación que 
emplearan son muy vagas o casi nulas y dichos modelos se enfocan principalmente en 
el acto efectivo de votar, dejando de lado las especificaciones y protocolos que se 
deben de seguir al hacer uso de una red alámbrica o inalámbrica. 

En cuanto a la seguridad, la mayor parte de los protocolos propuestos usan 
relativamente mecanismos sencillos de autenticación, por ejemplo, tarjetas 
inteligentes y/o una comprobación de que el votante se ha registrado previamente en 
una base de datos, por lo cual es necesario hacer uso de distintos mecanismos de 
autenticación para poder brindar confiabilidad en el sistema de votación. 

Por otra parte, los modelos de votación electrónica ya propuestos solamente 
mencionan que las diferentes entidades gubernamentales deben participar y vigilar 
que el proceso de la votación se realice correctamente, pero dichos modelos no 
contienen un apartado dedicado a la parte legislativa que es aplicada en cada una de 
las naciones democráticas. 

La importancia de llevar la votación electrónica a un esquema móvil es de vital 
importancia, ya que brindaría a los votantes un modelo de votación mucho más 
conveniente para ellos, haciendo uso de las bondades que brindan sus propios 
dispositivos móviles, es decir, permitirles emitir su voto desde cualquier lugar en 
dónde se encuentren (y esté disponible una red inalámbrica), sin necesidad de 
trasladarse a un lugar donde se encuentre algún dispositivos especializado en recibir o 
contabilizar el voto.  

El modelo propuesto es una alternativa que se podría ir adoptando en las diversos 
países democráticos, ya que además de brindarle beneficios a los votantes al romper 
con las barreras geográficas, también es conveniente para las entidades encargadas de 
gestionar todo el proceso de la votación, pues evitaría gastos innecesarios en material 
(papel, bolígrafos e incluso dispositivos especializados que pueden llegar a ser muy 
costosos) y la mayor parte de los esfuerzos se podrían enfocar en garantizar la 
seguridad del sistema y del votante. 

El Modelo de Votación Electrónica Móvil propuesto, consta de cuatro capas 
como se observa en la Fig. 1  
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Fig. 1. Modelo propuesto de Votación Electrónica Móvil (Fuente propia) 

Cada capa está enfocada a diversos aspectos y fases dentro del proceso de 
votación, a continuación se describe cada una: 

A. Facultad o derecho de ejercer el voto: Se refiere primeramente al proceso de 
registrar a los votantes que cumplen con los requisitos básicos para poder 
votar, de esa manera se les otorgará un nombre de usuario y contraseña para 
después hacer uso de ellos en el proceso de identificación del votante. 

B. Principios que rigen el voto: En esta capa se especifican el proceso de 
autenticación del votante, la cual se realizará por medio de la Firma 
Electrónica  y la implementación del algoritmo de encriptación RSA para 
autenticarse a  través de su dispositivo móvil, además de especificar los 
principios del voto, como son el sufragio universal, libre, igual y secreto, por 
mencionar algunos.  
 

C. Garantías Procedimentales: Esta capa involucra la emisión de documentos, 
certificados, por ejemplo el certificado de autenticación de usuario; también 
se especifican los aspectos legislativos que regirán el proceso de la votación 
y se definen las reglas de acuerdo con la legislación del país o de la entidad 
organizadora de la votación. 
 

D. Garantías de Servicios: En esta capa se especifican las garantías con las que 
debe cumplir cada procedimiento especificado dentro de la votación, por 
ejemplo la transparencia, la verificación de la autenticación, verificación del 
voto emitido por medio de un certificado digital, la integridad de la 
información, comunicación segura en el envío de datos a través de la 
implementación del algoritmo AES, entre otros. 

84Research in Computing Science (81) 2014

S.I. Bautista-Rosales, C. Carreto-Arellano, E. Bustos-Farías



Cada capa tratará de cubrir una de las cuatro características esenciales del voto 
tradicional que también se deben aplicar al Voto Electrónico sobre medios móviles, 
como se enlistan a continuación: 

�x Universal, porque el derecho al voto es inherente a todos los ciudadanos, sin 
más restricción que cumplir las condiciones que establece la entidad que 
organiza. 

�x Libre, porque el ciudadano vota por la opción de su preferencia de manera 
consciente e informada, sin que persona alguna ejerza presión o lo 
condicione de alguna manera. 

�x Secreto, porque el ciudadano emite su voto privado, y ninguna persona 
puede requerirle información sobre el sentido del mismo.  

�x Directo, porque el ciudadano acude a votar personalmente. 

Para verificar la funcionalidad del Modelo de Votación Electrónica, se ha 
diseñado una Arquitectura para poder montar un caso de estudio que consiste en una 
Urna Electrónica Móvil que será implementada sobre dicha Arquitectura que se 
muestra en la Fig. 2, donde también se aprecia en qué parte de la Arquitectura se 
implantará cada capa del Modelo propuesto. 

 
Fig. 2. Descripción de cada capa del Modelo en la Arquitectura propuesta. (Fuente propia) 

El flujo de datos que seguirá la Arquitectura será como se describe a 
continuación y se aprecia gráficamente en la Figura anterior 

�x El usuario ingresa a la interfaz de la aplicación, si aún no está registrado no 
podrá acceder a ningún servicio y tendrá que proceder a registrarse. 
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�x Para el registro, el usuario tendrá que mandar un paquete de datos a una vista 
a través de la red, es decir, debe seleccionar la opción de registrarse, llenar 
los datos que se le pidan y enviar ese paquete de datos a través de Internet. 

�x Estos datos serán redireccionados a un servidor, que es el organismo que 
brinda el servicio con la aplicación de voto electrónico móvil. 

�x El organismo que brinda la aplicación de voto envía el paquete de datos a 
otro servidor, que le pertenece al organismo validador de registro, en este 
caso un administrador se hará cargo de verificar que los registros se realicen 
de manera correcta. 

�x El organismo validador del registro revisará los datos del paquete y regresará 
una respuesta de éxito o fallo en el Registro. 

�x Dependiendo  de la respuesta del organismo validador, será la acción que 
emita el organismo que brinda la aplicación de votación electrónica móvil y 
por ende las vistas que se le desplieguen al usuario. 

 

 

V Caso de Estudio 

Las tecnologías que se utilizaron para desarrollar el Caso de Estudio se dividen 
en tres módulos y se describen a continuación: 

1. Aplicación Móvil 
a. Sistema Operativo Móvil: Android 
b. Lenguajes de Programación: SDK 4.0 Ice-Creame Sandwich API 

level 15 debido a las herramientas de seguridad, criptografía y 
canales seguros de comunicación que se han incluido a partir de 
esta versión. 

c. Sistema Gestor de Base de Datos: SQLite ya que es el sistema 
gestor de base de datos que ocupa android y brinda la facilidad de 
conectarse con MySQL. 

2. Aplicación Web 
a. Lenguajes de programación 

i. Java SE7U25 JDK: Se eligió este lenguaje debido a la 
portabilidad que brinda la máquina virtual en diversos 
sistemas operativos. 

ii.  JSF 2.0: (Java Server Faces) Este framework simplifica el 
desarrollo de interfaces web y permite el uso del modelo 
vista controlador. 
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iii.  Primefaces 4.0: Es un complemento de código abierto para 
JSF que ayuda a mejorar la interacción del usuario con la 
página web. 

3. Servicio Web 
a. Lenguajes de programación: Java para poder programar el 

algoritmo de cifrado AES y RSA ya que es el lenguaje provee de 
algunas librerías para la implementación de estos algoritmos. 

b. Sistema Gestor de Base de Datos: MySQL Server porque debido a 
la compatibilidad que existe entre Java Server Faces y los 
conectores brindados por Java se facilita la conexión entre estas dos 
herramientas. 
 

Restricciones del Sistema 

�x El sistema estará enfocado a smartphones con el sistema operativo android 

con una versión igual o superior a la 4.0. 

�x El sistema debe contar con una conexión a internet mediante datos móviles 

para poder llevar a cabo la votación. 

�x El sistema deberá de contar con un dispositivo de almacenamiento externo 

que contenga la información cifrada del usuario. 

El sistema requerirá de la validación inicial de usuarios por parte del órgano 
organizador o regulador del evento. 

Cabe aclarar que la inserción del voto electrónico a través de dispositivos móviles 
debe ser una transición paulatina, usando primeramente este tipo de votación como un 
apoyo a la votación tradicional mientras se sigue trabajando en todos los elementos 
que tienen que converger para que la votación sobre medios móviles se pueda 
implementar en su totalidad. 

 

 

VI  Conclusiones y trabajo a futuro 

En el presente trabajo se describió la propuesta y avance de una Arquitectura 
basada en Modelo de Votación Electrónica sobre Dispositivos Móviles. Como se 
pudo observar, el Modelo se basa en cuatro capas para cubrir los diferentes aspectos 
que se deben de considerar en el Voto Electrónico y la Arquitectura nos brinda la 
conectividad entre cada uno de los componentes. Pretende como aportación el poder 
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garantizar no solamente la identificación y autenticación del votante, sino también 
pretende lograr la protección de la identidad del usuario, así como la seguridad de los 
votos emitidos. Por otro lado, con la implementación del Modelo en la Arquitectura se 
brindará transparencia a lo largo de todo el proceso y no solamente al finalizar la 
votación. 

 
Actualmente se está trabajando en pruebas de seguridad del mecanismo de 

Autenticación de usuarios de la Urna Electrónica Móvil (caso de estudio) y pruebas al 
canal por donde fluyen los datos, el cual es una parte de un Modelo de Seguridad en 
Redes Móviles que la firma electrónica del usuario para su funcionamiento [12] y en 
la aplicación para el usuario en el sistema operativo Android. 
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Abstract. In order to expand their opportunities of selling products and 
services, conventional stores have been creating their own e-commerce web 
sites, where they can carry out electronic transactions from any place at any 
time. Store owners and their clients benefit from e-commerce web sites, be-
cause they are permanently online and provide catalogues of products and ser-
vices with images, descriptions, specifications, prices, comments from clients, 
recommendations, among other features; so clients have enough information to 
make a decision on the products and services they will buy. There are some 
tools available on the web that generate this type of web sites, but they do not 
provide the functionality of displaying the web site on mobile devices automati-
cally. This paper presents a configurable web system for generating and admin-
istering e-commerce web sites, which are automatically displayed on mobile 
devices, using the responsive web design pattern.  

Keywords. Configurable Web System; E-Commerce Web Site; Responsive 
Web Design; Web-Based Application. 

1 Introduction 

In order to expand their opportunities of selling products and services, conventional 
stores have been creating their own e-commerce web sites, where they can carry out 
electronic transactions from any place at any time. Store owners and their clients ben-
efit from e-commerce web sites, because they are permanently online and provide 
catalogues of products and services with images, descriptions, specifications, prices, 
comments from clients, recommendations, among other features; so clients have 
enough information to make a decision on the products and services they will buy. A 
fundamental feature of an e-commerce web site is the shopping cart, in which a client 
puts the products wanted, so that when the selection is finished, clients proceed to 
checkout, where they pay for the products through credit card, debit card, paypal, or 
other mechanism. Once the products have been paid for, in most of the cases the seller 
sends them to the address provided by clients.  

Some of the main features and components of e-commerce web sites are the fol-
lowing: user registration for clients; visualization of catalogues of products and ser-
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vices with several levels of categories; visualization of information of each product or 
service, such as its name, description or specification, price, and others; product find-
er; recommendation of products; shopping cart for storing products; selection of pay-
ment and online payment; selection of delivery for products; visualization of purchas-
ing history; modules for administration of catalogues, such as categories, products, 
payments, deliveries, sales history, sales statistics, among others. 

The use of devices such as smartphones and tablets has increased the development 
of mobile applications, which allow accessing different web sites. The visualization of 
a web site in a mobile device is different to the one in a laptop or desktop computer; 
this is mainly due to the difference in the resolution of mobile devices. In order to 
have an effective and correct visualization on any device or computer, it is necessary 
in most of the cases to modify the web site, so that it can be displayed in a satisfactory 
way according to the device. Although there are some tools that generate e-commerce 
web sites, such as osCommerce [1], Magento [2], Prestashop [3], Opencart [4], none 
of them provide the functionality of having the resulting web site visualized automati-
cally on mobile devices. This paper presents a configurable web system for generating 
and administering e-commerce web sites, through the selection of some configuration 
options. Additionally, the e-commerce web sites created will be displayed automati-
cally on mobile devices, without requiring the user to modify the web site. 

The rest of the paper is organized as follows. Section 2 presents the main compo-
nents of an e-commerce web site and some related work. The architecture of the web 
system is introduced in section 3. Section 4 describes the implementation of the web 
system, including a site map, some web user interfaces, and the technologies used to 
implement it. Finally, conclusions and future work are provided in section 5. 

2 Related Work 

This section provides a description of the main components of an e-commerce web 
site, and reviews some existing tools that generate e-commerce web sites. 

2.1 E-Commerce Web Site Components 

There are three components of an e-commerce web site: online store or front-end; 
administration panel or back-end; and the data persistence component. The main fea-
tures of each component are provided in the following paragraphs. 

Online store. The client interacts with this component, in which it is possible to 
visualize the offered products, carry out transactions, and there is communication with 
the store. The main features and modules that compose it are the following: products 
catalogue, product view, categories of products, promotions, recommendations, prod-
uct search, user registration, shopping cart, payments, deliveries, among others.  

Administration panel. This component is used by the system administrator to 
create the online store; it has options to add, update and delete catalogues in the sys-
tem, such as products, categories, clients, payments, deliveries, promotions, etc. It can 
also search historical data, as well as statistics of the store, and managing the entire 
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system. The main features and modules that compose it are the following: manage-
ment of products, categories, payments, deliveries, statistics, historical data, invoices, 
promotions, users, communication between users, among others.   

Data persistence. This component is in charge of storing the information of the 
system; it guarantees its integrity and persistence. Most of the e-commerce systems 
examined are based on relational models of persistence, among which are the follow-
ing database management systems: MySQL, PostgreSQL, Oracle, SQL Server.  

2.2 Existing Tools 

osCommerce [1]. According to its documentation, it is an online program for e-
commerce and administration, which was developed in PHP by Harold Ponce de Le-
on. In order to create an online store with osCommerce, it is required a MySQL data-
base, and an Apache web server. osCommerce is composed of two parts: the products 
catalogue; and the administration module to manage the online store; it also allows 
updating products, categories, languages, new offers, currency types, orders, clients, 
payment and delivery types, etc. An online store created with osCommerce is divided 
in three panels: the left panel shows categories of products, selection of manufacturers 
of products, product finder with advanced search, new products, information for ship-
ping, private notice, conditions of use, and a contact form; the central panel shows the 
catalogue of products with images, descriptions, and prices; and the right panel shows 
the shopping cart, the bestsellers, special products, product reviews, and conversion of 
currencies. At the top of the web site there are three buttons: one for accessing the 
shopping cart content, one for going to checkout, and one for the user account. 

Magento [2]. It is a system for creating online stores, where its source code is 
available and free. It is possible to upgrade to commercial versions, and increase the 
functionality of the online store. The main features of Magento are the following: it 
can create traditional online stores with physical products; but it also allows creating 
online stores with downloadable material, such as music or ebooks. It allows multi-
stores; it has a search system; it allows complete customization of the web site 
through an administration panel; it has a module for orders management; etc. An 
online store generated with Magento is divided in three panels: the left panel shows 
two random offers of products, and popular tags for searching products; the central 
panel shows some other offers of products with discounts, and some of the best seller 
products with their images, descriptions, and prices; and the right panel shows a mod-
ule for comparing products, the shopping cart, an advertisement, and a survey. At the 
top of the web page, there are the following links for the user of the online store: my 
account, my wish list, my shopping cart, checkout, log in, and product finder.  

Prestashop [3]. It is an open source solution that combines the PHP language, an 
Apache web server, and a MySQL database. It allows store owners to maintain their 
online stores without any license costs. Prestashop is flexible in terms of design and 
distribution of the web page. It uses a hook mechanism to put any module in any posi-
tion on a web page, such as the shopping cart, currencies, product search, etc. The 
hooks are calls to components, which are positioned using JavaScript code. Among its 
main features are the following: multi -language support; it is possible to create cus-
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tomized web pages, including images and other multimedia components; several 
payment modules; integrated clients module; definition of tangible and virtual (digi-
tal) products; use of bar codes, etc. An online store generated with Prestashop has a 
three-column layout, where the central column has the catalogue of the store, and a 
list of outstanding products. The left column contains a section with tags of products, 
categories, manufacturers, and general information, such as deliveries, legal notice, 
conditions of use and contact. The right column has the shopping cart at the top, and a 
section for new products. The user menu is displayed at the top of the site, with links 
for contact, site map, favorites, currency converter, user account, and product search. 

Opencart [4]. It is an open source e-commerce system, which is based on the PHP 
programming language. OpenCart was created with the following features: it is a light 
version derived from osCommerce; it has good documentation for developers; inter-
changeable template system with easy development; it uses the Model-View-
Controller (MVC) design pattern; it is modular; multiple languages; several ways of 
payments; comments on products; different ways of delivery; evaluation of products 
with star ratings; etc. An online store generated with OpenCart is simple and orientat-
ed to the Web 2.0. Its interface preserves the layout of three columns: on the left col-
umn the categories of products, and other information, such as about us, privacy poli-
cy, terms and conditions, contact us, and site map; the catalogue of products is located 
on the center, with images, descriptions, and prices for each product; the right column 
contains the shopping cart and the best sellers. The user menu in this system is in the 
form of tabs, and it has the main page, log in, account, shopping cart, checkout, prod-
uct search by product, by category, and advanced search. 

Other systems. There are several systems for creating e-commerce web sites. The 
most used systems were described and analyzed in the previous sections, but some 
other systems can be found in the comparative table of shopping cart software shown 
in [5]. However, there are many of them unavailable or with obsolete versions. Some 
of the systems still in use are the following: Zen-Cart [6], Go-eCommerce [7], 
Shoppizer [8], Konakart [9], and JadaSite [10]. The scripts described in this section 
have been created using Java Server Pages (JSP) mainly. These systems have not 
been used as much as the other systems analyzed, because they are complex Java 
applications; they are difficult of customization; they do not have a version for dis-
playing the resulting e-commerce web sites on mobile devices; and given its architec-
ture and implementation, it is difficult to incorporate such functionality. 

3 Web System Architecture 

The web system presented in this paper is modular, client-server, with a template 
system for its appearance; and it is based on the JSP technology, and uses a MySQL 
database. JSP and MySQL were chosen mainly because they are robust, portable, and 
widely used in the market. The system architecture is supported on the Model-View-
Controller (MVC) design pattern, and the Responsive Web Design (RWD) pattern for 
adjusting its web interfaces to different devices. The system architecture is composed 
of five components: the core, the Java beans, the model, the actions and the views. 
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3.1 Components of the Web System 

The Model Component is in charge of the data persistence; it maintains connections 
to the database; it carries out transactions; and executes all the necessary methods for 
maintaining the data in the database. This component is divided in three subcompo-
nents: a model class with all the methods for accessing data; a web model class, 
which is in charge of obtaining data from the application context; and the init model 
class, which initializes all the necessary information before establishing connections. 

The Action Components are in charge of the communication with the View Com-
ponents. They are implemented as classes with some attributes that obtain requests 
from clients, pass requests to the controller, obtain context from the application, and 
provide the model of the application. Following the MVC design pattern, the Action 
Components work directly with the model and return a response to the controller. 

The Bean Components allow creating specific objects for manipulating data from 
the database. There are bean components for users, products, categories, and for any 
other entity in the system; which have set and get methods for reading and setting 
their attributes; they also have a method to retrieve their string representation. The 
bean components obtain data as follows: views request user data to the controller; the 
controller searches and executes the corresponding action; the action returns a result 
set object; a method in the bean component converts the result set into the type of the 
bean, and returns it to the view; the view uses this object as any other bean. It should 
be noticed that the data is encapsulated in the bean component. 

The View Components are the interface to the user of the system. These compo-
nents are implemented with XHTML and JSP. The responses from the controller are 
actually calls to JSP; they obtain parameters that allow them displaying information. 
An special function of the system presented in this paper, is the ability of obtaining 
information from the model without the need of an action bean. 

It should be noticed that the Action and Bean Components were incorporated be-
cause they allow delegating intermediary actions between controller and model. 

3.2 Model-View-Controller (MVC) 

The Model-View-Controller (MVC) design pattern is an ordered set of subsystems, 
which are composed of other systems that are below them, and provide the base of the 
implementation for those systems that are above. The objects in each layer are nor-
mally independent, and there is a client-server relationship among the bottom and the 
top layers. The system presented in this paper is based on the MVC design pattern, 
which is divided in three layers: the view, the controller and the model. The View is 
the presentation layer, which provides the graphic interface and it is in charge of the 
presentation of the data to the user, as well as to collect information from the user. 
The Controller is the business layer, which provides the functionality of the applica-
tion; it is the layer where user and system interchange messages; it is also in charge of 
managing the requests from the user, and executing the necessary operations to solve 
such requests. The Model is the persistent layer; it stores all the information of the 
system; it also allows access to the information in a secure and controlled way; this 
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level is composed of the database and a class called model, which contains all the 
methods that provide access to the data. The MVC design pattern was chosen because 
it allows modifying the layers independently, without affecting the rest of the system. 

3.3 Responsive Web Design (RWD) 

The Responsive Web Design (RWD) is a recently created pattern; it has been adopted 
by web developers, because it tries to solve the problems that exist when creating web 
pages for different devices. Figure 1 shows a web page in different resolutions, where 
the elements of the page are distributed according to the resolution of the device 
where the web page is being displayed. 
 

 

Fig. 1. Distribution of elements on the web page according to the resolution. 

This RWD pattern is centered in a unique design that is adaptable to different devices 
and their resolutions, without developing specific implementations; it is mainly based 
on Media Queries (MQ), which are part of the last CSS 3 specification, and allow 
changing styles according to the resolution of the device where the web page is visu-
alized. For example, if a web page is designed for a resolution of 1024 pixels, the font 
size would be 12 pixels; however, when changing the resolution, the font size would 
be the same size, making it difficult to read the web page. MQ can determine parts of 
the CSS code to appear, or change attributes of classes depending on the resolution. 
This way, there can be sections of CSS code for different resolutions. 
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4 Web System Implementation 

This section provides details about the implementation of the system. It first provides 
a site map with all the web pages that compose the system; it shows the interface of 
some parts of the system; it also describes some tests on different devices; and finally 
it describes the technologies and tools used for developing the system. 

4.1 Site Map 

Figure 2 shows the site map of the web system, which is considered to be simple and 
organized, compared to those of the products analyzed. It considers three different 
users: administrators, registered and non-registered users of the e-commerce web site.  
 

 

Fig. 2. Map of the web site for administrators, registered and non-registered users. 

The left side of the site map illustrates the actions that an administrator can carry out 
on the system, such as administering products, sales, categories, statistics, bulletins, 
reviews, users, and deliveries; the center of the figure illustrates the actions that a 
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registered user can carry out on the system, such as editing its profile, modifying its 
orders, and its shopping cart; and the right side of the figure illustrates the actions that 
non-registered users, administrators, and registered users can carry out on the system, 
such as visualizing products, searching products, viewing promotions and recommen-
dations, marking products, recommending products, commenting on products, re-
viewing products, looking for help, and contacting the web site administrator. 

4.2 Web Interface 

This subsection provides some screenshots of an e-commerce web site generated with 
the web system presented in this paper. The screenshots show a web page with a list 
of products, in three different resolutions, according to the device where the web site 
is being displayed. Figure 3 shows the web interface displayed on a desktop computer 
with a resolution of 1240 x 1024 pixels, which is the maximum; and Figure 4 shows 
two web interfaces, the first one displayed on a tablet with a resolution of 960 x 720 
pixels, and the second one displayed on a smartphone with a resolution of 320 x 480 
pixels. The web page is divided in two panels: the left panel shows the menus for all 
the categories of products, news, reviews, bulletins, among others; and the right panel 
visualizes the list of products, with their ids, names, category, stock, price, state, and 
some actions. The screenshots in Figure 4 show the same web page, but with reduced 
information and simplified menus, due to the resolution of the devices used. For ex-
ample, in the web page shown on the smartphone, the left panel is hidden, but can be 
displayed through a button on the top of the page. 
 

 

Fig. 3. E-commerce web site displayed on a desktop computer (1240x1024). 
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Fig. 3. E-commerce web site displayed on a tablet (960x720), and on a smartphone (320x480). 

4.3 Tests on Different Devices 

The functionality of the web system was tested by generating an e-commerce web 
site, and testing every functionality on three different devices: a desktop Intel i7, 8GB 
RAM, Windows 7 Operating System, with a monitor with resolution of 1024 x 1240 
pixels; a tablet HP Touch Pad SnapDragon 1.2GHz, 1GB RAM, Android Ice Cream 
Sandwich Operating System, with a resolution of 960 x 720 pixels; and a 
Smarthphone Sony Xperia mini pro SnapDragon, 1.6Ghz, 1GB RAM, Android Ice 
Cream Sandwich Operating System, with a resolution of 320 x 480 pixels. The web 
browsers used were the following: Firefox V.17, Google Chrome V.25, and Internet 
Explorer 8, for the desktop computer; and Firefox Mobile, Google Chrome Mobile, 
and Android web browser, for the tablet and the smartphone. 

4.4 Technologies and Tools Used 

The main technologies and languages used for the implementation of the web system 
were the following: Apache Tomcat web server, JSP, servlets and Java beans; 
MySQL database management system; HTML and XHTML for the web page con-
tent; CSS for the presentation and appearance of the web pages; JavaScript for valida-
tions and dynamic generation of content for the web pages; JQuery framework for 
some of the functions that facilitate some tasks; Twitter Boostrap framework for the 
creation of complex structures, such as predefined columns and basic components; 
Java beans as reusable software components; servlets for the business logic of the 
system, and the implementation of the controller; and  JSP for processing information 
and generating dynamically the web interface of the system. 
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The tools used for the implementation of the system are free and open source: Star 
UML was used for creating UML diagrams for the analysis and design stages; 
NetBeans as an IDE for creating and editing Java classes, JSP, CSS and JavaScript 
files; Apache Tomcat web server for deploying the web application; DBDesigner as 
the IDE for modeling the database, creating an entity-relation model, and a relational 
model; Web Developer Toolbar is a plug-in for different web browsers, which has 
debugging tools, and other web page design facilities, such as the function to resize 
the web pages to test different resolutions without closing the web browser; 
ResizemyBrowser is a web page that resizes the web browser to a specific resolution, 
which allows testing for mobile devices. 

5 Conclusions and Future Work 

This paper presented a configurable web system for generating e-commerce web sites, 
which can be displayed on mobile devices adjusting the resolution automatically. We 
have successfully tested the functionality of this prototype on three different devices: 
a desktop computer with the resolution of 1240x1024 pixels, a tablet with a resolution 
of 960x720 pixels, and a smartphone with a resolution of 320x480 pixels. 

The architecture of the system is client-server, supported on the Model View Con-
troller design pattern for the internal functionality, using a controller, a model, and 
several actions; and the Responsive Web Design pattern for the web interface. They 
have proved to be design patterns that adapt to these types of applications. The archi-
tecture of the system is composed of five components: the core, the Java beans, the 
model, the actions and the views. A site map of the web system was also presented 
with all the functionality for administrators, registered and non-registered users. 

It is needed to carry out more functionality and usability tests with final users, and 
administrators of e-commerce web sites, in order to evaluate the system and adjust it 
accordingly. As part of the future work, it is also planned to incorporate a recom-
mender system for products, based on user preferences and profiles. 
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Abstract. We propose a browser plug-in for online retail that visual-
izes information regarding the ecological impact of a product to a ide
the user in making \greener" purchases. We document the design and
implementation of such a tool, outlining also the design for a back-end
recommendation engine, and report user experiments on the proposed
plug-in, with favorable results.

Keywords: Eco-labels, shopping assistant, usability, ecology, browser
plug-in, e-commerce

1 Introduction

The use of information technology already assists people in many of their every-
day tasks, at home and at the o�ce, helping human beings avoid errors and
increase their e�ciency. Shopping online is very common and more and more
people prefer to shop for groceries online and have them delivered home instead
of going to a supermarket themselves [9]. This opens a window of opportunity for
informing the consumer of the products at the moment of (considering) purchase.

Interesting information could include details such as food calorie intake or
the presence of allergenic agents (although the legal implications of failing such
a warning make this a risky task for a service provider), and in thiswork we pro-
pose a prototype for providing the user of an online retail store with information
regarding the ecological impact of the products viewed with the web browser.
The goal is to guide the consumers towards environmentally friendly products
and hence help them be \green" without the increased cognitive load implied in
having to remember to check whether a detergent is non-toxic andif a packaging
material is recyclable, for example.

The proposed browser plug-in could easily be adapted to provide dietary
(calories, ingredients), �nancial (budget concerns, unit prices when not shown),
or ethical (use of child labor) information about a product and/or its manufac-
turer, but we chose to begin with ecological information as the �rst case study
due to the pressing need in developing countries to elevate the consciousness of
the consumers to the importance of preserving the nature and the climate [4].
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(a) Recycle. (b) Recollect.

Fig. 1: Eco-labels used to indicate characteristics of product packaging.

Whether or not a product is eco-friendly depends on its useful life (for how
long will it be used before being discarded), the implied waste (packaging and
remains of the product itself), the manufacturing (ingredients, energy usage,
contaminants produced in the process), and also the transport of the product
from the place of origin to the place of purchase (local products are likely to
contaminate less during transport).

Our proposed system processes the web page displayed in a browserupon
viewing a product in an online retail site, extracts information on the product
to consult it with a recommendation back-end, and then visualizes the received
ecological information in the browser for the user to view and consider.The rest
of the paper is organized as follows: Section 2 brie
y touches the background
to establish terminology and context for the present work, and then Section 3
discusses related work, after which Section 4 describes the proposed solution in
terms of the software involved and the functionality provided. Then in Section
5 we describe and report the experiments carried out with the implemented
prototype, and �nally in Section 6 we conclude the present work and discuss
directions for future work.

2 Background

There are many ways to describing consumer behaviour as ecologically responsi-
ble, all implying that the purchase decisions are made considering the ecological
impact of the product, its entire manufacturing process, the waste generated
by the product itself, its packaging, the transport of materials, and the �nal
product [13]. We refer to consumers with heightened awareness of these issues
as green consumersand to the products they �nd appropriate as green products
[6]. Among the main factors in determining the \greenness" of a productlies
also the energy consumption and that of clean water [8].

In order to help green consumers identify green products, severalorganiza-
tions maintain and enforce normativity of ecological excellence of some sense,
both to certify the manufacturing phase and to ensure eco-friendlycharacter-
istics of the �nal product. Contamination is to be avoided in obtaining and
transporting the raw material, in the process of manufacturing the product, in
the transport of the product to the consumer, and also in the processof con-
sumption and the resulting waste.
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The conformity to a certain ecological norm or (voluntary) regulation is often
indicated by introducing an ecological label(eco-label for brevity) in the pack-
aging of the product. These are commonly logotype-like �gures, accompanied
possibly by a brief text. A typical example is the symbol indicating that the
packaging material can be recycled (c.f. Figure 1a), and also one indicating that
the packaging is reusable (especially for plastic and glass bottles) is frequently
used (c.f. Figure 1b). There are hundreds of eco-labels worldwide. Especially the
paper industry has been active in the �eld; FSC certi�ed by the Forest Stew-
ardship Council, for example, indicates a proper use of the forests [11]. Another
active �eld of eco-labels is that of the carbon footprint, promoted by the Carbon
Trust (http://www.carbontrust.com/).

3 Related work

Published literature on consumer behavior as such is abundant in recent years.
Wang [17] analyzes the relationship between consumer lifestyle and purchase
decisions in order to identify green-consumer pro�les among a sampleof 433
persons (16 years or older), whereas Wang [16] explores the connection between
lifestyle and green marketing strategies; both studies were carried out in Taiwan.
Clare et al. [3] analyze factors a�ecting green consumption in Australia. A study
of the e�ect of ecological beliefs on purchase decisions in Iran is presented by
Hossein Khorshidi et al. [10].

The e�ect of consumer consciousness of ecological aspect on their purchases
in practice is discussed by Pereira et al. [15], and also Juwaheer and Pudaruth
[12] take a marketing approach to studying and exploiting consumption pat-
terns to promote ecological lifestyle. The positive e�ect of marketing on green
consumption is demonstrated by Kumar [14].

In their study, Bosch and Valor [2] found that consumers struggle to under-
stand eco-labelling and are unable to assess the credibility of ecological informa-
tion on products; only the consumers who express the most interestin ecology
are unhindered in their comprehension. Also Grunert et al. [7] report a study on
ecological labels, with emphasis on food products. The focus of the work pro-
posed in the present work is making ecological information more readily available
and easier to interpret for the general population of consumers, not onlythose
that are motivated enough to inform themselves.

4 Proposed solution

The development of the software took place in four stages: planning, design, im-
plementation, and testing [1]. The intended users were de�ned as adults between
ages 18 and 40 with an interest in using information technology in their daily
lives and who shop for groceries at least once a month. Due to the availability
of an API for developing plug-ins for the Chrome browser by Google1, we chose

1 https://www.google.com/intl/en/chrome
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to implement the prototype for that platform, and also expect the target users
to be familiar with Chrome and with plug-ins in general.

The main functionality for the plug-in is the interactive visualizat ion of eco-
logical impact of the currently selected product. This needs to bedone in a
visible, but non-disruptive way that the user perceived as pleasant and informa-
tive. Technically this is achieved by code injection2 to the websites of the stores
to include the ecological information within the store website. Some stores block
injection of code to their content, in which case we would have to access the
store via a proxy, which in turn would have to be re-directed to the original
site for the actual purchase. For the prototype we chose to work with sites that
permitted code injection as such to avoid this issue.

Architecturally, the process is as follows:

1. Upon selecting a product, the plug-in identi�es the information associated
to it and creates a query from it.

2. The query is sent to a recommendation-engine back-end running on asepa-
rate web server.

3. The server processes the query to produce a response with theecological
information available, if any.

4. The plug-in adapts the styles and the sizes on the website to accommodate
the response within the view of the browser.

5. The user may interact with the visualization of the plug-in to access further
details.

The user is given the liberty to hide the plug-in at any time, as well as to
customize the preferences regarding the type of information shown in the plug-
in.

4.1 Product recognition

Upon activating a speci�c division (<div> in HTML5) on a web site, the plug-in
processes the HTML content of that division to attempt to identify a product.
The generalization of this to be automated over several websites is a machine-
learning task, and we discuss here the particular case of the web storeof the
Soriana supermarket chain in Mexico. The divisions for showing products at the
Soriana web store are all identi�ed ascarR2, and hence an event for the mouse-
over on such a section is easily created. Within that element, the product name
is placed within a font -directive and can be extracted with a simple HTML
parser.

The design of the plug-in was done withBootstrap3 to obtain a responsive
design. The back-end server is based on theGoogle App Engine4. The implemen-
tation with the API for Chrome plug-ins involves HTML5, JavaScript, and CS S3.

2 A mechanism that inserts program code into a web page to modify its functionality
or the way it looks.

3 https://getbootstrap.com/
4 https://developers.google.com/appengine/
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Fig. 2: Principal elements of the plug-in.

A content script is used to detect when the user enters a compatible web store
(such as the Soriana web site) and begins reacting to the mouse-over events while
the user remains on that same site. Also the user location is retrieved5 and the
distance between the user and the place of origin of the product is computed to
estimate the ecological impact of the transport involved. The plug-in isdescribed
in a �le called manifest.json , determining its permissions and the scripts it is
allowed to access whereas the libraries of Chrome are utilized inbackground.js ;
Figure 2 shows the principal elements of the plug-in.

On the server side inGoogle App Engine, a simple GETsu�ces to receive the
query parameters. A web application written in Python6 processes the resulting

5 The geolocalization of HTML5 is used; user permission is requested explicitly.
6 https://www.python.org/

Fig. 3: An extract of the server-side database.
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Fig. 4: Sequence diagram of the client-server communication.

HTTP request (produced in the plug-in with AJAX7, checks if the product already
exists in the recommendation engine (in our prototype implemented asa simple
data base), inserts the product if it is not found, and uses the data stored in the
database (if any) to produce a HTTP reply. Figure 3 illustrates the server-side
storage, which is very simple in the present prototype, whereas Figure 4 shows
the sequence with which the communication takes place. The ecologicalscores
were arti�cially created on a scale to ten.

For the visual design, two alternatives were implemented: a summary view
(shown in Figure 5a) and an extended view (shown in Figure 5b). The cate-
gories used for the aspects of eco-friendliness are very simple, this being a �rst
prototype and the environmental information being locally stored. Our future
work includes crawling on the web for ecological data, providing a social net-
work for recommendation sharing, as well as information modules providedby
government agencies or independent organizations.

5 Experiments

We carried out an experiment to assess whether the use of the plug-ina�ects
the purchase decisions, i.e., whether there is some sign of an elevated ecological
consciousness upon its usage. The sample consists in 24 persons between 18 and

7 https://developer.mozilla.org/en/docs/AJAX
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(a) Summary (pop-up). (b) Extended (sidebar).

Fig. 5: Screen shots of the plug-in used on a web store, cropped for detail.

40 years of age who have purchased something within the last month and are
interested in trying out the proposed system. Each subject was provided with a
list of basic products commonly acquired at a supermarket [5]. The sample was
divided in two groups: one half used the Soriana website with the plug-in and
the other half without it.

The task assigned to the subjects consists in purchasing productsindicated
on a shopping list with nine items, provided to the user. The control group uses
the website only, whereas the other group employs the plug-in. The subjects are
requested to select the products they would actually purchase, ashonestly as
possible. The plug-in stores automatically the information regarding the prices
and the ecological pro�le of the selected products, allowing us to determine
whether the users of the plug-in are in fact willing to pay more in order to select
greener products. The results are shown in Figure 6.

After the website usage, those who had used the plug-in answered a question-
naire regarding their assessment of the environmental impact of theirshopping
habits and the usability of the plug-in on a scale from one (totally agree) to
�ve (totally disagree). The results are shown in Table 1 and are quite favor-
able. The table indicates the questions posed to the users and the percentages
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Fig. 6: Averages per product with and without the plug-in.
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obtained for each answer option. The �rst set of questions were simple yes/no
questions, whereas the second set was on a scale from one to �ve, one indicating
the strongest agreement and �ve indicating the strongest disagreement.

Table 1: The percentage of responses per category in questionnaires.

(a) Ecological conscience.

Question Yes No
Do you prefer to purchase products that do not harm the environment? 75 25
When you shop, do you check if the products are reusable? 42 58
Do you feel that the plug-in helped you obtain information on the e cological impact? 83 17
Do you feel that the plug-in helped you make purchase decisions? 83 17
Do you think that the plug-in should be promoted among shoppers? 92 8

(b) Usability.

Question 1 2 3 4 5
The plug-in is easy to use. 75 17 0 8 0
I can easily �nd what I want in the plug-in. 75 17 8 0 0
I enjoy using the plug-in. 58 17 25 0 0
It is confortable to shop with the plug-in. 59 33 0 8 0
The information provided in the plug-in is relevant. 50 50 0 0 0
I would use the plug-in again in the future. 67 25 8 0 0
I would recommend the plug-in to a friend. 42 50 8 0 0
The plug-in is attractive. 59 33 0 8 0
The plug-in is simple and clear. 75 25 0 0 0

6 Conclusions

In this work we describe a prototype for providing ecological information on
products while a consumer browsers an online retail store. The products are
identi�ed on the client side within a browser plug-in and then a server is con-
sulted for information regarding the ecological impact of the product, after which
the client side visualizes the received recommendation within the view of the
browser. The design and implementation of the prototype is described, together
with experiments that indicate a favorable e�ect on consumer behavior in a
laboratory setting.

As future work, we leave the generalization of the present plug-in into a multi-
platform tool that functions on di�erent browsers and also on mobile devices.
Also the automatization of the product recognition as well as the construction
of a full-scale recommendation engine for the back-end are outside the scope of
the present paper. Increasing the complexity of the system will also require more
extensive usability evaluations as part of future work.
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Abstract. This paper presents the design of a model for programming parallel 
applications in a structured way. To achieve this, the model of High Level Par-
allel Compositions or CPANS under the paradigm of object orientation is used 
to solve problems which are parallelizable algorithms, using the concept of 
structured parallelism and possible integration within the paradigm of orienta-
tion objects to make way for the definition and model CPAN, using the Parallel 
objects (PO). The types of communication of PO, the templates that define the 
components of a CPAN as well as the syntactic and semantic definition of a 
CPAN are also described in this paper. 
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1 Introducción 

Un enfoque que intenta atacar el problema de la paralelización de algoritmos y pro-
gramas consiste en tratar de hacer que el usuario desarrolle sus programas según un 
estilo de programación secuencial y ayudado de un sistema o entorno específico de 
programación, intentar producir su contraparte paralela automáticamente [1], [6]. 
Existen, sin embargo, dificultades de implementación intrínsecas a la definición de la 
semántica formal de los lenguajes de programación que impiden la paralelización 
automática sin contar con la participación del usuario, por lo que el problema de gene-
rar paralelismo de manera automática para una aplicación de propósito general sigue 
considerándose un problema abierto. Un enfoque alternativo es el paralelismo estruc-
turado. Las aplicaciones paralelas generalmente siguen patrones predeterminados de 
ejecución, que son rara vez arbitrarios y no estructurados en su lógica [4]. Las Com-
posiciones Paralelas de Alto Nivel o CPANS son patrones paralelos de comunicación 
bien definidos y lógicamente estructurados que, una vez identificados en términos de 
sus componentes y de su esquema de comunicación, pueden llevarse a la práctica 
como constructos añadidos a un lenguaje de programación orientado a objetos y estar 
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disponibles como abstracciones de alto nivel en las aplicaciones del usuario. Esto es 
posible ya que las estructuras de interconexión de procesadores más comunes, como 
los pipelines, los farms y los trees, pueden ser abstraídas utilizando CPANS dentro de 
un modelo general de desarrollo de Objetos Paralelos [3]. 

2 El Paralelismo Estructurado 

El enfoque estructurado para la programación paralela se basa en el uso de patrones 
de comunicación/interacción (pipelines, farms, trees, etc.) predefinidos entre los pro-
cesos de una aplicación de usuario. Éste permite diseñar aplicaciones en términos de 
CPANS capaces de implementar los patrones ya mencionados. La encapsulación de 
un CPAN debe seguir el principio de modularidad y debe proporcionar una base para 
obtener la reusabillidad del comportamiento paralelo de la entidad software que éste 
implementa. Se crea entonces un patrón paralelo genérico que proporciona una posi-
ble representación de la interacción entre los procesos independientes de la funciona-
lidad de estos. Así, en lugar de programar una aplicación paralela desde el principio y 
de programar con un nivel de detalle cercano a la capa protocolo de red, el usuario 
simplemente identifica  los CPANS que implementan los patrones adecuados para las 
necesidades de comunicación de su aplicación y los utiliza junto con el código se-
cuencial que implementa los cómputos que realizan sus procesos [4], [5].  

2.1 El Paradigma de la Orientación a Objetos (OO) 

El paradigma de la OO se utiliza en el presente trabajo para encapsular y abstraer 
patrones comunes de interacciones paralelas hacia un estilo de paralelismo estructura-
do. La idea es considerar a los CPANS como objetos encargados de controlar y coor-
dinar la ejecución de sus componentes internos proporcionando características impor-
tantes de la OO tales como la uniformidad, la genericidad y la reusabilidad. 

3 La definición del modelo CPAN 

El objetivo es la de representar cualquier tipo de patrones paralelos de comunicación 
entre los procesos de un algoritmo paralelo y distribuido como clases, siguiendo el 
paradigma de la Orientación a Objetos [2]. Un CPAN es una composición de un con-
junto de objetos de tres tipos. A partir de dichas clases, un objeto puede ser instancia-
do y la ejecución de un método del objeto se puede llevar a cabo a través de una peti-
ción de servicio (ver fig. 1). Los tipos de objetos que componen un CPAN son:   
- un objeto manager que controla las referencias de un conjunto de objetos Collector 
y Stages, que representan los componentes del CPAN y cuya ejecución se lleva a cabo 
en paralelo y debe ser coordinada por el propio manager. 
- los objetos Stage que son objetos encargados de encapsular una interfaz tipo clien-
te-servidor que se establece entre el manager y los objetos esclavos (entidades exter-
nas que contienen el algoritmo secuencial que constituye la solución del problema), y 
de proporcionar la conexión necesaria entre ellos para implementar la semántica del 
patrón de comunicación que se pretende definir.  
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- y un objeto Collector que es un objeto encargado de almacenar en paralelo los re-
sultados que le lleguen de los objetos stage que tenga conectados.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Estructura Interna de un CPAN (Composición de sus Componentes) 

3.1 El CPAN visto como una composición de objetos paralelos 

Los objetos manager, collector y stages se engloban dentro de la definición de Objeto 
Paralelo (PO) [3], [4]. Los Objetos Paralelos son objetos activos, con capacidad de 
ejecución en sí mismos. Las aplicaciones dentro del modelo PO pueden explotar tanto 
el paralelismo entre objetos, como el paralelismo interno de ellos. Un objeto PO tiene 
una estructura similar a la de un objeto en Smalltalk, pero además incluye una política 
de planificación determinada a priori que especifica la forma de sincronizar una o más 
operaciones de la clase del objeto susceptibles de invocarse en paralelo (restricciones 
de sincronización, exclusión mutua y paralelismo máximo).  

3.1.1 Definición Sintáctica 

Desde el punto de vista sintáctico, la definición de la clase que define un Objeto Para-
lelo sigue el siguiente patrón o template: 
 
CLASS: <nombre de la clase>  INHERITS_FROM: <lista de los 
nombres de clases padres directas>  
   INSTANCE_STATE: <lista de los nombres y tipos de las  
                     variables de instancia>  
   INSTANCE_METHODS: <lista de métodos públicos>  
   PRIVATE_METHODS: <lista de métodos privados>  
   SCHEDULING_PART: <lista de restricciones de  
                      sincronización>  
END_CLASS <nombre de la clase>  
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3.1.2 Tipos de Comunicación en los Objetos Paralelos 

1. El modo síncrono detiene la actividad del cliente hasta que el objeto activo servi-
dor le cede la respuesta.  

2. El modo asíncrono no fuerza la espera en la actividad del cliente. El cliente envía 
simplemente la petición al objeto servidor activo y continúa su ejecución. Su uso 
en la programación de aplicaciones también resulta fácil. Sólo hay que crear un 
hilo y lanzarlo para su ejecución.  

3. El modo futuro asíncrono hace esperar la actividad del cliente sólo cuando, de-
ntro de su código, se necesita el resultado del método para evaluar una expresión, 
[7], [4], [8]. Su uso también es sencillo, aunque su implementación requiere de 
un cuidado especial para conseguir un constructo con la semántica deseada.  

4 Definición Sintáctica y Semántica de las clases base de un 
CPAN 

En los PO las clases básicas necesarias para definir los objetos manager, colector, 
stages de un CPAN son: la clase abstracta ComponentManager, la clase abstracta 
ComponentStage y la clase concreta ComponentCollector. Las definiciones sintácti-
cas siguientes han sido escritas utilizando una gramática libre de contexto publicada 
en [9]. 

4.1 La clase abstracta ComponentManager 

Define la estructura genérica del componente  manager de un CPAN, de donde se 
derivarán todos los objetos manager concretos, dependiendo del comportamiento 
paralelo que se contemple para la creación de cada CPAN considerado en la aplica-
ción.  
 
CLASS ABSTRACT ComponentManager  
  {  
    ComponentStage[] stages;  
 
    PUBLIC VOID init (ASOCIACION[ ] list ) {ABSTRACT;}  
 
    PUBLIC ANYTYPE execution(ANYTYPE datain)  
      VAR  
         ComponentCollector res;  
       { 
        res = ComponentCollector  CREATE();  
        commandStages(datain,res);  
        RETURN res.get();  
       } 
  
    PRIVATE VOID commandStages(ANYTYPE datain,  
                                ComponentCollector  res)  
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          {ABSTRACT;}  
  
    MAXPAR (execution);  
  };   

4.2 La clase abstracta ComponentStage 

Define la estructura genérica del componente  stage de un CPAN, así como de sus 
interconexiones, de donde se derivarán todos los stages concretos dependiendo del 
comportamiento paralelo que se contemple en la creación del CPAN.  
 
CLASS ABSTRACT  ComponentStage  
  { 
   ComponentStage[] otherstages;  
   BOOL am_i_last;  
   METHOD meth;  
   OBJECT obj;  
  
   PUBLIC VOID init (ASOCIACION[ ] list)  
      VAR  
       ASOCIACION item;  
     { 
      item = HEAD(list);  
      obj  = item.obj;  
      meth= item.meth;  
      if (TAIL(list) == NULL)  
      am_i_last = true;  
     } 
 
   PUBLIC VOID request (ANYTYPE datain,  
                                ComponentCollector res)  
      VAR  
       ANYTYPE dataout;  
     { 
      dataout = EVAL (obj,meth, datain);  
      IF (am_i_last)  
         TREAD res.put(dataout)  
      ELSE commandOtherStages (dataout, res);  
     } 
  
   PRIVATE VOID commandOtherStages(ANYTYPE dataout,  
                                ComponentCollector res)   
      {ABSTRACT;}     
   MAXPAR (request);  
  };  
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4.3 La clase concreta ComponentCollector 

Define la estructura concreta del componente collector de cualquier CPAN. Este 
componente implementa básicamente un buffer multi-item donde se irán almacenando 
los resultados de los stages que hagan referencia al collector. De esta forma se puede 
obtener el resultado del cálculo iniciado por el manager. 
 
CLASS CONCRETE ComponentCollector  
  { 
   VAR  
    ANYTYPE[] content;  
 
   PUBLIC VOID  put (ANYTYPE item)  
     {  CONS(content, item); }  
      
   PUBLIC ANYTYPE get()  
      VAR  
      ANYTYPE result;  
     { 
      result = HEAD(content[]);  
      content = TAIL(content[]);  
      RETURN result;  
     }  
   SYNC(put,get);  
   MUTEX(put);  
   MUTEX(get);  
  };  

4.4 Las restricciones de sincronización MaxPar, Mutex y Sync 

Cuando se producen peticiones paralelas de servicio en un CPAN, resulta necesario 
disponer de mecanismos de sincronización para que los objetos que lo constituyen 
puedan gestionar varios flujos de ejecución concurrentemente y se garantice al mismo 
tiempo la consistencia de los datos que se están procesando. Para conseguirlo, dentro 
de cualquier CPAN, se pueden utilizar las restricciones MAXPAR, MUTEX y SYNC, 
para la correcta programación de sus métodos. 

4.4.1 MaxPar 

El paralelismo máximo, o MaxPar, es una variable de carácter permanente que indica 
el número máximo de procesos que pueden ejecutarse al mismo tiempo dentro de un 
componente en el modelo que estamos utilizando. Dicho de otra forma, el MAXPAR 
referido a una función del componente representa el número máximo de procesos que 
pueden ejecutar esa función concurrentemente. El algoritmo que ha servido para lle-
var a cabo correctamente la restricción de sincronización MAXPAR es el siguiente: 
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1.Incorporar una variable de clase en la clase de interés 
e inicializarla a cero.  

2. Cada vez que se genere una instancia de esa clase, hay 
que actualizar su variable de clase sumándole uno a l 
valor que tenía anteriormente, de forma que el núme ro 
de instancias creadas corresponderá al número máxim o de 
procesos que puedan ejecutar una función particular  

3. En la función de interés implementar un semáforo de  la 
siguiente forma:  
3.1.  Si n es el número máximo de procesos que pueden 

ejecutar la función y si k es el número de proc e-
sos que actualmente se están ejecutando entonces:  

3.2.  �6�L�� �N�”�Q�� �H�M�H�F�X�W�D�U�� �H�Q�� �S�D�U�D�O�H�O�R�� �O�R�V�� �N�� �S�U�R�F�H�V�R�V���� �V�L�Q�R��
bloquear los k -n procesos y no despertarlos hasta 
que por lo menos uno de los n procesos que se 
están ejecutando haya terminado de forma que 
siempre se mantenga el límite de n procesos ej e-
cutándose concurrentemente.  

4.4.2 Mutex 

La restricción de sincronización mutex lleva a cabo una exclusión mutua entre proce-
sos que quieren acceder a un objeto compartido. Un mutex es una entidad de sincroni-
zación de Programación Concurrente que preserva secciones críticas de código para 
ser ejecutadas por un solo proceso cada vez, así como permitirle obtener acceso ex-
clusivo a los recursos. El algoritmo que implementa la restricción de sincronización 
Mutex es el siguiente: 
 
1.Utilizar una variable de condición que funcione como 

una bandera y un candado mutex.    
2.Inicializar la bandera a falso  
3. En la función particular de interés implementar un 

semáforo de la siguiente forma:  
3.1. Aquel  proceso que adquiera el candado pondrá la 

bandera a verdadero y podrá ejecutar la función de 
interés  

3.2.Mientras la bandera sea cierta todos los demás pro-
cesos que intenten adquirir el candado para ejecuta r 
la función se bloquearán y esperarán a que la band e-
ra sea falsa para que alguno de ellos pueda tomar e l 
candado  

3.3. El proceso que actualmente posee el candado podrá 
ejecutarse  

3.4. Al terminar su ejecución, pondrá la bandera a falso  
y liberará el candado  
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3.5. Aquel proceso que este al principio en la cola de 
espera, adquirirá el candado repitiéndose la secuen-
cia desde el paso 3.1.  

4.4.3 Sync 

La restricción SYNC  no es más que una sincronización del tipo produc-
tor/consumidor . El algoritmo de implementación es el siguiente: 
 
1.Utilizar una variable de condición (digamos, n_items) 

que contabilice el número de elementos colocados en un 
contenedor.  

2.Inicializar n_items a cero  
3.Implementar un semáforo compartido por las funciones 

productor y consumidor de la siguiente forma:  
3.1.  Un proceso consumidor permanecerá bloqueado mie n-

tras n_items sea igual a cero, pues con ello se 
indic a que el proceso productor no ha colocado 
ningún dato en el contenedor que comparten.  

3.2.  Un proceso productor colocará un dato en el co n-
tendor, adquirirá el candado y aumentará en uno 
el valor de n_items.  

3.3.  Despertará al proceso consumidor y continuará 
ejecutándose en caso de procesar mas datos  

3.4.  En el momento en que el n_items sea mayor que c e-
ro, el consumidor adquirirá el candado, dism i-
nuirá en uno el valor de n_items, indicando con 
ello que se ha procesado un dato del contenedor, 
y sacará el dato.  

3.5.  Mientras el n _items sea mayor a cero el consum i-
dor se estará ejecutando en paralelo con el pr o-
ductor.  

5 Características importantes del modelo CPAN 

�x Capacidad de solventar los requerimientos de servicios de los objetos en los mo-
dos de comunicación síncrono, asíncrono y futuro asíncrono; 

�x Los objetos que se han definido poseen paralelismo interno, es decir, capacidad 
de gestionar varias peticiones de forma concurrente; 

�x Implementación de mecanismos de sincronización con semántica diferente para 
atender peticiones paralelas de servicio; 

�x Mecanismo flexible de control de tipos, es decir, es posible asociar tipos dinámi-
camente a los parámetros de los métodos de los objetos. 

Con este modelo se han implementado los patrones de comunicación de procesos más 
comúnmente utilizados: cauces o pipelines, granjas o farms  y árboles o trees  como 
CPANs para resolver problemas de ordenación, búsqueda y optimización de datos 
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sobre un modelo de programación de memoria compartida [10]. Además, se han reuti-
lizado algunos de estos CPANs para proponer soluciones paralelas bajo el esquema de 
éste modelo y resolver problemas NP-Completos como la propuesta de una solución 
al problema del Agente Viajero usando la técnica de Ramificación y Poda utilizando 
los CPANs [11]. Finalmente se han obtenido resultados de análisis de rendimiento y 
aceleración (speedup) de las implementaciones citadas (ver fig. 2 y fig. 3), en una 
máquina paralela con arquitectura de memoria compartida-distribuida para demostrar 
el buen rendimiento de dichas aplicaciones, ver detalles en [12], [13], [14].  
 

 
 

Fig. 2. Escalabilidad del Speedup para el Pipeline y Farm como CPANS con 2, 4, 8, 
16 y 32 procesadores para el problema de ordenación de 50000 datos enteros 

 

 
 
Fig. 3. Escalabilidad del Speedup para el Tree  y la técnica de Branch & Bound como 

CPAN con 2, 4, 8, 16 y 32 procesadores para el problema de ordenación de 50000 
datos enteros y del Agente Viajero para 100 ciudades respectivamente 

6 Conclusiones 

Se ha definido el modelo de las Composiciones Paralelas de Alto Nivel o CPANS. El 
modelo de los CPANS puede ser explotado para definir nuevos patrones en base a los 
ya construidos.  Se han programado las restricciones de sincronización sugeridas por 
el modelo del CPAN para su funcionamiento paralelo y concurrente: MaxPar, Mutex 
y Sync. La programación del modo de comunicación futuro asíncrono para resultados 
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�³�I�X�W�X�U�R�V�´�� �G�H�Q�W�U�R�� �G�H�� �O�R�V�� �&�3�$�1�6�� �V�H�� �K�D�� �O�O�H�Y�D�G�R�� �D�� �F�D�E�R�� �G�H�� �P�D�Q�H�U�D�� �R�U�L�J�L�Q�D�O�� �P�H�G�L�D�Q�W�H��
objetos y clases. Se han programado los otros dos modos de comunicación clásicos 
entre procesos: el modo de comunicación síncrono y asíncrono. La programabilidad 
del modelo está garantizada al adoptar el enfoque basado en patrones como clases y 
objetos paralelos en la creación de los CPANS. La Portabilidad se da por la transpa-
rencia en la distribución de aplicaciones paralelas, lo que permite que los CPANS 
puedan ser portables desde algún sistema centralizado hacia un sistema distribuido sin 
necesidad de afectar el código fuente.  
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Abstract. The DoS vulnerabilities have become the most common type
of vulnerabilities in the Linux kernel. In the last years, researc hes have
focused on the design and implementation of detection and prevention
tools of these vulnerabilities; however, despite all e�orts th ey still prevail.
This fact reveals the lack of a complete understanding of the causes
and characteristics of such vulnerabilities. Because of that, we propose
a faceted taxonomy, designed through the analysis and characterization
of known DoS vulnerabilities to help developers and researchers organize
and understand the records of actual vulnerabilities and then, fo cus their
e�orts to remove and prevent the introduction of new vulnerabilit ies
through the development of applicable solutions.

Keywords: Taxonomy, Vulnerability, Denial of Service, Linux Kernel

1 Introduction

Despite signi�cant advances in system protection and exploit mitigation tech-
nologies, the exploitation of software vulnerabilities persist as one of the most
common methods for system compromise. Vulnerabilities are continuously dis-
covered even in the latest versions of widely used software.

Linux kernel is a commonly attacked target. Its size and complexity are
the main reasons for the existence of vulnerabilities in it. Only in2013, almost
200 vulnerabilities in the kernel were discovered and added to theCommon
Vulnerabilities and Exposures (CVE) database. This is a serious problem taking
in count that the OS kernel is part of the trusted computing base (TCB) and
thus, any vulnerability in it could compromise the security properties of the
entire system.

In the last years, the number of new CVE entries related to denial-of-service
(DoS) vulnerabilities in the Linux kernel has quickly increased. From 2005 to
date, each year more than half of the new CVE entries related to the Linux
kernel have been DoS vulnerabilities [1].

This situation has given rise to several researches on detection of vulnerabili-
ties via code analysis and defenses against vulnerability exploitation. However, a
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complete understanding of these vulnerabilities is necessary forthe development
of applicable solutions.

The �rst step in understanding vulnerabilities is to classify t hem into a tax-
onomy based on their characteristics. A taxonomy classi�es the large number
of vulnerabilities into a few well de�ned and easily understood categories. Such
classi�cation can serve as a guiding framework for performing a systematic se-
curity assessment of a system. Suitable taxonomies play an important role in
research and management because the classi�cation of objects helps researchers
understand and analyze complex domains.

Because of that, our research focuses on the design of a taxonomy for the
classi�cation of denial of service vulnerabilities in the source code of the Linux
kernel through the analysis of vulnerabilities and identi�cation of characteris-
tics to make easier the development of applicable solution for their mitigation
and identi�cation. The main contributions of our work are the de�nition of the
taxonomy and the results of the analysis in which it is based.

The paper is organized as follows: we examine previous work on vulnerability
taxonomies in section 2, followed by a description of the methodology used in
order to develop the taxonomy in section 3. Afterwards, in section 4, we present
the current results of our research; the de�ned taxonomy, the classi�cation of
the vulnerabilities we analyze, as well as statistics related to theoccurrence of
certain vulnerabilities in our vulnerability set. Finally, in se ction 5, we conclude.

2 Related Work

Substantial research has focused on creating security taxonomies. Many of them
center on di�erent aspects of a security incident: some classify vulnerabilities,
some methods of attack, and others security exploits. All previous taxonomies
have one main objective; to minimize exploitable software vulnerabilities.

[2,3,4,5,6,7,8,9,10,11] presented general vulnerability taxonomies. Other works,
like [12,13,14] focus on over
ows and constructed C vulnerabilities taxonomies
focusing on C over
ow vulnerabilities. [15] and [16] center on DoS and DDoS at-
tacks and defenses taxonomies. Most of these taxonomies were later subsequently
reviewed and analyzed further, as was done by [15] and [17].

3 Methodology

Based in [18], we de�ne in Figure 1 our methodology for the design of the taxon-
omy. We begin examining a subset of the vulnerabilities we want to classify. Next,
we identify general characteristics of these objects. Identi�cation of these char-
acteristics leads to the �rst e�ort at a taxonomy. The characteristics are grouped
into dimensions that form the initial taxonomy. Each dimension contains char-
acteristics that are mutually exclusive and collectively exhaustive. This process
is based on the empirical data that has been gathered about the vulnerabilities
and deductive conceptualization.
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Once the taxonomy is de�ned, we review it to look for additional conceptu-
alizations that might not have been identi�ed or even present in the collected
data. In the process, new characteristics may be deduced that �t into existing
dimensions or new dimensions may be conceptualized each with theirown set of
characteristics. It may even be the case that some dimension or characteristics
are combined or divided. After that, we examine the vulnerabilities using the
new characteristics and dimensions to determine their usefulness in classifying
vulnerabilities. Out of this step comes a revised taxonomy. Then werepeat this
approach, as appropriate, until we are su�ciently satis�ed that the taxon omy is
mutually exclusive, exhaustive, unambiguous, repeatable, accepted and useful.
However, such closure is subjective and di�cult to de�ne. After t he taxonomy
is completed, we proceed to evaluate and test the taxonomy identifying missing
or unclassi�ed vulnerabilities.

Fig. 1. Investigation Methodology Fig. 2. Vulnerability analysis process

3.1 Analysis of the vulnerabilities

The analysis process consist of four steps [19]: information recollection, veri�ca-
tion, reproduction and documentation as presented in Figure 2. For therecollec-
tion phase, multiple reliable sources of information of the vulnerabilities should
be consulted.

The second step involves the veri�cation and technical examination of each
of the vulnerabilities. Based on the recollected information, a manualreview of
the source code of the kernel is performed to con�rm their existence in code and
determine their cause and location. Then, in the reproduction step, the objective
is to create or test a proof of concept or exploit to reproduce the vulnerability and
recollect additional information. Finally, all the �ndings must be doc umented.
This phase is done in parallel with the other phases and ends with a�nding
summary as showed in Table 1.
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Table 1. Finding Summary

Property Value
ID Di�erent identi�ers founded. For example, CVE and bugtraq IDs.
Localization Localization of the vulnerability. File(s), fu nction(s), line(s).
Description Description of the vulnerability.
Cause Cause of the vulnerability.
Prerequisites Prerequisites for the vulnerability to be exploit ed.
Remediation Founded remediations. Patches, modules, tools, etc.
Exploit Existence of exploits.
CVSS Severity CVSS Severity score.
DREAD Risk Score according to DREAD metrics.

3.2 Evaluation and Testing

The evaluation of the taxonomy consists in proving that the taxonomy complies
with the characteristics of a well-de�ned taxonomy. According to [7], satisfactory
taxonomies have classi�cation categories with the following characteristics:

{ Mutually exclusive. Classifying in one category excludes all othersbecause
categories do not overlap.

{ Exhaustive. Taken together, the categories include all possibilities.
{ Unambiguous. Clear and precise so that classi�cation is not uncertain, re-

gardless of who is classifying.
{ Repeatable. Repeated applications result in the same classi�cation, regard-

less of who is classifying.
{ Accepted. Logical and intuitive so that categories could become generally

approved.
{ Useful. Could be used to gain insight into the �eld of inquiry.

A taxonomy, however, is an approximation of reality and as such, a satisfac-
tory taxonomy should be expected to fall short in some characteristics.Moreover,
this evaluation is subjective and di�cult to de�ne. Because of that, the phase is
complemented with a test, which should show the de�ciencies of the taxonomy
in a clearer way.

The test is formed by two parts: The classi�cation of the set of vulnerabilities
analyzed, and the classi�cation of a set of vulnerabilities that were notanalyzed.
The results of these two tests will show the correctness and robustness of the
taxonomy.

Finally, according with the results, missing and unclassi�ed vulnerabilities
have to be identi�ed and evaluate if the process should be done again or the
taxonomy is �nished.

4 Results

In this section, we present the current results of our research. At the time of
writing this paper, two iterations of the methodology shown in Figure 1 (step 1
to 8) has been performed.
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4.1 Analysis of the vulnerabilities

For the analysis, a set of 36 CVE entries of DoS vulnerabilities in the Linux
kernel 3.12 were selected. These vulnerabilities comprehend the entries added in
the �rst 8 months (between November 2013 and June 2014) of the 3.12 kernel
lifetime. Linux kernel 3.12 was selected, as the latest longterm kernel at the time
this research started.

For the recollection phase, multiple reliable sources were selected. We col-
lect information of each vulnerability from sources like CVE[20], CVEDetails[1],
NVD[22], Openwall[23], SecurityFocus[24], Linux kernel Mailing List[25]and Git
Linux kernel source tree[26]. Collected information included a brief description of
the vulnerability, severity scores (usually CVSS[21] based), vulnerability types,
vulnerable software and versions and references to advisories, con�rmations,
tracks, solutions, exploits and patches.

During the reproduction step, a subset of the vulnerabilities was selected to
try or create a proof-of-concept (PoC) or exploit to reproduce them. Only those
vulnerabilities with a low access complexity (according to CVSS score) or with a
usable existing PoC or exploit were considered. A virtual machine with Debian
7.1.0 and a 3.12.0 vanilla kernel were used as a test system. Additionally, kernel
dumps were con�gured and inspected to complement the veri�cation step.

As an example, we show part of the analysis of the vulnerability CVE-2014-
2523.

(a) CVEDetails (b) NVD

Fig. 3. CVE-2014-2523 information

Figure 3 shows the information recollected from CVEDetails and NVD web-
sites. Both sites present the o�cial description from the CVE database. NVD
presents raw CVSS information, while CVEDetails present the same informa-
tion but in a more descriptive way. Fortunately, the description i s good enough
to start the code analysis. Now we search any of the three mentioned functions
(dccp new, dccp packet and dccp error ) and check for any use of a DCCP header
pointer.
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Fig. 4. dccp new vulnerable function

Table 2. CVE-2014-2523 Finding Summary

Property Value
ID CVE-2014-2523, 66279
Localization net/net�lter/nf conntrack proto dccp.c dccp new (line 431),

dccp packet (line 489), dccp error (line 580)
Description Incorrect use of a DCCP header pointer, which allows rem ote at-

tackers to cause a denial of service or possibly execute arbitrarycode
via a DCCP packet that triggers a call to the dccp new, dccp packet,
or dccp error function.

Cause Bu�er over
ow trying to copy dccp header in a pointer addre ss.
Prerequisites Net�lter enabled in kernel con�guration (disabl ed by default). con-

ntrack and dccp conntrack modules installed and running.
Remediation Change &dh for & dh in dccp new, dccp packet and dccp error

functions. (commit b22f5126a24b3b2f15448c3f2a254fc10cbc2b92)
Exploit Non-existent. A PoC was created.
CVSS Severity High (10.0) (AV:N/AC:L/Au:N/C:C/I:C/A:C)
DREAD Risk High Priority (8.4) (DP:10/R:9/E:9/AU:6/D:8)

As we can see in Figure 4, *dh is the pointer we are looking for. This pointer
is used to store the returned value of the functionskb headerpointer. As pa-
rameters, we send the bu�er, a data o�set, the size of the dccp header and the
reference of the header; however, we are sending the reference ofthe pointer
instead. If we take a look at the code of theskb headerpointer function, it calls
another function that copies the content to the referenced bu�er. However, the
reference received as a parameter is a pointer not the bu�er. That means that if
we receive a malformed DCCP packet, we could end overwriting memory on the
stack causing a complete denial of service. Worth noticing that if we receive a
special crafted packet and have no stack protection, we could end up executing
some malicious code.

Finally we document the results of our analysis. As mentioned before we
create a�nding summary . Table 2 presents the �nding summary for the vulner-
ability CVE-2014-2523.

4.2 Taxonomy

With our �rst analysis, we identi�ed 7 facets:

{ Cause of the vulnerability. Re
ects the kind of error in the source code that
caused the vulnerability.
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{ Location of the vulnerability. Refers to the location, in the source code,
where the vulnerability is present and de�ned as subsystems of the kernel.

{ Availability, integrity and con�dentiality impact. Refer to the avai lability /
integrity / con�dentiality impact of a successfully exploited vul nerability.

{ Access vector. Re
ects how the vulnerability is exploited.
{ Exploitability. This taxonomy classi�es vulnerabilities according to the cur-

rent state of exploit techniques and code availability.

The cause facet includes the next 5 categories:

{ Validation Error: These vulnerabilities arise due to failures in responding to
unexpected data or conditions.

{ Synchronization and Timing Error: These are caused by the improper seri-
alization of the sequences of processes or an error during a timing window
between two operations.

{ Resource Management Error: Vulnerabilities in this category are related to
improper management of system resources.

{ Exception Handling Error: These are caused by the improper response to
the occurrence of exceptions.

{ General Logic Error: These vulnerabilities are caused by a bad logic in the
implementation. Errors like using the wrong operator, uninitialized variable,
missing parameter, assigning instead of comparing and wrong operand order
belong to this class.

The location facet has the next categories:

{ System Call Interface (SCI): Layer that provides the means to perform
function calls from user space into the kernel. Founded in /linux/kernel an
/linux/arch.

{ Process Management (PM). Focused on the execution of processes. Founded
in /linux/kernel and /linux/arch.

{ Virtual File System (VFS). Provides a common interface abstraction for �le
systems. Sources are founded in /linux/fs.

{ Memory Management (MM). Sources founded in /linux/mm.
{ Network Stack (NS). Sources founded in /linux/net.
{ Arch-dependent code (Arch). Sources founded in /linux/arch.
{ Device Drivers (DD). Sources founded in /linux/drivers. Part of th e kernel

that makes a particular hardware device usable.

The availability facet includes the next categories:

{ Partial: There is reduced performance or interruptions in resources availabil-
ity.

{ Complete: There is a total shutdown of the kernel.

Con�dentiality facet includes the following classes:

{ None: There is no impact to the con�dentiality of the system.
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{ Partial: There is considerable informational disclosure. Access to some sys-
tem �les is possible, but the attacker does not have control over whatis
obtained, or the scope of the loss is constrained.

{ Complete: There is total information disclosure, resulting in all system �les
being revealed. The attacker is able to read all of the system's data (memory,
�les, etc.).

Integrity facet includes the following classes:

{ None: There is no impact to the integrity of the system.
{ Partial: Modi�cation of some system �les or information is possible, but the

attacker does not have control over what can be modi�ed, or the scope of
what the attacker can a�ect is limited.

{ Complete: There is a total compromise of system integrity. There is acom-
plete loss of system protection, resulting in the entire system being compro-
mised. The attacker is able to modify any �les on the target system.

The access vector facet includes the next 3 categories:

{ Local. Refers to vulnerabilities exploitable only having an interactive, local
(shell) account that interfaces directly with the underlying OS.

{ Local Network: These vulnerabilities require having access to either the
broad-cast or collision domain of the vulnerable software.

{ Remote. Refers to those vulnerabilities remotely exploitable.

And the exploitability facet includes the next four categories:

{ Unproven: No exploit is publicly available or an exploit is entirely t heoretical.
{ Proof-of-Concept: Proof-of-concept exploit code or an attack demonstration

that is not practical for most systems is available.
{ Functional: Functional exploit code is available. The code works in most

situations where the vulnerability exists.
{ High: Either the vulnerability is exploitable by functional mobile au tonomous

code, or no exploit is required (manual trigger) and details are widelyavail-
able.

4.3 Evaluation and Testing

For this phase, we only performed the evaluation and the test with our set of
analyzed vulnerabilities. We classify our set of vulnerabilities oneach of the
described dimensions of our taxonomy. Tables 3 to 9 show the results ofthe
classi�cation.

During the classi�cation, we identify the following problems on our taxonomy:

1. The facets' hierarchies need to be expanded. Subclasses are needed for a
better description.

2. The location and access vector dimensions are ambiguous.

Because of that, we decided that at least another iteration of our process is
necessary. The location dimension could be divided according to thesource �les
and directories structure, rather than by subsystem. With the cause and access
vector dimensions, hierarchical classes could be de�ned to avoid ambiguity.
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Table 3. Vulnerabilities based in their cause

Type Number %
Validation Error 22 61.11
Synchronization and Timing Error 7 19.44
Resource Management Error 3 8.33
Exception Handling Error 2 5.56
General Logic Error 2 5.56

Table 4. Vulnerabilities based in their
location

Location Number %
System Call Interface 3 8.33
Process Management 1 2.78
Virtual File System 3 8.33
Memory Management 3 8.33
Network Stack 14 38.89
Arch-dependent code 6 16.67
Device Driver 6 16.67

Table 5. Vulnerabilities by availability
impact

Availability Impact Number %
Partial 1 2.78
Complete 35 97.22

Table 6. Vulnerabilities by con�den-
tiality impact

Con�dentiality Impact Number %
None 27 75
Partial 2 5.56
Complete 7 19.44

Table 7. Vulnerabilities by integrity
impact

Integrity Impact Number %
None 27 75
Partial 2 5.56
Complete 7 19.44

Table 8. Vulnerabilities by existence
of exploits

Existence of exploits Number %
Unproven 23 63.89
Proof-of-Concept 11 30.56
Functional 1 2.78
Complete 1 2.78

Table 9. Vulnerabilities by access vec-
tor

Access Vector Number %
Local 22 61.11
Local Network 6 16.67
Remote 8 22.22

5 Conclusion

The results of an analysis of DoS vulnerabilities on Linux, a new DoS vulnerabil-
ities taxonomy and the classi�cation of the analyzed vulnerabilities with the new
taxonomy were presented. The analysis results will enable Linux kernel main-
tainers, developers and researchers to better understand denial-of-service vulner-
abilities and prioritize their e�orts according to the results pre sented. That way,
better tools, techniques and defenses will be created. Di�erently from previous
work, the scope of our taxonomy is DoS vulnerabilities in order to highlight the
characteristics and provide more useful information with the classi�cation.
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Abstract. In recent years there has been an increase in the development of 
different applications that rely on web browsers as their main interface to users 
and developers. This paper introduces a simple interface that allows inspecting 
and navigating Java and C# objects through any XML-aware web browser. The 
web browser interface also allows displaying and executing all the methods that 
belong to a specific Java or C# object that has been persisted on the system. The 
web browser interface is part of a framework for distributed object 
programming in Java and C#, called Web Objects in XML (WOX).  

Keywords. Web Browser Interface, Java Objects, C# Objects, Object Naviga-
tion, Method Invocation, Web Objects in XML. 

1 Introduction 

Recently, there has been an increase in the development of different applications that 
rely on web browsers as their main interface to users and developers. This paper in-
troduces a simple interface that allows inspecting and navigating Java and C# objects 
through any XML-aware web browser. The web browser interface also allows dis-
playing and executing all the methods that belong to a specific Java or C# object that 
has been persisted on the system. The web browser interface is simple to use.   

The web browser interface presented in this paper is part of a framework created 
for distributed object programming, called Web Objects in XML (WOX) [1], which 
allows building distributed systems; it uses XML as the representation for the objects 
and messages interchanged [2]; and provides both synchronous and asynchronous 
communication between clients and servers [3]. The WOX framework has special 
features; some of them taken from two paradigms used to construct distributed sys-
tems: the object-based paradigm and the web-based paradigm, where Java and C# 
objects can be persisted by distributed or local applications.  

The rest of the paper is organized as follows. Related work is presented in section 
2. An overview of the WOX framework is given in section 3. Section 4 describes how 
to inspect objects through the web browser interface. Section 5 provides an explana-
tion on how to execute methods on specific objects that have been persisted on the 
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system. Section 6 discusses how to navigate objects through the web browser inter-
face. Finally, conclusions and future work are provided in section 7. 

2 Related Work 

This section describes some related work used to browse objects. Although there 
are existing tools to browse objects, none of them is incorporated to a framework for 
distributed object programming, such as the one presented in this paper.  

The Portable Explorer of Structured Objects (PESTO) [4], is an integrated user in-
terface that supports browsing and querying of object databases. It allows users to 
navigate in a hypertext-like fashion, following the relationships that exist among ob-
jects. In addition, PESTO allows users to formulate object queries through an inte-
grated query paradigm that presents querying as a natural extension of browsing, call 
it query-in-place. This interface can be configured to different object databases. 

In [5] the authors propose an interactional operator dedicated to navigation 
through time, which would allow visualizing a snapshot of a collection of objects at a 
given instant, or detecting and examining changes within object states. They also 
study how this operator can be integrated with the two main types of interactions  
given in visual object database browsers: navigation within a collection of objects, 
and navigation between objects via their relationships, where users can explore and 
navigate the states of a set of related objects. 

The authors of [6] worked more on the definition of a language rather than the de-
velopment of a tool for navigation. They created XQBE (XQuery By Example), a 
visual query language for expressing a large subset of XQuery in a visual form, in-
spired by QBE, a relational language initially proposed as an alternative to SQL, 
which is supported by Microsoft Access. According to the hierarchical nature of 
XML, XQBE's main graphical elements are trees. One or more trees denote the doc-
uments assumed as query input, and one tree denotes the document produced by the 
query. Similar to QBE, trees are annotated so as to express selection predicates, joins, 
and the passing of information from the input trees to the output tree. 

SOPView+ [7] is an object browser that supports navigation of a large database by 
changing the base object. The base object is an object which is a basis for navigation; 
forward navigation is provided for the reference paths ahead of the base object and 
backward navigation for the ones behind it. SOPView+ allows users to change the 
base object along the reference hierarchy among a number of database objects; this 
makes it possible for them to explore a large database until they find objects of their 
interest on the limited screen space, solving the screen real estate problem.  

The CORBA Object Browser [8] is a web browser that can be used to directly in-
voke methods on CORBA Objects using a specifically designed URI scheme. The 
URI for an object not only identifies the object but may also optionally include the 
name of the method to be invoked on the object and the parameters required. It has 
been implemented by extending the HotJava browser. The browser has a mechanism 
for supporting access to CORBA Objects that run on a secure ORB through the 
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CORBA Object Browser. Accessing secure objects through the browser requires the 
authentication with the remote ORB and may also need secure communication. 

3 Web Objects in XML 

This section provides a brief overview of the WOX framework, which combines fea-
tures of distributed object-based systems and distributed web-based systems. Some of 
the features of this framework are presented in the following paragraphs.  

WOX uses URLs to identify uniquely remote objects, following the principles of 
the Representational State Transfer [9]. This is an important feature because all ob-
jects are uniquely identified by their URL and can be accessed anywhere on the Web, 
either through a Web browser or programmatically. 

This framework uses an efficient and easy-to-use serializer, called the WOX 
serializer [2], which is the base of the framework to serialize objects, requests, and 
responses exchanged between clients and servers. This serializer is a stand-alone li-
brary based on XML, which is able to serialize Java and C# objects to XML and back 
again. One of its main features is the generation of standard XML for objects, which 
is language independent and allows reaching interoperability between different ob-
ject-oriented programming languages. At the moment, applications written in the Java 
and C# programming languages can interoperate. 

WOX has a set of standard and special operations supported on remote and local 
objects. These operations include the request for remote references, static method 
invocations (web service calls), instance method invocations, destruction of objects, 
request for copies, duplication of objects, update of objects, upload of objects, and 
asynchronous method invocations. Some of the operations are described in [1]. The 
mechanism used by WOX in a method invocation is shown in Figure 1. 

 

Fig. 1. A method invocation in WOX. 

 The detailed steps carried out in a method invocation in WOX are the following: 
1) The WOX client program invokes a method on a remote reference (the way in 
which the client invokes a method on a remote reference is exactly the same as that on 
a local object, as far as the client program is concerned); 2) The WOX dynamic proxy 
takes the request, serializes it to XML, and sends it through the network to the WOX 
server; 3) The WOX server takes the request and de-serializes it to a WOX object; 4) 
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The WOX server loads the object and executes the method on it; 5) The result of the 
method invocation is returned to the WOX server; 6) The WOX server serializes the 
result to XML and either the real result or a reference to it is sent back to the client. 
The result is saved in the server in case a reference is sent back; 7) The WOX dynam-
ic proxy receives the result and de-serializes it to the appropriate object (real object or 
remote reference); 8) The WOX dynamic proxy returns the result to the WOX client 
program.  

�)�U�R�P�� �W�K�H�� �:�2�;�� �F�O�L�H�Q�W�� �S�U�R�J�U�D�P�¶�V�� �S�R�L�Q�W�� �R�I�� �Y�L�H�Z�� �L�W�� �M�X�V�W�� �P�D�N�H�V�� �W�K�H�� �P�H�W�K�R�G�� �L�Q�Y�R�Fa-
tion and gets the result back in a transparent way. The WOX client libraries carry out 
the process of serializing the request and sending it to the WOX server; as well as 
receiving the result of the method invocation and de-serializing it. 

The following sections introduce the web browser interface, which allows the in-
spection of objects through an XML-aware web browser, the execution of methods on 
objects, and the visualization of them with three different modes of operation: xml, 
html, and image. It can also navigate remote objects, which allows a client program 
retrieving child objects of a given root object, through their XML representation. 

4 Inspecting Objects 

Every Java or C# object that is persisted in the system, it is represented in XML, and 
can be inspected through a web browser by typing the URL that is assigned to it au-
tomatically by the system. Figure 2 shows a web browser with an example of the 
XML representation for an object of the Lecturer class. In order to inspect an object, 
the user types the object URL in the address bar of a web browser; for example: 
http://carlosj:8080/WOXServer/WOXObject.jsp?id=622058786, which is a URL 
representing an object with id=622058786 on the system, which corresponds to an 
instance of the Lecturer class.  

 

 

Fig. 2. Inspecting a Lecturer object through a web browser. 

The XML representation of the Lecturer object is easy to understand, clean and 
compact. Every object is represented by an object XML element; and every field of an 
object is represented by a field XML element, with name, type and value attributes. 
The Lecturer object in Figure 1 has five attributes: firstName with string type; 
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lastName with string type; employeeNumber with int type; salary with double type; 
and department with string type. Figure 3 illustrates a diagram with the Lecturer class 
and an instance of it, which is represented in XML previously. 

 

 

Fig. 3. The Lecturer class and an instance of it. 

Alternatively, objects can be inspected through the server database, which holds 
all the objects that have been persisted on the system. Figure 4 shows an example of a 
server database, which can be accessed through the following URL: 
http://carlosj:8080/WOXServer/WOXObjects.jsp. 

 

 

Fig. 4. A server database showing the objects persisted on the system. 

The server database provides a table with three columns: the first column shows 
the URL of the object; the second column provides its implementation class; and the 
third column shows two hyperlinks. The View Object hyperlink can be used to request 
the specific object through its URL, and shows its XML representation on the web 
browser, as it was illustrated in Figure 1. The View Methods hyperlink is used to show 
the web browser interface with all the possible methods that can be invoked on the 
specific object. The invocation of methods is discussed in the following section. 

The server database is an interface provided by the system, which allows access to 
persisted objects. This database can be seen as a directory for all the persisted objects, 

137 Research in Computing Science (81) 2014

A Simple Web Interface for Inspecting, Navigating...



where the user can request the object to inspect its XML representation or execute any 
of its methods available through the web browser interface. 

5 Invoking Methods on Objects 

Since every object can be identified uniquely through its URL, it is also possible to 
invoke methods on persistent objects through a web browser. As an example, the 
URL below shows an invocation of the getDepartment method, on an object of the 
Lecturer class, identified by the 622058786 object id: http://carlosj:8080/WOXServer/ 
WOXInvoke.jsp?objectId=622058786&method=getDepartment. 

The result of the method invocation is returned to the web browser as XML, 
which is the default mode of operation for the system, but it can also be returned as 
HTML (by specifying mode=html in the query string), in which case only the string 
would be returned. There is a special case in which the system can also return an im-
age (by specifying mode=image in the query string), when the return type of a method 
is an array of bytes that represents an image. 

Using a web browser, the system is also capable of invoking methods with param-
eters of primitive data types, but not with parameters of other data types, like user-
defined classes. This way of operation through the web browser is similar to the way 
in which Apache Axis [10] allows invoking methods of classes. The main differences 
are that Axis, which is SOAP based [11], does not have the concept of an object, thus 
the methods are invoked as if they were static methods. Another important difference 
in this mode of operation is that Axis does not support package-qualified classes. In 
this respect, the system enables the invocation of methods on any web object (in-
stance methods), and methods of any package-qualified class (static methods). 

Alternatively, the system provides the browser interface with all the possible 
methods to invoke on a specific web object. This is similar to the browser front end 
for CORBA objects described in [8]. The web browser interface of the system can be 
accessed by typing the URL presented below, where it will present all the methods 
available for invocation on that object (in our example, it is a Lecturer object): 
http://carlosj:8080/WOXServer/WOXInvoke.jsp?objectId=622058786. Figure 5 
shows this browser interface with three of the methods available for a Lecturer object. 
The web browser interface can also be accessed from the server database shown in 
Figure 4, by clicking the View Methods hyperlink of the desired object. 

When clicking the Invoke Method button of the desired method, a query string is 
built internally with all the information needed for the method invocation. The request 
is sent to the system; the system will execute the method requested and generate an 
answer via an XML message with the result of the method invocation chosen; and 
finally this answer will be returned to the web browser (the return type of the method 
invocation is also specified in the web browser interface). The process of executing 
the method on the desired object is transparent to the user, since it is only needed to 
click the Invoke Method button to request the execution of the specific method, and 
wait for the answer. 
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Fig. 5. Some methods available for a Lecturer object. 

When the method to be invoked takes some parameters, the web browser interface 
provides the appropriate input boxes to enter the values to be sent with the method 
invocation. Figure 6 shows some other methods of a Lecturer object, which takes 
some parameters. It should be noticed that the input boxes shown in the web browser 
interface are generated automatically by the system, according to the data types of the 
parameters. Also notice that every parameter is named according to the order in which 
they appear in the method signature: param1, param2, etc. 

In order to invoke the setDepartment method shown in Figure 6, the user must 
provide the param1 parameter in the input box shown, which is of type string. When 
clicking the Invoke Method button of the setDepartment method, a query string is 
built with all the information needed for the method invocation on the specific object, 
which is the following: http://carlosj:8080/WOXServer/WOXInvoke.jsp?objectId= 
622058786&method=getDepartment&param1=Finance. 

The web browser interface provided by the system is a very convenient way of 
discovering and invoking methods on specific objects without needing a Java or C# 
client program.  

6 Navigating Objects 

The navigation of objects in the system allows a client program retrieving child 
objects of a persisted object. This is an important feature of this framework, which is 
very useful to retrieve only the child objects needed, instead of the entire object. This 
can also be carried out through a web browser. In this section we will use a different 

139 Research in Computing Science (81) 2014

A Simple Web Interface for Inspecting, Navigating...



object, since we want to show how to retrieve and navigate through an object which 
has child objects. 

 

 

Fig. 6. Some methods with parameters available for a Lecturer object. 

6.1 Retrieving an Object 

This subsection shows how to retrieve an object. Assuming that the object to be 
retrieved can be accessed through the following URL: 
http://carlosj:8080/WOXServer/WOXObject.jsp?objectId=622058786. The XML 
representation of the object retrieved, which is a list of Course objects, is shown in 
Figure 7. It can be observed that the root object has three child objects identified by 
their id attributes with values 1, 2, and 3. The root object is identified by the id attrib-
ute with the value of 0. 

6.2 Navigating an Object 

The inner or child objects of a root object can be retrieved independently by speci-
fying its id attribute in the URL of the specific object. For example, the following 
URL retrieves the Course object identified by id="1" : 
http://carlosj:8080/WOXServer/WOXObject.jsp?objectId=622058786&id=1. 

The XML representation of the Course object after it has been retrieved is shown 
in Figure 8. It can be observed that only the child object specified has been retrieved. 
This is accomplished partly because of the XML representation of the objects, by 
using identifiers for every child object.  
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<object type="list" elementType="Object" length="3" id="0">  

   <object type= " Course " id= "1"> 

      <field name= " code " type= " int " value="6756"  />  

      <field name= " name" type= " string " value= " XML Technologies " />  

      <field name= " term " type= " int " value= "3" />  

   </object>  

   <object type= " Course " id= "2"> 

      <field name= " code " type= " int " value= " 9865 " />  

      <field name= " name" type= " string " value= "O- O Programming " />  

      <field name= " term " type= " int " value= "2" />  

   </object>  

   <object type= " Course " id= "3"> 

      <field name= " code " type= " int " value= " 1134 " />  

      <field name= " name" type= " string " value="Web  Progra mming " />  

      <field name= " term " type= " int " value= "2" />  

   </object>  

</object>  

Fig. 7. XML representation of a list of Course objects. 

Using this important feature, it is possible to retrieve only parts of a persisted ob-
ject. This feature can be used through an XML-aware web browser where the object 
can be seen, but it can also be used programmatically from a Java or C# client appli-
cation, using the framework for distributed object programming. 

 
<object type="Course" id="1">  

   <field name="code" type="int" value="6756" />  

   <field name="name" type="string" value="XML Techno l ogies" />  

   <field name="term" type="int" value="3" />  

</object>  

Fig. 8. XML representation of a list of Course objects. 

7 Conclusions and Future Work 

This paper presented a simple web browser interface to inspect, navigate and invoke 
methods on Java and C# objects, which are persisted in the system. The web browser 
interface is part of Web Objects in XML (WOX), an interoperable framework for 
distributed object programming. It has been shown how objects can be inspected 
through a web browser; how to discover the methods to be invoked on them; and 
finally, how to navigate through objects in order to retrieve specific child objects. One 
of the key advantages of the web browser interface is that a user can inspect, navigate 
and execute methods on objects though any XML-aware web browser without need-
ing any Java or C# program. The interface is intuitive and easy to use.  
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Further work is needed in order to allow the invocation of methods with parame-
ters representing objects of user-defined classes, because at the moment parameters of 
methods can only be of primitive data types. Additional work is needed in this respect 
to provide an interface to upload this type of parameters. The fact of representing 
objects in XML is a great advantage, since they can be stored in simple XML files, 
which facilitates their management. 
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Abstract. The voice is a natural means of interaction between users and mobile 
devices. Currently, most of the applications based on speech recognition for mobile 
devices performs searches on large databases through web services without strict 
voice recognition. These web services require too many resources of storage and 
processing, which creates a dependency between the mobile device and the 
communications network. In this paper a word recognition algorithm is presented to 
perform speech recognition. The processing algorithm is performed in the mobile 
device. The main contribution is the recognition of words, not just limited to 
syllables. Word recognition is performed by extracting characteristics through 
discrete wavelet transform- Haar, to calculate the estimate of the variation of the field 
of sampling and finally we applied fuzzy logic. 
 
Keywords.- speech recognition, mobile devices, discrete wavelet transform, fuzzy 
logic. 

 
 
1. Introduction 
 
The ability to recognize human speech has been an area of interest mainly to the large 
variety of applications that can be performed. One of the priorities in the development 
of mobile device technology is to improve the quality and capacity for speech 
recognition. The speech recognition allows mobile devices adapt the voice 
information in a comprehensible way, which means the identification and 
understanding of the information received[1]. 

One objective of speech recognition systems is to facilitate communication 
between the user and the device, through the development of applications. There are 
applications for control systems, through spoken commands, utilizing a voice user 
interface (VUI), useful for controlling multiple devices, especially for people with 
certain physical disabilities or working with multimodal interfaces [2]. Other 
applications allow the user iteration with lexical recognition systems, predefined or 
online. In this paper, an adaptive VUI [3] mobile device is proposed, to identify words 
in a noisy environment.  
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Notwithstanding the recent development of methods for speech recognition based 
in a data base (Google speech recognition API) [4] and synthesis [4], implementations 
have been performed on personal computers and through remote servers, still have 
some unresolved needs of embedded systems for mobile devices, autonomous 
systems, offline systems, control systems, interactive voice, computer equipment for 
people with physical disabilities. The recognition of large vocabulary of the human 
speech requires complicated algorithms with big amounts of computations and large 
memory spaces [1-4]. This results in high energy consumption, greater recognition 
time and increased error rate. In this paper we use of the discrete wavelet transform 
(DWT), for extraction of the main characteristics of the voice signal, is proposed in 
addition to providing compression of the voice signal, resulting in reduced energy 
consumption,  computational complexity  and eliminates dependence on the network 
with an Internet connection. The proposed algorithm with the DWT, decomposes the 
signals in different frequency components, it possible to locate a specific vibration 
signal [5]. The DWT can be used for a wide variety of signal processing tasks, such as 
compression, noise elimination and enhancement of recorded speech [5]. DWT Haar 
is considered due to the facility in performing its calculations and characteristics 
relating to the preservation, compaction and redistribution of energy, all without 
altering the original signal [5].  After applying the compression and obtaining the 
spectral content of the audio signal with the DWT; continues for extracting 
characteristics, such as: the variance, standard deviation and the average, and the 
recognition result is obtained by means of a logic fuzzy that takes as input the result 
of the application of the DWT-Haar. A method of speech recognition for mobile 
devices offline for uncontrolled environments, as well as a system to reduce 
dependence on the internet is proposed. This system of speech recognition is installed 
on a smartphone with Android 4.0 operating system, with a RAM of 512 MB and a 
processor Qualcomm MSM7225A @ 800 MHz-1256 DMIPS, with which superior 
results were obtained at 70% for noisy environments these results are shown in the 
fourth section. This paper is organized as follows: the second section presents some 
recent works, the third section presents the architecture and the speech recognition 
system proposed, the fourth section presents the speech recognition tests performed, 
and an analysis of the results and finally, conclusions are presented.  
 
2. Related work 
 
According to [1], speech recognition is the ability of a machine or other device to 
identify words or phrases and convert these in action. 

There are two types of speech recognition systems:  
I. recognition systems based on speech recognition methods operate directly on 

a voice terminal.  
II.  recognition systems based on methods of speech recognition voice operated 

from a server. 
Those that use a server to transmit the sound signal or voice characteristics to the 

server, which runs on a search engine and returns the speech recognition to the 
device, it runs so online. The speech recognition systems operate on a server has a 
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search engine of the word possible matches found, this type of recognition systems is 
restricted to small vocabularies of certain areas or geographic areas[1]. 

Placing a speech recognition system on a mobile device and is connected to the 
server to continually search for the word causes the energy consumption is higher. 
Currently, the way speech recognition for mobile devices is working through services 
on the network. The speech recognition is essentially an integration of automatic 
speech recognition (ASR) and search for the words that match the voice in a database 
located on a server [6-7]. To improve search precision, some voice search systems 
also include a module for natural language understanding (NLU) to analyze the output 
of the ASR in significant segments [6]. Services of speech recognition in network 
resource-intensive storage and processing[8-10]. An example of how these resources 
are used in [11] where some of the important features for the development of the 
Voice Search application are listed by Google as it is the power of the database and 
the schema for the generation of the structure recognition of patterns of language you 
lie to the specific case of the creation of the modeling language together its relevant 
database is shown in [12], this for the Mandarin-Chinese language by Google. 

Finally in [13] a system for speech recognition to the Japanese language is done 
using the Google database. The use of these resources creates a dependency between 
the mobile device and the communication network as well as has some other 
problems such as vulnerability to noise, high computational complexity, high memory 
consumption, high energy consumption and unfriendly interfaces to user [8-10]. 
 
3. Proposed method 
 
The most significant problems in speech recognition systems are related to the 
individuality of the human voice (such as age or gender to name a few), dialect, 
speaking rate, the context of phonics, noise background, the characteristics of voice 
acquisition device (microphone), and the directional characteristics of the source 
speech signal, among others [1-3]. All these problems are considered in the proposed 
method, because the objective of this research is that the speech recognition is 
inherent to the environment and the people who use the application. The speech 
recognition module, based on the DWT-Haar, comprises three main blocks: encoding 
and compression, feature extraction and recognition, as shown in Figure 1. 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1 �± Block diagram of the proposed method. 

 
The following subsections explain each of the blocks of the proposed module. 
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3.1 Block for enconding and compression 
 
In this block, two vectors are obtained: The approximation vector (AV) and the 
fluctuations vector (FV).   
       These vectors are obtained when DWT-Haar is applied in the original speech 
signal. The size of the vectors AV and FV is half the size of the original speech 
vector. The AV vector contains the low frequency components of the voice signal. 
The vector FV contains high frequency components of the speech original signal. For 
this work the AV was chosen, because this vector has the largest amount of 
information about the speech original signal. To encode speech signal through native 
methods of recording, signal compression is obtained through the AV with WAV 
format. Compression has a rate of 22050 samples per second with 16 bits per sample 
without encoding pulse code modulation (PCM). In the Figure 2, the wavelet 
decomposition of the original signal is shown in the vector AV ]/w[D_Loy 2 , and the 

vector FV, ]/w[D_Hiy 2 . Where   2/w , is half of the speech signal original vector 
length. 

 
 
 
 
 
 
 
 
 
 
Fig. 2 �± Block diagram of wavelet decomposition to the speech original signal. 

With the wavelet decomposition of the speech signal and using the vectors AV-FV, we 
can see the spectral content of the signal, as shown in Figure 3. 
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Fig. 3 �± Approximations sub-vector obtained of the speech original signal. 
 

 
In Figure 3, the plotting of the AV vector, obtained from DWT-Haar decomposition 
of the speech signal is displayed. This graph shows the reduction of 44,100 samples 
per second (standard WAV file) to 22,050 samples per second. In this vector, has the 
highest energy input speech signal therefore has the highest content of key features to 
extract the spectral content of the speech signal and is found in the word contained.  
 
 
3.2 Block for extracting features 
 
This block obtains the corresponding features of each input speech signal. This 
extraction is performed in the AV obtained in the previous block. Acquired 
characteristics are energy Eq. (1), the standard deviation Eq. (2), variance Eq. (3) and 
the center frequency of the speech signal in the AV.  
 

 
 (1) 

C% -=
1=

2
n

m
D_Lo(y n/)yy(�1

m)D_LoD_Lo

 

(2) 

C% -=
1=

22
n

m
D_Lo)D_Lo(y n/)yy(�1

mD_Lo
 

(3) 

Where C%=
1=

n

m
D_LoD_Lo n/yy     represent de mean value of AV,  and  n= 2/w  . 

[ ]C%=
1=

2n

m
D_LoD_Lo my]]n[y[E

149 Research in Computing Science (81) 2014

Feature extraction module for word recognition...



 
3.3 Block to recongnition 
 
This block is determined by the spoken word. The words used are suggested: "Hola" 
and "Adios", and also "High" and "Potato". The words "Hola" and "Adios" in 
particular were chosen in order to show that the system works with high statistical 
dependence as shown in Figure 4 a) , contained in the green circle overlapping of 
these two words is observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     

Fig. 4 �± Graphic of energy vs. standard deviation, a) words �³�+�R�O�D�´���\���³�$�G�L�R�V�´, b) "High" and 
���3�R�W�D�W�R�´. 

 
Unlike the words "High" and "Potato", which in Figure 4 b), the statistical 
independence is observed. This task is accomplished by using speech recognition. The 
entries in this block are the characteristics of the speech signal. 

Fuzzy logic was used for word recognition in speech signal. This technique 
allows determining whether a spoken word in the set of speech signal features vector. 
Fuzzy logic is performed using the membership functions [14] for each of the features 
extracted from the equations (1), (2), (3) and (4). The membership function indicates 
the degree to which each element of a given universe belongs to a set. If the set is 
crisp, the membership function (characteristic function) take the values {0,1}, while if 
the set is blurred, it will take in the interval [0,1]. If the result of the membership 
function is equal to 0, then the element is not in the set. In contrast, if the result of the 
membership function is 1, then the element belongs to the set completely[14]. 
Gaussian membership, Eq. (4), is used for the purpose of this word recognizer in the 
speech signal by using fuzzy logic. The Gaussian membership is specified by two 

parameters  { }�1,c   to determine the boundaries of the speech signal, and also to 
determine where the greatest amount of information is presented in the spectral 
content of the word to be identified. 

 

a) b) 
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The Gaussian function is determined by the values �W�K�H�\�� �W�D�N�H�� �1�� �D�Q�G��c. Wherec 

�U�H�S�U�H�V�H�Q�W�V���W�K�H���F�H�Q�W�H�U���R�I���W�K�H���I�X�Q�F�W�L�R�Q���D�Q�G���1���L�V���W�K�H���V�W�D�Q�G�D�U�G���G�H�Y�L�D�W�L�R�Q�������������)�R�U���W�K�L�V���F�D�V�H����
c is the mean value, and each value is the mean average of each standard sample, and 
�1���L�V���W�K�H���V�W�D�Q�G�D�U�G���G�H�Y�L�D�W�L�R�Q�����������R�I���H�D�F�K���W�H�V�W���S�D�W�W�H�U�Q�� 
 
4. Tests and results 
 
The module for speech recognition embedded was implemented on a mobile device.  
�7�K�L�V���P�R�G�X�O�H���L�G�H�Q�W�L�I�L�H�V���Z�R�U�G�V�����³�+�R�O�D�´���D�Q�G���³�$�G�L�y�V�´�����D�Q�G���D�O�V�R���³�+�L�J�K�´���D�Q�G���³�3�R�W�D�W�R�´���� 
The speech recognition system was tested in a smartphone with Android 4.0 operating 
system, 512 MB RAM and Qualcomm MSM7225A @ 800 MHz-1256 DMIPS 
processor. A population with diverse gender and age were chosen for testing. Samples 
are shaped with a total population of 12 people, 6 men and 6 women. The ages are 
classified as follows. People over 50 years old: 3. People between 30 and 50 years 
old: 3. And people between 20 and 30 years old: 6. 

To execute the embedded module, the audio is acquired through the microphone 
of the mobile device. The speech files that were used have different environmental 
conditions, because they want to test the robustness and accuracy of the identification 
of the word within the audio file. The module was also tested in different languages. 

Tables 1 and 2 show the results obtained from the algorithm for the embedded 
module. In these tables you can see the quantitative results of this algorithm. Also a 
comparison between the signal acquired and processed audio signal is shown. 
 

Table 1�����5�H�V�X�O�W�V���R�E�W�D�L�Q�H�G���E�\���W�K�H���H�P�E�H�G�G�H�G���P�R�G�X�O�H���W�R���L�G�H�Q�W�L�I�\���³Hola�´���D�Q�G���³Adiós�  ́
  Embedded module 

Age range Processing 
time (seg) Sp(%) Se(%) ACC(%) 

age>50 0.109 69.35 93.33 71.08 
age>=30&&age<=50 0.116 71.87 96.66 66.66 
age>=20&&age<30 0.106 69.49 100 70.55 

Average 0.110 70.23 96.66 69.43 

 
Table 2. Results obtained by the embedded module to identify  �³High�´���D�Q�G���³�3�R�W�D�W�R�´ 

 
 

Embedded module 

Age range Processing 
time (seg) Sp(%) Se(%) ACC(%) 

age>50 0.107 68.25 98.90 73.34 
age>=30&&age<=50 0.120 64.82 97.56 72.22 
age>=20&&age<30 0.120 63.22 100 73.33 

Average 0.115 65.43 98.82 72.96 
 

Performance results are calculated from the speech signal processing through the 
mobile device. To test the performance of the proposed method, we consider four 
cases: two for correct classifications and two for misclassification. The classifications 
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are: true positive (TP), false positive (FP), false negative (FN) and true negative (TN). 
By using these different measures of performance metrics as the following relation is 
obtained [15]: 

)FPTN/(TNySpecificit +=                                 (5) 
 

)FNTP/(TPySensitivit +=                                  (6) 
 

lpeechsignasamplesofs/)TNTP(ecisionPr +=                                               (7) 
 

Specificity (Sp) is the ability to detect samples that do not correspond to the 
audio signal. The sensitivity (Se) reflects the ability of an algorithm to detect the 
sample audio signal. Accuracy (ACC) measures the ratio between the total number of 
correctly classified samples (sum of true positives and true negatives) by the number 
of samples of audio signal[15]. The positive predictive value, and accuracy rate, gives 
the proportion of samples of the audio signal identified which are true [12,16]. That 
is, the probability that a sample of the audio signal is identified as true positive. From 
the results of tests concentrated in Tables 1 and 2, we note the following. The module 
embedded on the mobile device detects up to 70% of search word (Sp) and up to 
96.66% for detecting those who have the search word in the audio file (Se) for the 
Spanish language. For English language, the embedded module detects up to 65.43% 
the search word (Sp) and up to 98.82% for detecting those who have the search word 
in the audio file (Se). In the case of the Spanish language, an accuracy greater than 
69.43% is obtained at a time of 0.110 seconds. And for English, an accuracy of 
72.96% is obtained in a time of 0.115 seconds.  The range of ages, regardless of 
gender, who presented the best accuracy for word recognition within the mobile 
device is above 50 years old, for the Spanish language, Table 1. In the case of English 
language, the same behavior was presented. The greatest accuracy was obtained with 
the elderly 50 years old, Table 2. 

In the case of the Spanish words that begin or end with the same phoneme, such 
as cases that were used in this research as "Hola" and "Adiós" as well as the noisy 
environment of the cell itself and the age range of the people, causing the rate of Sp, 
and Acc is, decrease its performance. 

In [4], a module for recognizing isolated words, in real time, on a mobile device 
is presented. In this study conducted with a sample population of 10 people in total. 
This population consists of 5 men and 5 women, and the age range of the members of 
the population is not mentioned. Replays of the audio signals on the mobile 
performed 3 times to create an average error. The tests in this work were attacked 
with white noise with SNR, Eq. (8), between 15 and 30 db[4].  
 

SNR=
yLo_D

s yLo_D

             (8) 

 
The SNR has a uniform distribution, so that altering the signal audio not affected 

and a substantial modification of this signal is taken. This is different to present audio 
signal to ambient noise, because in this case the signal is affected by impulsive noise. 
And this kind of noise no predictable distribution, generating in certain sections of 
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audio are altered significantly. The results presented in [4], are returned in a time of 
11.61 ms and with an average of 61.4% in the worst case, when the signal is changed 
to white noise. And an average of 90.2% is obtained when the audio file is in a 
controlled environment. 

 
5. Conclusion 
 
The proposal presented in this research for isolated word recognition in a mobile 
device in uncontrolled environments gives yields higher than 70% in less than the 
time 0.120 seconds. This embedded word recognizer module requires no prior 
training or generation of a dictionary as those currently commercially. Also the so-
embedded module works offline, ie; not require a connection to the network in order 
to perform their job recognition. This streamlines its use and management, adding 
portability and the generation of an App to be used as a tool in voice commands or 
support systems in any treatment such as Luria tests. We note also that being a 
working embedded system offline use so the battery is not as affected in the 
performance of this. The word recognition system achieves work for any genre and 
any age group not presenting any difficulty, to be altered or amended by voice acuity 
or severity of the tone of speech signal for the gender of the user, as well as the 
possible echo the voice generated by age. 

Concluding finally that although in some cases the performance is not expected, 
than the results shown in [4], embedded system mounted on an FPGA, where the 
processing is done faster and transparent manner. 
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Abstract. The identification process shows the internal dynamic states based on 
a reference system commonly known as a black box scheme, built on the transi-
tion and gain functions, and an innovation process. Unfortunately, in this sense, 
the exponential transition function considers the unknown internal parameters. 
This means that the internal states description does not operate with these con-
ditions considering the internal dynamic gains inaccessible. Against this diffi-
cult there is an approximation using the estimation technique. This paper pre-
sents estimation for a single input - single output (SISO) model with two delays 
known as a second order system.  This is a special technique which describes 
the black box internal gains, allowing the transition function to have a sense of 
identification. The estimator built on the second probability moment form has 
an adaptive strategy allowing a sufficient convergence rate into identification 
results. The filter is integrated with two actions, estimation and internal states 
description, seeking a good convergence level considering the gradient descrip-
tion. Therefore, the theoretical result demonstrates the filter strategies. 

Keywords: Digital Filter, Estimation, Functional Error, Identification, Stochas-
tic Gradient, Reference Model.  

1. Introduction 

A physical system must be performed as a model mathematically validated with 
different processes. The difference between the real output system and its mathemati-
cal output representation tends to be a predefined bounded region. The model as a 
black box scheme establishes a relationship between the output and input signals sys-
tem. In particular, the internal states are non-observables and are related mathemati-
cally between the input and output signals through the transfer function.  

The system viewed as a black box permits the transfer function without access to 
their internal dynamics in a direct form. In this case the filter process is necessary 
describing the states indirectly; i.e., the identification is a technique describing the 
internal states [1-2]. This system commonly gives the output online without knowing 
what happens inside at a specific time. Therefore, the techniques were developed and 
applied into the identification filter structure [3]. The internal dynamics description 
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was based on the early work of identification depending on the transition function [4], 
which in its simplest form obtains the primitive equation including the internal gain 
[5].  The digital filter identification can be seen illustratively in Figure 1. 

 
 

 

Figure. 1. Black Box and Digital Filter.  

 
The black box system evolution is achieved through interpolation methods ap-

proximating the response to a real output system [6]. The parameter function plays an 
important role in the convergence rate considering it affects the model evolutions [7]. 

In control theory, equations are commonly used in the states space meaning the 
mathematical model depends on internal states and parameters [8]. In spite of this, 
internal unknown conditions are described using combined estimation and identifica-
tion techniques [9]. The output velocity state changes with bounded movements, so 
that the model proposed corresponds to a second order with two delay states [10]. 
Therefore, the parameter estimation in state spaces in discrete form is applied into an 
identification model [10].  Once estimated and adapted to an identification technique, 
the evolution adjusts the estimation results converging the output identification filter 
to the desired output answer [11]. 

The estimation technique is classified into recursive and non-recursive. A Non-
recursive technique corresponds to a final parameter vector.  A recursive techniques 
process evaluates the evolution parameters through time [12]. Once parameters are 
obtained, the transition function is built [13].  

The internal dynamics reference system in simple form considers the input and 
output bounded signals  viewed as linear and stationary in the probability sense [14],  
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with unknown parameters [15, 16]. The traditional identification process is not feasi-
ble if the gain used for the transition function is inside the black box [17]. 

The transition function being applied in the adaptive process is based on: 1) the ini-
tial conditions of the transition function. 2) The second probability identification error 
moment form. 3) A criterion dynamically modifies the gain. 

The identification error was obtained by the difference between the reference sys-
tem response and the filter. To achieve the identification, it is necessary to know the 
transition role and parameters through the second probability moment. Once internal 
parameters are estimated, the transition function is built to be applied in identifying 
the internal states.   The identifier signal and the functional error built on the basis of 
the second probability moment correct the estimation dynamically, making the inter-
action lead to the filter in the convergence region. 

The estimation and identification are related by the functional error, obtaining a 
dynamic digital filter. According to the following order, the retrieved estimation is a 
gradient stochastic type accessing the system output. The identification is described 
by the recursive structure and also, the functional error. The estimation and identifica-
tion findings are presented. In general, the importance of the transition in identifica-
tion is solved using the estimation as an adaptive procedure.  

 

2. Theoretical Analysis 

  The estimation describes the black box internal parameters system, but is it possi-
ble to estimate parameters that affect the identification filter? The answer is yes, be-
cause the transition function affects the convergence between the identification and 
reference signal. Therefore, the estimation would be part of the identification consid-
ering the transition function built with estimation parameters. The adaptive process is 
built considering that the estimation is based on functional identification error affect-
ing the gains in direct form as shown in Figure 2 using the symbols of Table 1, de-
scribed in finite differences. 

Table 1.  Black box symbols 

 

Input, 
From input to output,  

Output, 

�V�?�5 Signal delay ,  �T�Þ�?�5�ã 
L �T�Þ�V�?�5 

 

Algebraic adding signals 

 Algebraic multiplicity signals 

+ 

+
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Figure. 2. Filter Estimation Scheme. 

 
Figure 2 considers the output state space (vk) with external perturbation (wk). Inside 

the box with a dashed line is known as dynamic internal parameters described in state 
space recursive form. 

 
The reference system according to [18] has a recursive form (1) in which the state 

space according to [19-21] is a function of ),,,,,( 2121 kkkk vbxxaafx ����� ; with out-

put ),,,( kkk wdxcfy � , as shown in Figure 2, where �^ �`0),(: �t� kkwwk
 is a stochas-

tic description bounded by a Gaussian process ).,( 2 �f��� 
kk wwkN �V�P , and 

�^ �`0),(: �t� kkvvk
  with ),( 2 �f��� wvkN �V�P . 

 
 In Figure 2, the identification filter requires knowing the estimated internal pa-

rameters. Then the identification filter includes the estimation technique implemented 
as a system. 

 
Theorem 1 (Adaptive Identification). Consider a black box system described by a 

second-order stochastic model expressed in finite differences (1)  
 

kkkk wxcy ���  with an internal state
kkkk bvxaxax ����� ���� 2211
. (1) 
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Bounded in time evolution �f��k�W  according to  [22] and 
k

f
max  is the frequency 

representing either bounded �f��
k

f
max

 [23]  with respect to �^ �`0),( �tkkw and 

�^ �`0),( �tkkv  such as discrete stochastic processes described by 

���ƒ�•�f��� wwww kkN ),,( 2�V�P ,
���ƒ�•�f��� vwvv kkN ),,( 2�V�P , and satisfying  

�> �@kn
kkk yxx ,1

1,, �u
���� �ƒ�• ; with parameters 

���ƒ�•21, aa  based on an error identification 

and its variance with respect to [20-23] and  ky�Ö described in (2). 

 kkkk wdyayay ~~�Ö~�Ö~�Ö 2211 ����� ����  (2) 

with 

 
�^ �`

�^ �`2
1

1 )�Ö
,1�Ö~

��
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yyE
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�^ �`
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yE
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Proof (Theorem 1): Considering the recursive functional error in (3). 

 �^ �` ))1(( 1
21

������� kkkk JkeEJ . (3) 

The identification error described in (4): 

 
kkk yye �Ö: ���  (4) 

According to the system (1), the output signal is described in (5). 

 kkkkk dwbvxaxacy ������� ������ )( 12,211  (5) 

    With one and two delays, the output signal is (6):  

                           111 ������ ��� kkk dwcxy  , 222 ������ ��� kkk dwcxy  (6) 

The unobservable states for 1��ky  and  2��ky   are solved in (7). 
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Substituting the equation (7) in (5) has (8):  
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Reducing terms as shown in (9) 

 kkkk wdyayay ~~~~
2211 ����� ����  (9) 

Where the Gaussian general noise (10) 

 ,~~~~~~~~
12211 kkkkk wdcbvwdawdawd ��������� ������ 2211

~,~ aaaa � �  (10) 

Considering the equation (9) in (4) the identification error has the form (11):  

 kkkkk ywdyayae �Ö~~~~
2211 ������� ����  (11) 

Developing (11) in (3) obtains the functional error (12): 
 

�^ �` �^ �` �^ �`��������� ����
2222

2
2
2

2
1

2
1

2 �Ö~~~~)( kkkkkk yEwEdEyayEaeJ  

�^ �` �^ �` �^ �`������ ���� )~�Ö
~

�Ö~�Ö~[(2 2211 kkkkkkk wyEdyyEayyEa  

�^ �` �^ �` �^ �`)]~)~~()~~(~)~~(( k1k12k1k21k2k2 wyEdayyEaawyEda �������� ����  (12) 

The stochastic gradient of (12) with respect to 1
~a  achieved in (13). 

�^ ��̀�� �’ ��
2

1k1a
2
k yEa2eJ

1
~)( ~ �^ �`���� )�Ö[( 1kkyyE2 �^ �` �^ �`)]~~( k1k2k1k2 wydEyyEa ������ ��  (13) 

From (13) the estimated value1
~a  considering �^ �` 021 � ���� kk yyE , �^ �` 0~

1 � �� kk wyE  is 

described in (14)  
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The stochastic gradient of (13) with respect to 2�Ö~a  , is shown in (15)  
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The adaptive identification finally has the form (16) 

 kkkkkk wdyayay ~~�Ö~�Ö~�Ö 2,21,1 ����� ���� �����v (16) 
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3. Conclusion 

In the black box concept, the exponential transition function is inaccessible consid-
ering the unknown internal parameters and the identification does not operate with 
these conditions. 

The estimation technique based on stochastic gradient solves this difficulty. 
The system considered was a single input - single output (SISO) model with two de-
lays, described as a second order structure.  The estimation parameters were built on 
the second probability moment form and have adaptive strategies allowing a sufficient 
convergence rate in the gradient sense. Finally, the identification was integrated with 
the both estimations into a traditional identification. The theoretical result described 
the filter strategies integrated as an adaptive filter structure.  
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Abstract. In this work, a new experimental model of feature extraction for EEG 
signals is proposed, having as main characteristic the generation of patterns that 
can be classified with less computational cost and better performance. The 
proposed algorithm is based on segmentation stripes of the signal applied to a 
test consisting on recalling the name of one color out of 4, that are presented to 
a subject of study in screen. During this period the EEG activity of the subject 
is measured with an EMOTIV device. The proposed segmentation method was 
applied to 100 samples to classify them according to the corresponding color, 
and then 9 different machine learning techniques were used. In 8 of them, the 
proposed model performed better; the simplicity of our model helps to achieve 
better performance in space and time at the time of classification. 

1 Introducci—n 

Desde sus inicios hace poco m‡s de 30 a–os las Interfaces Cerebro - Computadora o 
BCI (por sus siglas en inglŽs) se han enfrentado a diversos retos de investigaci—n y 
desarrollo, debido principalmente a cuestiones tŽcnicas, an‡lisis de informaci—n y 
entendimiento sobre el funcionamiento del cerebro humano. Hoy en d’a existen 
diversos estudios alrededor de este problema, por ejemplo: Imagen por Resonancia 
MagnŽtica (fMRI) o Magneto encefalograf’a (MEG) [1, 2]; sin embargo para estos 
œltimos se requiere de equipos altamente sofisticados con altos costos y laboratorios 
con condiciones adecuadas. La opci—n m‡s viable para muchos de los investigadores 
desde los inicios hasta la fecha sigue siendo la Electroencefalograf’a (EEG) [3, 4]. La 
EEG requiere de equipos menos costosos que otras interfaces. Dentro de este 
contexto, los avances tecnol—gicos han dado paso a una nueva generaci—n de 
dispositivos port‡tiles tales como NeuroSky o EMOTIV [5], los cuales han permitido 
que la investigaci—n y el desarrollo de sistemas BCI sea m‡s accesible. Es importante 
mencionar que el rendimiento obtenido en comparaci—n con equipos profesionales es 
menor, debido principalmente a la frecuencia de muestreo y la capacidad de suprimir 
el ruido de la se–al [6, 7, 8]. 
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Sin importar la finalidad con la que se emplee, un sistema BCI comœnmente tiene los 
siguientes componentes: adquisici—n de se–al, procesamiento de la se–al, extracci—n 
de caracter’sticas de la se–al e interpretaci—n, como se muestra en la Figura 1. 
 

 
Figura 1.- Componentes de un BCI. 

En la actualidad la mayor parte del trabajo de investigaci—n est‡ orientado a los 
componentes de [9]: 

¥ Procesamiento: Se utilizan tŽcnicas tradicionales de an‡lisis de se–ales 
principalmente para realizar el filtrado y remoci—n de artefactos. 

¥ Extracci—n de caracter’sticas: En la mayor’a de los casos se usan mŽtodos 
basados en estad’stica como son: An‡lisis de Coeficientes Principales (PCA) 
o Patr—n Espacial Comœn (CSP), aunque tambiŽn son utilizadas tŽcnicas 
tradicionales de procesamiento de se–ales como: Coeficientes de Predicci—n 
Legal (LPC) o Spectrum. 

¥ Interpretaci—n: En la mayor’a de los casos se usan clasificadores de tipo 
Bayesiano, Log’stico, Lineal y M‡quinas de Soporte Vectorial (SVM). 

 
Dentro de este contexto tenemos a la utilizaci—n de la Potencial Relaci—n Ð Evento 
(ERP) [10] como medida de respuesta a est’mulos sensoriales y/o cognoscitivos. Este 
tipo de est’mulo est‡ compuesto por factores ex—genos que tienen que ver con el 
entorno f’sico (sonido, luz, efecto de ruido y corrientes elŽctricas que puedan generar 
est‡tica al momento de obtener la se–al), y componentes end—genos, que est‡n 
relacionados con el estado mental del individuo (estado f’sico, an’mico y de 
concentraci—n). Con la informaci—n generada por el EEG y la utilizaci—n de ERP se ha 
logrado encontrar patrones morfol—gicos que corresponden a la frecuencia y amplitud 
de las se–ales en respuesta a la presentaci—n de est’mulos externos y por el efecto de 
pensamiento o evocaci—n. 
 
El presente trabajo tiene como prop—sito proponer un nuevo modelo experimental de 
extracci—n de caracter’sticas de se–ales EEG al cual identificaremos como SEG (por 
segmentaci—n), teniendo como principales caracter’sticas: la generaci—n de datos que 
puedan ser clasificados m‡s f‡cilmente y con un menor costo computacional. 
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2 Metodolog’a experimental 

2.1 Adquisici—n EEG 

Se us— un dispositivo EMOTIV el cual consta con 14 electrodos posicionados de 
acuerdo al sistema 10 Ð 20 [11]  en las siguientes regiones: AF3, F7, F3, FC5, T7, P7, 
O1, O2, P8, T8, FC6, F4, F8 y AF4 como se muestra en la Figura 2, con una 
velocidad de muestreo de 128 Hz. 

 
Figura 2.- Ubicaci—n de los electrodos de acuerdo al sistema 10 Ð 20. 

2.2 Procedimiento 

El sujeto fue sentado c—modamente frente a un monitor de 14Ó pulgadas. Antes de 
comenzar con la adquisici—n de datos, el sujeto fue sometido a  5 sesiones de pr‡ctica 
con el objetivo de familiarizarlo con la prueba y mantener las condiciones ex—genas 
de manera constante. Posteriormente a las sesiones de prueba el sujeto declar— estar 
tranquilo y concentrado en la tarea asignada. La prueba consisti— en 40 sesiones 
cortas de 46 segundos con un intervalo de descanso de 60 segundos cada 5 sesiones. 
Una sesi—n consta de 12 periodos de inactividad donde se presenta el fondo blanco 
con una duraci—n de 3 segundos, intercalados con periodos de actividad donde se 
presenta el fondo con uno de los siguientes colores: ÒAmarillo, Azul, Rojo, o VerdeÓ 
con una duraci—n de 1 segundo. Dentro de este periodo, el sujeto hace la evocaci—n 
del nombre del color en pantalla. Al final de la prueba se tienen 10 segmentos de 
actividad por cada una de las sesiones. Como resultado se tiene un conjunto de datos 
compuesto por 100 muestras de cada uno de los colores presentados. 

2.3 An‡lisis EEG 

Cada una de las muestras representa al conjunto de datos el cual ser‡ analizado de dos 
formas diferentes: en la primera se tomar‡ el conjunto de datos en bruto para aplicar 
el modelo propuesto; en el segundo caso, el conjunto de datos ser‡ sometido a un 
filtrado en el dominio de la frecuencia (aplicaci—n de la Transformada R‡pida de 
Fourier (FFT) para generar los coeficientes, mientras que la Transformada Inversa de 
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Fourier (IFFT) realiza el proceso de filtrado), para posteriormente ser analizados con 
los siguientes modelos: An‡lisis de componentes principales (PCA), Coeficientes de 
predicci—n lineal (LPC), Densidad espectral de potencia (PSD), Transformada de 
ondeleta discreta (DWT), Patr—n espacial comœn (CSP). Con cada uno de los an‡lisis 
realizados se generar‡ un conjunto de datos que representa los patrones que ser‡n 
sometidos a los siguientes tipos de clasificadores: Bayesianos, M‡quinas de Soporte 
Vectorial (SVM), Regresi—n Lineal,  entre otros. Estos clasificadores fueron elegidos 
debido a que son los m‡s utilizados de acuerdo al estado del arte [9, 12, 13]. 

3 Modelo propuesto 

El modelo experimental propuesto (SEG) para la extracci—n de caracter’sticas de una 
se–al EEG (las cuales generalmente se encuentran representada en forma de matrices 
bidimensionales), consta de 3 etapas las cuales se describen a continuaci—n: 

1. Se realiza el proceso de normalizaci—n para cada uno de los canales que 
componen la se–al. 

2. Se propone un valor para N el cual representara el nœmero de intervalos 
comprendidos entre 0 y 1. Por ejemplo, si se elige N = 10 entonces 
tendremos los siguientes intervalos: [0 - .09], [.10 - .19],...., [.9 - 1]. 

3. Para cada una de las dimensiones de an‡lisis se realiza la sumatoria de cada 
uno de los valores que se encuentran dentro del intervalo correspondiente. 
Por ejemplo, si se tienen 5 muestras con los valores (Ô.12, .14, .15, .19, .10), 
los cuales se encuentran dentro del intervalo [.10 - .19], Žstos ser‡n sumados 
obteniendo .70 el cual ser‡ asignado como valor final al intervalo 
anteriormente mencionado. 

Este procedimiento se encuentra explicado de manera gr‡fica en la Figura 3A. En esta 
podemos ver representada la se–al de un solo canal a manera de ejemplo; si hacemos 
la sumatoria de cada uno de  los valores que se encuentran en el intervalo de 0.6 y 0.7 
tenemos un valor total de 7.27 el cual se ve reflejado en la Figura 3.B. 

 
Figura 3A. Se–al normalizada para un solo canal. 
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Figura 3B. Resultado del procedimiento de sumatoria para cada uno de los intervalos. 

3.1 Pseudoc—digo 

Entrada:  Matriz EEG bidimensional N x M, donde N es el nœmero de canales y M  
                 el nœmero de muestras. 
Salida: Vector de longitud S x N donde S representa el nœmero de segmentos (o  
             atributos que contendr‡ el patr—n por cada canal. 
 

1  Para  i  !  1 hasta N hacer  
2    Normalizar elementos de i  
3  Fin  

4  Crear matriz PatronTmp NxS !  0 
5  Para  i  !  1 hasta N hacer  
6    Para  j  !  1 hasta M hacer  
8      Para  k  !  1 hasta S hacer  

7        Patr—nTmp i , k  += Valor i , j  !  Segmento  
8      Fin  Para  
9    Fin  Para  
10 Fin  Para  
12 Para  i !  1 hasta N hacer  

13   Patr—n = ConcatHorz(Patr —n, Patr —nTmpi )  
14 Fin  Para  
11 Regresar  Patr—n  

Algoritmo 1.- Extracci—n de caracter’sticas de una se–al EEG para la generaci—n de                                
un patr—n con N atributos. 
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4 Resultados 

El conjunto final de an‡lisis est‡ constituido por 5 conjuntos de datos con 400 
instancias, correspondientes a 100 muestras por cada uno de los colores: Amarillo, 
Azul, Rojo, Verde. Cada uno de los conjuntos de datos fue subdividido de igual 
manera en 80% para la fase de entrenamiento y 20% para la fase de clasificaci—n. 
Cada uno fue sometido a clasificaci—n con ayuda de los algoritmos implementados en 
Weka 3.7.11 sin ningœn ajuste en particular para algœn conjunto, teniendo como 
resultados los mostrados en la Tabla 1. 
 

Tabla 1.- Tabla comparativa entre los modelos de extracci—n de caracter’sticas. 
 SEG CSP PCA LPC PSD 

LibSVM 88.75% 70.00% 67.50% 61.25% 55.00% 

SimpleLogistic 83.75% 75.00% 68.75% 66.25% 63.75% 

SMO 82.50% 73.75% 65.00% 60.00% 50.00% 

BayesNet 81.25% 68.75% 61.25% 65.00% 58.75% 

LibLINEAR 81.25% 50.00% 36.25% 56.25% 20.00% 

RandomSubSpace 80.00% 73.75% 73.75% 66.25% 67.50% 

Bagging 77.50% 68.75% 63.75% 56.25% 60.00% 

RandomForest 75.00% 75.00% 70.00% 57.50% 56.25% 

NNGe 65.00% 71.25% 68.75% 66.25% 58.75% 

Promedio 79.44% 69.58% 63.89% 61.67% 54.44% 

 
Como podemos observar, el modelo propuesto denominado Segmentaci—n (SEG) 
tiene un mejor desempe–o. Cabe mencionar que para este ejercicio en espec’fico se ha 
elegido una valor de N = 50; sin embargo, al aumentar el nœmero de segmentos se 
puede obtener un mejor resultado. Bajo el mismo contexto, para la extracci—n de 
caracter’sticas dentro del modelo propuesto no se utiliz— ningœn tipo de filtrado,  ya 
que al momento de hacerlo se tuvo un menor rendimiento. Como ejemplo de ello, 
para el modelo de clasificaci—n LisbSVM sin filtrado se obtuvo un 88.75% mientras 
que para el mismo ejercicio, pero con los datos filtrados en el dominio de la 
frecuencia se obtuvo 63.75%. Las ventajas del modelo propuesto no solo se limitan a 
obtener un mejor resultado al momento de la clasificaci—n, ya que este resultado lo 
realiza con un costo computacional inferior con respecto a los dem‡s an‡lisis debido 
principalmente al nœmero de atributos necesarios para obtener dichos resultados. 
 
Dentro del estado del arte, los resultados obtenidos con diversos mŽtodos de an‡lisis y 
clasificaci—n son variados, pues existen diversas variables como equipo de 
adquisici—n de las se–ales EEG, condiciones de laboratorio y sujetos de prueba, as’ 
como la metodolog’a de la prueba. Todo esto hace poco factible una comparaci—n 
directa en este tipo de experimentos; sin embargo, en la mayor’a de Žstos se tiene un 
porcentaje de clasificaci—n correcta que oscila entre el 60% y 89%. Si tenemos esto 
como referencia, el obtener puntajes de 65% a 88.75% parece prometedor. 
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5 Conclusiones 

Dentro del estado de arte moderno del estudio de las se–ales EEG nos podemos dar 
cuenta de que la mayor’a de las tŽcnicas de an‡lisis utilizadas y que presentan mejores 
resultados son aquellas que est‡n basadas en tŽcnicas estad’sticas, debido 
principalmente a que toman en consideraci—n las peque–as variaciones entre cada una 
de las muestras. Esto es fundamental, ya que es all’ en donde se encuentra la 
informaci—n que nos interesa en este tipo de se–al. Teniendo esto en consideraci—n y 
con base en los resultados podemos apreciar que los modelos SEG, CSP y PCA (los 
cuales son meramente estad’sticos) pueden realizar una mejor extracci—n de 
caracter’sticas para una correcta clasificaci—n en comparaci—n con modelos como 
LPC y PSD, los cuales est‡n basados en an‡lisis tradicionales de se–ales. 
 
Dentro del an‡lisis de resultados se observ— que el modelo propuesto tiene un mejor 
desempe–o en la mayor’a de los casos sin necesidad de hacer un filtrado en el 
dominio de la frecuencia a comparaci—n de los dem‡s, donde se obtuvo una mejor 
clasificaci—n, en especial  LPC y PSD.  En comparaci—n con CSP y PCA, adem‡s de 
obtener una mejor clasificaci—n, el modelo propuesto tiene tambiŽn como 
caracter’stica un menor costo computacional en tiempo de procesamiento y espacio 
del patr—n generado. 
 
Uno de los factores importantes a considerar es que se puede realizar una variaci—n de 
la cantidad de caracter’sticas que pueden ser generadas; esto le permite ser un modelo 
din‡mico que puede adaptarse a las frecuencias y amplitudes del tipo de se–ales a 
analizar. Si bien este modelo est‡ pensado para tratar problemas multidimensionales, 
sin embargo tambiŽn puede ser utilizado para la extracci—n de caracter’sticas en 
se–ales unidimensionales. 
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