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Resumen
A día de hoy, en nuestra sociedad, numerosos tipos de tecnologías

relacionadas con los sistemas biométricos y las técnicas de mejora de
la imagen son continuamente desarrolladas. Es por ello que estos dos
campos de investigación que se encuentran en auge, han sido selec-
cionados como objeto de estudio de este trabajo.

Un breve estudio va a ser llevado a cabo con el fin de obtener
conclusiones que se basarán en el funcionamiento de un sistema real
basado en el reconocimiento de huellas dactilares, se estudiará como
dicho sistema puede mejorarse con la aplicación de dos algoritmos que
aplican técnicas de mejora de la imagen.

Para realizar dicho trabajo, será necesaria la asimilación y en-
tendimiento del funcionamiento de dos algoritmos (Retinex y bilateral
filter). Más adelante, algunas pruebas que se basarán en la aplicación
de dichos algoritmos sobre imágenes serán llevados a cabo, con el fin
de poder extraer conclusiones parciales y comprobar si dichos resulta-
dos pueden relacionarse con la teoría previamente estudiada de dichos
algoritmos.

Cabe destacar que será necesario el estudio de otros aspectos, como
el estudio de la mejora de contraste en una imagen, el estudio de ROC
(Receiver Operating characteristics) y del sistema AFIS (Automated
Fingerprint system) y las diferentes bases de datos que contienen mul-
titud de imágenes de huellas dactilares usadas en este proyecto.
Del mismo modo, un breve script de MatLab es implementado con
el fin de poder aplicar ambos algoritmos sobre cada base de datos y
obtener las imágenes procesadas en una nueva carpeta. La estructura
de las bases de datos dadas, es la siguiente: cada base de dato está
formada por 240 imágenes. Por otro lado, el sistema AFIS usado es
un sistema libremente distribuido por el NIST (National Institute of
Standards and Technology).

Con el fin de obtener los resultados, en el sistema AFIS es necesaria
la ejecución de varios scripts en un orden concreto, este procedimiento
dará lugar a la obtención de dos parámetros obetivos (EER y AUC),
que permitirá establecer la clasificación de la actuación del sistema.
Finalmente, en la sección de conclusiones se sugerirá que tipo de imá-
genes y con qué tipo de algoritmos deben utilizarse para consefuir una
mejor actuación del sistema AFIS.



Abstract

In our society, diverse types of technologies related to biometric
systems and image enhancement techniques are constantly being de-
veloped. That is why these two booming research fields have been
selected for the purpose of study of this thesis.
A brief study is going to be conducted and some conclusions based on
how a real system based on fingerprint recognition could be improved
with two image enhancement techniques are going to be developed.

To carry out the study, it has been necessary to understand the
inner workings of two algorithms (Retinex and bilateral filter). Later,
tests over single images have been performed in order to extract partial
conclusions and see if the results obtained over the images matched
with the theory previously studied about the algorithms. It should
be noted that other theoretical studies has been carried about con-
trast stretching, receiver operating characteristics, automatic finger-
print identification system (AFIS) and the databases used. Further
down the line, a brief script on MatLab is going to be implemented
to apply both algorithms over a database set of fingerprint images.
The structure of this database set that is formed by 240 images in
total is already given, and also, the AFIS used, which is a freely dis-
tributed system provided by the National Institute of Standards and
Technology (NIST).

In order to obtain the results, the set of AFIS scripts need to be
executed in a certain order. This procedure allows us to obtain two
objective parameters that will allow to classify the performance of the
system. Finally, the conclusions will suggest which type of images and
which algorithms should be combined to achieve a better performance
of the AFIS.
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1 Introduction
Nowadays, the development of pattern recognition systems is more than

a reality, this means that this technologies are already implemented in our
society. This type of technologies can be very diverse: systems based on
voice recognition, iris recognition, or fingerprint recognition. Consequently,
the need to exploit this kind of technologies is arising. It should be noted
that in several cases the biometric systems are oriented to citizen security.
For this reason it is necessary that its implementation has to be done in the
strongest and most efficient way.

A pattern recognition system has the following phases: the capture of
the image, pre-processing of it, feature extraction, classification of extracted
features, post-processing and decision-making [1]. However, it is highly likely
that some mistakes can be found in the capture of the image, thus generating
a low-quality image that can be contaminated by noise or blurred.

That is why, in order to solve the problems that may arise from a bad
capture of the image, the image enhancement techniques emerge. These
methods are fundamentally based on "improving the quality and visual ap-
pearance of an image, or to provide a better transform representation for
future automated image processing" [2]. These techniques can be classified
in spatial domain methods or frequency domain procedures.
The applications of the image improvement techniques may cover many fields,
from the capture of images from satellites, medical applications, home au-
tomation, leisure, citizen security etc. In the existing social framework, the
investigation of the image enhancement techniques has become areas of re-
search with enormous potential.

This project, which is based on two research fields (biometric systems and
image improvement techniques), aims to conduct a brief study and draw some
conclusions on how a real fingerprint recognition system could be improved
by using two image enhancement techniques.
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1.1 Thesis statement
The main purpose of this thesis is the evaluation of the performance of two

image enhancement algorithms over an automated fingerprint identification
system (AFIS). Thus, the determination of objective parameters, such as
EER (Equal Error Rate) or AUC (Area Under the Curve) [3], will allow
understanding which of the algorithms may lead to a better performance of
the AFIS system.

Moreover, the modification of the different parameters that takes part in
the algorithms, will be crucial in order to establish some conclusions about
the optimal values that could be adjusted either by the user or automatically.
The algorithms used and studied in this thesis are bilateral bilter algorithm
and Retinex algorithm.

1.2 Objectives
The main objective of the project is the implementation and evaluation of

the performance of two algorithms (Retinex and bilateral filter algorithms)
over an AFIS. Therefore the optimal implementation of a test system to an-
alyze the best performance of the AFIS becomes paramount. The implemen-
tation of the test system should allow fast execution of the test algorithms,
while allowing compare the results with the results achieved by other re-
searchers in the field. In order to achieve this final goal, it is necessary to
establish the following partial objectives.

Firstly, knowing the internal operation of both algorithms, proceeding
with a previous research phase. At this stage, some theoretical statements
can be formulated in order to determine which kind of images are better to
use in order to achieve a better performance of the AFIS.
On the other hand, it is necessary to perform a series of validation tests with
the algorithms themselves. These tests will be performed on the different
images from the fingerprint database.
Subsequently, it is also necessary to carry out a theoretical study of the
principles on which a pattern recognition system based on fingerprints is
based, and a research on how certain statistical parameters, such as the
ROC (receiver operating characteristic) curves allow establishing a better or
worse classification of an image [4].
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Lastly, the investigation of already implemented AFIS system was carried
out, to figure it out how to improve this system, the implementation of the
test system that use the investigated algorithms is necessary.Using previously
implemented AFIS as a part of the implementation of the test system allows
to aquire the results comparable with the results achieved in the fingerprint
recognition research field.
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2 Related work
According to [5] a lot of significant research has been carried in the image

enhancement area, besides the fact that the importance of the biometrical
system is arising, a lot of documentation about both areas can be found.

In this research, the focus is going to be at the biometric systems based
on fingerprint recognition. No instance of studies of bilateral filtering in fin-
gerprints recognition systems was found in literature. On the other hand,
authors in [12] are not only aware of the relevance of the pattern recognition
systems nowadays, they also propose the creation of a new system based
on fingerprint recognition, the usage of the Retinex algorithm is used in the
process of illumination normalization. The authors express the necessity to
develop a new system in order to avoid that a healthy person may acquire a
disease from using an "invasive" system such as fingerprint recognition sys-
tem, due to the fact that this kind of technologies are used by a considerable
amount of people.

Furthermore, authors in [6] suggest bilateral filter algorithm as a method
that is suitable for image de-noising process, also implementing the algorithm
and show some examples of application.

The vast majority of the documentation about bilateral filtering is related
to the study of the algorithm and the performance of some modification that
could allow the reduction of the computational load of it. Therefore authors
in [7] suggest "a new signal processing analysis of the bilateral filter", they
carry out a research based on the signal-processing perspective to develop
the new algorithm. Also, authors in [8] describe a paper where bilateral
filter algorithm is used as a direct application to process remote images.

It should be noted that authors in [9] propose a new Retinex algorithm
based on the recursive bilateral filter, they suggest the use of the recursive
bilateral filter to estimate the illumination of the image. One of the most
interesting points of this research is the fact that the authors solve one of the
common problems of the Retinex algorithm, the "halo effect".

Regarding literature about Retinex algorithm, authors in [10] propose
the utilization of GIMP as a tool "to measure enhance image quality with the
intention of improving recognition rates of fingerprint recognition systems".
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Authors in [11] propose a DSP implementation of the Retinex algorithm,
the processor used is a Texas Instruments TMS320C6711, the main pur-
pose of the project is the willingness to achieve a real-time performance for
video processing using this specialized hardware. About pattern recognition
systems, also, Retinex is used in some face recognition systems, as authors
suggest in [12], basically, the idea is to provide a method that can improve
the normalization of illumination on the face image. Also in this paper, the
author mentioned that the recent research in MSR (Multiscale Retinex) "is
focused on optimizing its computation".
Moreover, authors in [13], published a paper that collects different medical
applications and announced the main principles on which the algorithm is
built.

To sum up, authors in [14] propose some improvements in the implemen-
tation, such as the use of the Discrete Fourier Transform and how to obtain
the exact Gaussian convolution of an image.
Regarding some environmental, social and economical considerations, the us-
age of more efficient fingerprint recognition system could lead to a reduce of
wastes, improve security for the citizen. For example in some countries many
payment methods based on this technology has been developed, reducing
the necessity of plastic cards. At the same time for banks, this applications
presents a cheaper way to control transactions. Considering the society, ac-
cess to many social networks through fingerprints is very convenient for the
user, forgetting about the disadvantage of remembering difficult passwords
that could be easily hacked.
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3 Theory
In this section, the theory on which both algorithms (Retinex algorithm

and bilateral filter algorithm) are based will be presented. Furthermore,
some examples of application of this image enhancement techniques based
on single images will be developed.

3.1 Bilateral filter
3.1.1 Theory

According to [15], Aurich and Weule discovered this method, while work-
ing on nonlinear Gaussian filters. Later, the work of Smith and Brady was
developed where they introduced the filter under the name "SUSAN" after-
wards, it was proposed by Tomasi and Manduchi in 1998 [7].

In the recent years, many researchers have been carrying out about this
technique, it is used for image de-noising process, to process remote image,
artistical use, etc... [15]

Bilateral filtering is a non-linear algorithm, where the images can be
smoothed while preserving the edges. This technique is non-iterative, lo-
cal and simple [16]. It is based on the idea that usually in an image the
nearby pixels have similar values, so in order to reduce the noise, a possible
solution could be average them. This method allows the noise removal due
to the fact that noise values are less correlated. It is an algorithm that can
be applied to black and white images and colour images. In essence, "every
pixel from output image is a weighted sum of its neighbours in the input
image" [6].

The bilateral filter algorithm is based on two parameters: spatial sigma
and range sigma. Basically, the spatial sigma parameter determines the size
of the spatial neighbourhood, and the range sigma defines the weighting due
to the difference in the intensity, which means how much decreases the value
of a pixel [7].

According to [8], the equations that explain the algorithm are the fol-
lowing ones:

BF [I]p = 1
Wp

∑
q∈S

Gσs(‖ p− q ‖)Gσr(‖ Ip − Iq ‖)Iq, (1)
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whereWp is the normalization factor, p is the location of the current pixel
and S is the size of the window.

The equation of the normalization factor is given as

Wp =
∑
q∈S

Gσs(‖ p− q ‖)Gσr(‖ Ip − Iq ‖), (2)

where Ip makes reference to the intensity of the current pixel, Iq is the inten-
sity of other pixel, and σs represents spatial sigma, whereas σr refers to range
sigma. Also the equation of the spatial and range kernels are presented:

Gσs = 1
2πσ2

s

exp(− x2

2σ2
s

), (3)

Gσr = 1
2πσ2

r

exp(− x2

2σ2
r

). (4)

Figure 1: Determination of the space and range weight [17].

Figure 1 is a graphical representation of the physical meaning of σs and
σr.
Also, the parameters’ values of the image enhancement techniques may de-
pend on the application area of the techniques. This idea means, that basi-
cally every technique of image enhancement is going to be very changeable
depending the kind of images that we are considering, for example is not the
same considering fingerprints that considering facial images. In this case, the
process would be applied over images of fingerprints. The explanation of the
determination of the parameters will be given in the next section.
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Figure 2: Description of the bilateral filtering process [17].

As can be observed in Figure 2, the algorithm is based in the combina-
tion of two Gaussian filters (spatial and intensity), the output is the linear
convolution between the input and these two Gaussian filters.

3.1.2 Explanation of the parameters involved

We have to consider the fact previously mentioned of how dependent is the
process of image enhancement. In this case, we are processing fingerprints
images, the resolution of this images is quite small. Besides in order to
improve the quality of the image we need to be very precise. In the case of
the application of the bilateral filter, we can reduce the noise, but we need
to preserve the edges. So theoretically, we need to apply a small σs and a
small σr.

Figure 3 shows the effect of the size of σs on the performance of the
algorithm.
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Figure 3: Relation between the size of the spatial Gaussian filter and the
distance between the pixels [17].

In Figure 4, we can appreciate how the σs is modified. Figure 4 (a) shows
a Gaussian spatial filter Gσs, where σs=1, whereas in Figure 4 (c) σs=10,
and Figure 4 (b) corresponds with a σs=100. This means that if the σs is
bigger, we are going to take into account more distant pixels in the filtering
process. This may result in a blurred image, but not affecting the edges
necessarily. This could be useful for other kind of images, but we will show
in chapter 5 that for image enhancement in fingerprints is better to use a
smaller value of σs.
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(a) Value of σs = 1 (b) Value of σs = 10

(c) Value of σs = 100

Figure 4: Different values of spatial sigma (σs).

Considering the other parameter, σr the next statement can be made.
The reduction of the value σr parameter leads to a better preservation of the
edges. Figure 5 corresponds to a variety of modifications of the σr parameter.
The range of values of this parameter has to be between 0 and 1 , because
the intensity values of the pixels in this work are scaled to be range [0,1].
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(a) Value of σr = 0, 1

(b) Value of σr = 0, 5

(c) Value of σr = 1

Figure 5: Different values of range sigma (σr).

11



3.2 Retinex
3.2.1 Theory

According to [9], the theory on which the algorithm is based was first
proposed by Edwin Land in 1977. Afterwards, Jobson.et al developed two
algorithms: Single Scale Retinex (SSR), and Multi-Scale Retinex (MSR).
Subsequently, Li.et al proposed Multi-Scale Retinex with Color Restoration
(MSRCR) [9].

The name of the algorithm comes from the words Retina and Cortex, and
it is based on the human retinal system. The number of applications of this
algorithm is extensive, it can be used in photography, medical applications,
implementation of biometric systems...

Land performed various experiments, in order to prove his initial hypoth-
esis which was "that the color of an object depends on the amount of light
entering the eye" [12].

The luminance can be described as the product of illumination and re-
flectance. According to [15], the luminance is the amount of light that we
are able to perceive, the illumination is related to the dynamic range of the
image, and the reflectance means the appearance of the object. This can be
explained by the following equation:

I(x, y) = L(x, y)R(x, y), (5)

where I(x,y), is referred as the input image, L(x,y) referred to the illumi-
nation and R(x,y) the reflectance.

The whole algorithm is explained by the equations given below:

RSSR(x, y) = log(I(x, y))− log(I(x, y) ∗ F (x, y)). (6)

This is the main equation that describes the SSR. R(x,y) refers to the
retinex output image, I(x,y) is the input image and F(x,y) represents the
normalized surround function, this function was described by Jobson as a
Gaussian function [18]. This equation of a Gaussian function is given below
as:

12



F (x, y) = Cexp(−(x2 + y2)
2σ2 ), (7)

where C is expressed as

C = 1
2
√

2πσ
. (8)

On the other hand, the MSR is based on the idea of applying the SSR
technique multiple times, as it is described in the next equation.

RMSR =
N∑
n=1

wnRSSR, (9)

where RMSR is the output image and wn is the weight of each scale, and
N is the number of scales. In most of the images, three scales are more than
enough to perform a good image enhancement process.

SSR and MSR are both algorithms that are able to give a good dynamic
range compression and also achieve a decent tonal rendition [14], but not
at the same time. The main advantage that MSR presents over SSR is the
fact that we can obtain not only dynamic range compression but also tonal
rendition at the same time [19]. MSRCR was developed in order to overcome
the weaknesses of MSR and SSR, and is a new color restoration technique.

The idea of dynamic range compression is based on the ability to reduce
the dynamic range (considering the dynamic range the different scale between
the highest values of an image and the lowest). Otherwise, the tonal rendition
consists of enriching the number of tones of an image so that we can see at
the same time its mid-tones, its darker tones (shadows) and its brighter tones
(lights), thus reducing the overall contrast.

Always, the establishment of the parameters (σ) that control the be-
haviour of the algorithm has to be a choice of the user. Based on the idea
that every image is different so there are no theoretical rules that we can fol-
low when it comes to set the parameters [18]. Based on [13], "large values
of the standard deviation provide good spectral information and small values
provide good spatial information".
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3.2.2 Examples using single images

This section shows the performance of the Retinex algorithm on different
images. Figure 6 shows a practical example of an application of Retinex, in
that radiography. Here the algorithm is applied to enhance images to enable
the easier identification of injuries.

Figure 6: Real example of a medical application using Retinex [13].

In Figure 7, the algorithm MSR and MSRCR in [4] are applied to an
image. The reduction of the dynamic range can be observed in Figure 7
(b). 7 (c) shows some colour restoration problems due to the amount of red
present in the image.

The red channel of MSR with color restoration becames positive, and
that is the explanation of the magenta color in the blue balls in Figure 7 (c).

Figure 7: Example of application of Retinex in an image that presents color
restoration problems [18].

The colour restoration problems are beyond the scope of this study, be-
cause in this thesis we are going to process gray scale images. Consequently,
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MSR algorithm is applied to different images coming from our fingerprints
database, the results obtained in Figure 8.

(a) Image without
MSR

(b) Image with
MSR

Figure 8: An example of images from the database in which Retinex has
been applied.

3.3 Contrast stretching
According to [20] the methods and the researches carried out in this topic

are very extensive studies. It is not the main purpose of this thesis to describe
this process although it is important to mention and explain the process of
contrast stretching as a technique of image enhancement.

Contrast stretching is widely used in several applications, such as med-
ical purposes, image and video processing speech recognition and texture
synthesis among others.

With the aim of explain the idea of contrast stretching is important to
mention the concept of dynamic range, previously mentioned in 3.2.1. Refer-
ring to [21] contrast stretching try to achieve an improvement on the image
applying a linear mapping of input to output values. In other words, maps
the minimum intensity in the image to the minimum value in the range, and
the other way round with the highest values of intensity.

Furthermore, one of the advantages that can be highlighted of contrast
stretching is that allows restoring the original image whereas that is not
possible with histogram equalization [22].

Figure 9 describes the process of linear mapping used in contrast stretch-
ing.
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Figure 9: Process of contrast stretching over an image [23].

3.4 AFIS system
This section describes the main aspects of the Automated Fingerprint Iden-

tification System (AFIS) which is used in this work as an aid to classify the
quality of the fingerprints. Furthermore, the main principles on which a
biometric system is based are mentioned as well.

Also, the parameters to characterize the performance accuracy of a bio-
metric system are explained. Finally, the database structure used in the
thesis is going to be presented.
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3.4.1 Receiver operating characteristic

Although a large variety of biometric systems can be found nowadays,
based on different techniques and technologies, all of them follow the same
steps in order to accomplish their objective. The main purpose of a biometric
system is the recognition of a pattern that normally belongs to a human
characteristic, such as the iris, the voice or in our case the fingerprint.

In order to explain briefly the idea of how a biometric system is able to
identify correctly a pattern, in [3] some of the main principles on which every
classifier system is based are explained. Figure 10 shows a confusion matrix
that demonstrates the following. In every classifier there are four outcomes,
if the individual is recognised (true positive), if the false individual is not
recognised (true negative), the case where a false individual is recognised
(false positive), and the possibility that a true individual is not recognised
(false negative).

Figure 10: Confusion matrix or contingency table [3].

With this knowledge, the next parameters following the next equations
can be established:

tp rate ≈ positives correctly classified

total positives
(10)

fp rate ≈ negatives correctly classified

total positives
(11)
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True positive and false negative rates are necessary to develop the ROC
graphs. ROC graph is described as a "two-dimensional graph in which TP
rate is plotted on the Y axis and FP in plotted on the X axis" [3] . A example
of a ROC graph is given in Figure 11.

Figure 11: Example of a ROC graph with different classifiers [3].

Accordingly, [24] provides the next information. Three operating modes
can be established in a biometric system: inscription mode (basically is the
registration in the database), identification mode and verification mode. In
this last mode, the system checks if the metric analysed corresponds to a
true identity previously registered on the system.
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Figure 12: Example of the parameter AUC [3].

Moreover, some objectives parameters can be obtained in this last step:

• False Rejection Rate (FRR), occurs when a true identity is rejected.

• False Acceptance Rate (FAR), takes place when an impostor is detected
as a registered individual.

These statistical parameters allow obtaining a confidence range related
to the system’s decision. When the values of FRR and FAR are the same the
Equal Error Rate (EER) can be determined. To ensure a better performance
and accuracy of the biometric system EER should be minimized, considering
it ranges between 0 and 1, being 0 a perfect and totally robust biometric
system and 1 a non-confidence biometric system.

Another important objective parameter that will determine the accuracy
of a biometric system is going to be the Area Under the Curve (AUC) or its
contrary Area Above the Curve (AAC). This parameter is calculated as:

AAC = 1− AUC. (12)

AUC is a statistical parameter that "is equivalent to the probability that
the classifier will rank a randomly chosen positive instance higher than a
randomly chosen negative instance" [3]. So, this means that if the AUC is
higher (closer to the 100 %) the accuracy of the system is higher, on the
contrary, for a better performance of the system a lower value of AAC is
required. Figure 12 shows the AUC obtained over two different ROC curves.
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4 Implementation
The main purpose of this section is giving an approach to the implementa-
tions of the AFIS, also the study of the structure of the databases exploited
and the test environment. Finally a more detailed description of the imple-
mentations of the scripts used and the considered algorithms will be given.

4.1 NIST AFIS
According to [5], the AFIS system used in the thesis is a "freely distributed

with no licensing requirements" software. It is distributed by the National
Institute of Standards and Technology (NIST).

The different utilities that the software presents can be grouped into eight
different categories:

• An implementation of the ANSI/NIST-ITL 1-2007 (AN2K).

• The use of the algorithm NFIQ 2.0, which gives a quality value to the
images, where 5 means the lowest quality and 1 means the best quality.

• A neural-network-based fingerprint pattern classification system (PCASYS).

• A minutiae detector (MINDTCT).

• A series of "general-purpose" image utilities (IMGTOOLS).

• A fingerprint matching algorithm (BOZORTH3).

• A fingerprint segmentation algorithm (NFSEG)

• A spectral validation/verification metric for fingerprint images (SIVV).

Figure 13 shows the main steps to follow when it comes to implement an
AFIS. First step is based on obtaining the image, then the extraction of the
biometric pattern is necessary, for example a fingerprint in our case. Finally,
the last step is classification.
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Figure 13: Basic steps of the implementation of an AFIS.

4.2 FVC databases
The images used in this thesis belong to the AFIS system, the names of

the database are the following: FVC2000, FVC2002 and FVC2004 [15].
Each database contains eight sub-folders. There are in total four different
types of databases divided in two sets. The first set (set A) contains 800
images of fingerprints, the second set (set B) contains 80 images.
Also, in every database a document folder is attached, in this folder further
information about the database can be found.

In order to explain in a clearer way the structure, the following tables
collected from [15] are given in Table 1. Moreover, in [15] the following
tables that collect the information regarding to the resolution and the sensors
used are given.
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Table 1: List of the structure and the different database [15].

Table 2: List of the different sensors used in the database [15].

As can be seen in Figure 14, the fingerprints in every database are very
different from each other. Taking into account that image enhancement
process is very dependent on the kind of image and the type of processing,
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Table 3: List of the resolutions of the images [15].

this will enable to obtain better conclusions about the performance of the
algorithms mentioned in chapter 3.

(a) FVC2000 image. (b) FVC2002 image. (c) FVC2004 image.

Figure 14: Examples of fingerprint images (from Db1_b) .

In this thesis, only the databases that belong to the set B are used.
That is due to the fact that computational load and time should be reduced
whenever possible.
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4.3 Test environment
Regarding the test environment, all the software is written in MatLab.

The number of images and software files involved in this project highlight
the importance of the establishment of a clear and organized structure of the
folders. The images used are located in the databases previously described
in section 4.2 .

The following software and hardware resources were used to carry out
this thesis. The hardware equipment consisted of the personal computer (a
MSI CX72 6QD, 8GB RAM, Intel (R) Core (TM) i5-6300HQ, CPU @ 2.30
GHz).

The software included the provided AFIS system, this system has a set
of scripts to run in a certain order to obtain the results. The code used was
adapted for this thesis using [25], [26] and [27].

Detailing the different scripts used:

• There are two scripts, that run the two algorithms (Retinex and bilat-
eral filter).

• There are two scripts that applies the algorithms over single images,
this scripts are based.

• There are two scripts that allows the application of the algorithms over
every image from the AFIS system, and the processed images are saved
in a different folder, respecting the structure of the database.

All the implementations are described down below.
Regarding the implementation of the individual tests, in those scripts

firstly the image is picked, then the parameters are established. In case of
bilateral filter the parameters are σs, σr and w (windows size). In case of
bilateral filter is in this moment, when contrast stretching is applied. In case
of Retinex the parameter to name, is an array (hsize in our project) that
will indicate how many times and in which way the Single Scale Retinex
algorithm is applied. Afterwards, the algorithm itself is utilized (Retinex or
bilateral filter). Later, a picture with the image processed, the image without
processing and the noise after the process is presented (this last image is only
presented in the case of application of bilateral filter). Finally, the processed
image is saved in another folder.
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Related to the implementation of the multiple tests, a software that re-
spects the database structure previously explained in section 4.2 is developed,
later every image in every folder is picked and the studied algorithms are
applied consequently (choosing different parameters, every time), the same
procedure that was applied on the individual tests is used now. Lastly, the
images processed are saved in a results folder. Every time the software is
executed and the parameters are changed, it is necessary to create a new
folder in order to not overwrite the previous images obtained and classify
them in an orderly manner.

The results obtained executing this set of scripts are a text file with
objectives parameters such as EER and AUC, and a set of graphics regarding
the ROC curves.
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5 Results and discussion
In this section, the development of the different tests over the images using

the AFIS system is going to be carried out. The purpose of the tests is to
establish some conclusions about how the algorithm works, also understand
for which type of images the performance of each algorithm is better. Finally,
to evaluate and discuss the performance of the AFIS employed in this work
using techniques of image enhancement.

5.1 Evaluation of the algorithms using the AFIS sys-
tem

The aim of this section is the detailed overview of the different tests over
the AFIS system. Firstly, the tests are going to be performed over single
images in order to establish partial conclusions that will allow to determine
and choose more wisely the parameters. Then, to obtain final results the
tests are going to be performed on every database with the bilateral filter
and Retinex algorithms.

For the performance of the test over single images, images with different
characteristics has been selected. The same images are going to be used in
both algorithms. The names of the images used in this part of the test are
listed in Figure 15.

The structure in the tests over single images is similar for both algorithms,
the difference lies in the fact that the parameters are different. First, the value
of the parameters has to be established and then some theoretical results are
going to be explained.

Later, after the performance of the algorithm was evaluated, the theo-
retical results are going to be compared with the practical results, in order
to be able to assert some partial and subjective conclusion about how the
algorithms work. It is important to notice, that these conclusions are merely
based on the human visual perception. The final conclusions, based on ob-
jective parameters will be obtained in Section 4.2.3.
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Figure 15: List of the images used in the tests over single images.

5.1.1 First tests over single images using bilateral filter

In this case, the parameters we have to take into account are three: spatial
sigma (σs), range sigma (σr) and the windows size. In section 3.1.2 the
explanation of the parameters was carried out.

The three parameters are going to have the following values:

• Spatial sigma (σs):
Large σs=20.
Normal σs=5.
Small σs=1.

• Range sigma (σr):
Large σr=1.
Normal σr=0.5.
Small σr=0.1.

• The value of the window size is set in σs*2.
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Three tests were performed, where each σsr was used in combination with
three spatial sigmas.

Taking into account the theory, mentioned in Chapter 3.1.2, and the fact
that the processing is over images of fingerprints, the smaller value of σr ,
the better the edges are preserved in the image. It means that if the image
is noisy, this parameter should increase its value (it is necessary to consider
that σr ranges from 0 to 1). On the other hand, the σs controls the amount
of pixels involved in the algorithm, due to the fact that we are considering
fingerprints, this parameter should be small, in order to avoid the loss of
information in the image.

After performing the first test, in which we maintain a σr = 1 , we obtain
the best image with σs = 1. In the opposite case, the image is very blurred,
especially if σr is very large.

We can observe that using a small σr, for example σr = 0.1 we can
improve slightly the contrast in the image. Also this performance combined
with the usage of σs = 1, makes the algorithm maintain edges better. In the
case of noisy images, increase of σs allows a noise reduction. If the image has
good edges, but the background is noisy, the use of σs = 20 is a good option.

Using a σr = 0.5, the image looks more defined with less noise and good
sharpness in the case of using σs = 1, if we use σr = 0.5 and σs = 5 the
image is more blurred but not as blurred as using σs = 20.

Finally after these three first tests we can conclude that subjectively a
σr = 0.1 and a σd = 1 produce generally best results. Examples of application
of the algorithm can be seen in Figure 16. Figure 17 shows the effect of
bilateral filter algorithm on an image, where Figures 17(a) and 17(a) show
original image and its filtered version, respectively.
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(a) Image 110_5.tif
(Db1_b) not pro-
cessed.

(b) Image 110_5.tif
(Db1_b) processed.

Figure 16: Comparison between images processed with bilateral filter.

(a) Image 108_8.tif
(Db2_b) not pro-
cessed.

(b) Image 108_8.tif
(Db2_b) processed.

Figure 17: Fingerprint images using bilateral filtering (FVC2000).

5.1.2 First tests over single images using Retinex

The aim of this section is to describe in a general manner the way Retinex
works over single images. In order to guess in which way the algorithm can
be executed over the whole database system in the most efficient way. Firstly

is important to describe the way tests were performed, in this case only one
variable has to be taken into account, the name of this variable is "hsize".
That value means the width of the Gaussian filter, if the value is bigger the
Gaussian filter will be wider. The different values performed in the seven
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different tests used are described below.

Table 4: Table with the different values of hsize.

It is important to mention the idea that multiscale Retinex (MSR) is a
sucession of single scale Retinex (SSR), according to that criteria the value
of "hsize" in the different cases means that the algorithm has been applied
three times with these values.

Apparently and subjectively speaking this algorithm improves the con-
trast and also introduce noise in the images. In all the images there are two
parts, the illumination that represents the content in low frequencies and the
reflectance that has the content in high frequencies and that is the one that
we obtain with Retinex. It is highly likely that the edges in an image are in
the high frequencies.

The first conclusions that can be done after applying the algorithm over
single images is that may not be a good idea if the image is sharp enough.
Also if the value of "hsize" is small (for example 2) the process on the image
is almost non existent. In addition, the test that presents the same numbers
in every loop of MSR (for example test 3) are not good examples because
the result is the same as if we only apply SSR once.
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5.1.3 Tests modifying the parameters in bilateral filter algorithm

In this section, we discuss how the different choice of parameters and the
variety of images can give us a very diverse performance of the bilateral filter.
There is going to be four possible scenarios:

• Application only of the algorithm itself.

• Application only of the contrast stretching.

• Combined performance of the algorithm and contrast stretching, where
the stretching is applied before and after the application of the algo-
rithm.

• Combined performance of the algorithm and contrast stretching, where
the stretching is applied before the application of the algorithm.

Every case is going to be discussed individually hereunder. All the results
discussed hereafter are shown in Table 5.

Firstly we should pay attention to the diversity of databases and try to
characterize every one of them. The classification is going to be simple and
based mainly on the idea that images (fingerprints in our case) could be
low contrast images or on the other hand sharp images (with contrast and
darker images). It is important to highlight that this classification is merely
subjective. Following this criteria, the subjective classification of the test
databases is shown below:

• FVC2000
-Db1b: low contrast images.
-Db2b: sharp images but not excessively dark.
-Db3b: very dark and sharp images.
-Db4b: mainly low contrast images.
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• FVC2002
-Db1b: half sharp images and half low contrast examples, notice

the presence of a white background.
-Db2b: not necessarily sharp images, but with contrast.
-Db3b: sharp images with a dark background.
-Db4b: low contrast images.

• FVC2004
-Db1b: mainly sharp images, but not all of them.
-Db2b: few examples of sharp images, but the vast majority are

low contrast images.
-Db3b: very dark and sharp images.
-Db4b: sharp images, but not necessarily with a lot of contrast.

As will be outlined below a correlation between the sharpness of the
images in a database and the behaviour of the algorithm can be done. As
previously mentioned in section 3.4.1, EER (Equal Error Rate) and AAC
(Area Above the Curve) allow us to determine a better or worse performance
of the algorithm, a better performance of the algorithm is correlated with a
lower value of these parameters.

In the first place analysing the images without the application of the filter
or the contrast stretching. It must be stated clearly that we have a great
diversity of images. And due to the fact of the quality of the images, some
of the databases shows a better result than the others without applying any
technique of image enhancement.

Secondly, without applying the bilateral filter but applying histogram
stretching (which is mainly based on the idea of increasing the contrast of
the image, in other words, increasing the range of the value of the pixels)
some interesting results can be observed. This analysis is related to column
2 of the table 5. For example, it can be seen (column 2 referring to Db1b
FVC2000) that in the cases that a low contrast database is treated, the
performance is better, for example the value of EER is reduced from 9.30%
to 3.60% which is a significant reduction. On the other hand, in the cases
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that we are referring to dark and sharp images the performance of contrast
stretching is not an efficient example, for example in case FVC2000 Db2b,
where the value of EER increase in 1.20%, raising from 8.10% to 9.30%.

Hence, it can be inferred that there is a correlation between the use of
histogram stretching and the type of the images. The main reason why the
performance of the histogram stretching is better in the case of low contrast
images, is due to the fact that we are applying an enhancement technique
suitable for that kind of image. Whereas in the assumption of a sharp image,
we have enough contrast and the histogram stretching is only enhancing noise
in the image, with the result of a worst performance of the AFIS system.

Accordingly, the same result is observed for the other databases (FVC2002
and FVC2004). It should be noted the case of Db2b in FVC2002 where
an impressive result is obtained only using contrast stretching. Is in fact
the best result obtained with this technique, where we depart from a very
good value without any processing, finally the result obtained is 1.60%(EER)
and 0.10%(AAC), it should be noted that in this case the database was
subjectively classified as a database with contrast images but not necessarily
dark. Also, is good to notice that in FVC2004 only Db1b and Db2b obtain
a better result of the performance only by applying histogram stretching.

Taking into account the classification previously mentioned, the next
statement can be done: there is a relation between the contrast of an im-
age and the performance of the AFIS system, resulting in that low contrast
images are going to need contrast stretching in order to make a better perfor-
mance of the AFIS. This idea will be discussed and developed further again
in section 5.2.

Now, we are going to analyse the combined application of bilateral filter
and histogram stretching. This corresponds with columns 3 to 10 in Table
5 (where contrast stretching is applied before and after the algorithm), also
in columns 14 to 16 (where the contrast stretching is applied only before the
algorithm).
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For example, analysing the first database (FVC2000-Db1b, column 3 to
10) which is a low contrast database (it is necessary to remember the subjec-
tive and based on the human perception nature of the classification) it can
be seen that the application of the algorithm, in some cases is not good for
obtaining a better performance of the AFIS (columns 6 and 7), here the value
of EER increase to 10.80%, and in case of column number 7 is 17.80%, when
in the original image the value of EER was 9.30%. According to section 3.1,
this algorithm smooths the image reducing noise and preserving the edges,
but in this case that the image seems to be smooth enough we are losing
quality. That may result in an increase in the value of AAC and EER.

Moreover, it is important to give a look at the value of the different
parameters. The importance of the parameter σr, has to be noticed, this
parameter is the one that controls the preservation of the edges in the image.
If this parameter is extremely small the performance of the algorithm is
very limited, doing apparently nothing on the image (that can be seen on
column 3, where the value of σr is almost zero). So it can be inferred that
in several columns (columns 3 to 5 and column 14), the improvement in the
values of EER and AAC it is because the application of contrast stretching
and that the performance of bilateral filter is not doing apparently nothing.
Though a large value of this parameter will give us in most of the cases a
poor performance of the AFIS, because as it was mentioned in the section
of theory a big value of σr will not preserve the edges, a key point when it
comes to terms of image enhancement in fingerprints. In addition, the choice
in the values of σs has to be discussed as well, at it was previously mentioned
it is not very desirable to stablish a very big value of σs in this cases, due to
the fact that we do not need that the pixels that are located far take part in
the processing.

As we just have said, we are processing fingerprints and the fact of main-
taining as much as precision and consequently the preservation of the edges
is very important. In the case of considering other types of images this con-
sideration may change.
Also, it can be observed that in the cases of FVC2004 where the images were
mainly sharp, the combination between histogram stretching and bilateral
filtering can be an interesting solution. In year 2004, all the cases shows a
reduction of the values EER and AAC(column 8).
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According to these previously mentioned ideas in this section, the next
partial conclusion can be done: the importance of the σr parameter estab-
lishing not a very large value in order to maintain the edges, but also the
relevance of not using an extremely small value to let the performance of bi-
lateral filter be effective. In addition, it can be shown that the combination
of both techniques (bilateral filtering and contrast stretching) tends to be
better in the case of sharp images.

Thus this idea matches the discussed in results 4.2.1 and also with the
theoretical statements that said the importance of set σr and σs with not
very large values, due to the fact that we are processing fingerprints and the
accuracy needs to be substantial.

Furthermore, an analysis of only the application of the algorithm can be
done, consider the columns 11 to 13 of table 5. It is shown again that in
the cases where σr is small (column 11) the performance of the algorithm is
very limited. In the cases where σr presents a bigger value (columns 12 and
13), the best results are obtained for sharp images, for example FVC2000
Db2b, where EER decrease from 8.10% to 6.20% (column 12), and FVC2004
Db1b, where EER shows a substantial decrease of 1.40%, standing at 9.60%
(column 12). That is because due to the bilateral filter that smooths the
image, if this image is not sharp enough, after the processing a lot of data
is going to be lost. There are some cases or examples where the application
of bilateral filter is not a good examples, we can see a significant increase in
the value of EER and AAC in case FVC2002 Db3b, where EER increases
from 8.50% to 12.40%, though in this case the database set was subjectively
classified as a sharp example, also the images had a dark background.

Likewise, using an intermediate value of σr, some low contrast database
take advantages when the algorithm is applied. Also is important to consider,
that sometimes even the application of the algorithm is not good in none of
the possible scenarios, this can be seen in FVC2004 Db2b (columns 11 to
13).
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It is remarkable to notice, that the improvement achieved only applying
the bilateral filter (without the combination of contrast stretching) is very
slightly compared to the results obtained in the images without processing.
According to that, we can underline the following conclusion: when it comes
to image enhancement it is not only important to look the application. Also,
it is important to take into account the kind of images that are going to
be processed and consider that maybe the application of a specific image
enhancement technique is not going to be the best solution for that kind of
images.

Lastly, a brief analysis of the application of the bilateral filter combined
with histogram stretching applied before, is going to be performed consider,
looking into columns 14 to 16 in table 5.
In this case, it can be inferred that if the value of σr is small, the improvement
is due only to the application of the contrast stretching and not because of the
algorithm itself. This example can be seen in FVC2000 Db1b (column 14),
comparing this result with column 2 can be inferred that the improvement
is not due to bilateral filter.

In the same column but in FVC2000, Db2b a worse performance can be
observed, that is due to the fact previously mentioned that contrast stretching
is an image enhancement technique that introduces noise over an image.

Therefore, analysing columns with an intermediate value of σr (column 15
to 16), one can gather from this information, that generally, the application
combined of the algorithm and contrast stretching allows obtaining a better
performance. This comparative is done with columns 12 and 13, for example
FVC2000 Db1b, Db2b and FVC2002 Db2b (columns 12 and 13) shows worse
results than column 15 and 16. Also, is good to consider that still in some
cases this statement is not valid.

Paying special attention on almost every case where we cannot achieve
a better performance, we have the following databases: FVC2000 Db4b,
FVC2002 Db3b and FVC2004 Db2b and Db4b. All of them matches with
the case of databases with sharp images, so can be guessed that if the images
that are going to be processed has good contrast and sharpness probably the
application of this technique of image enhancement might not be advisable.
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Before entering on the analysis, is convenient to remember that Retinex
has been previously mentioned as an algorithm that achieves good tonal ren-
dition and good dynamic range compression, moreover, increases the contrast
on the images but may introduce noise.

Although this idea is beyond the purpose of this thesis, it is important to
mention that the values of σ used were large (almost the size of the image),
because according the property of the Gaussian filter(width of the filter in one
domain is inversely proportional to width of that filter in transform domain.).
We really needed to create big Gaussians filters, in order to make them more
low pass filter and be able then conserve the edges and the sharpest parts on
the images.

In this section, the original set of databases (column 1), with histogram
stretching (column 2), bilateral filtering itself (columns 11 to 13) and Retinex
itself (column 22 to 26) are going to be compared. Secondly, another compar-
ison is going to be made, column 14 to 16 which corresponds with bilateral
filter applying contrast stretching before and columns 17 to 21, which is
Retinex applying contrast stretching before.It is important to consider some
aspects on the table, for example column 11 is practically the same as column
1, that is due to the fact that during all the processing a really small value of
σr was used, so the performance of the algorithm was almost non-existent.

We have a different variety of databases. First of all, in case FVC2000
in Db1b the best results are obtained for Retinex with hsize equals to 91,
see EER = 3.50% and AAC=1.40% in column 23 for the database Db1b.
It is important to notice that also with histogram stretching we achieve a
big reduction of the values, see EER = 3.60% and AAC=1.10% in column
2, which can be translated in a better performance of the AFIS. This is
compared with column 1, where EER=9.30% and AAC=6.20%.

Later in case FVC2000 but in Db2b, the best result are obtained with
bilateral filter, obtaining a value of EER=6.20%(column 12) and EER=5.60%
(column 15), same cases of Retinex or the histogram stretching cannot achieve
a better performance here. For example in column 25, there is the best result
of Retinex itself is EER=7.60%, and EER=7.10% (column 20), so attending
to the comparassion (column 12 with column 25 and column 15 with column
20), bifilter shows better results. It should be noted that for Retinex itself,
only in column 20 it is possible to obtain a better result (lower value of EER
and AAC) compared with column 1.
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To make a clear structure, the following paragraphs mainly are going to
describe the first comparison, between columns 1,2, 11 to 13 and 22 to 26.
For FVC2000 case, Db3b the best results are obtained with Retinex itself
(columns 22 to 26) using a single iteration and the biggest value of σ, in this
scenario comparing with column number 1, Retinex as well as bilateral filter-
ing achieve a better performance in every case, but it happens the opposite
with hist stretching. In column 2 it is shown a value of EER=9.90%, which
is worse than the original value of EER=8.20%.

In FVC2000 Db4b, bilateral filter cannot achieve better results here, ob-
taining a result of EER=8.40% (columns 12 and 13), in front EER=7.50%
(column 1), it is again Retinex with one iteration and the biggest σ (column
24), the best result (EER=6.20%). In this case, the results obtained with
histogram stretching are also good (EER=6.70%), also the other columns of
Retinex allow obtaining a better performance than the one obtained with
the original image.

We can move forward to analyse the next set of databases. Then, in
FVC2002, in Db1b, histogram stretching does not improve the results show-
ing a value of EER=4.60% (column 2) against EER=3.80% (column 1),
whereas Retinex and bilateral filter do, but due to the fact that the orig-
inal result is pretty good itself, the reduction is not very significant. The
best values are achieved in column 12 with EER=3.40%. This can lead to a
partial conclusion: the algorithm does not work very effectively if the original
image has pretty good conditions.

In case Db2b, it is important to mention that Retinex and histogram
stretching allow to obtain a better performance (the values are highly re-
duced), all the values (column 2 and columns 22 to 26) are less than EER=3.00%
(column 1), whereas this reduction is not possible for bilateral filter. It can
be seen that in column 2, we have a value of EER=1.60%, and values of
EER=1.40% (column 24).
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In Db3b, only Retinex allows a reduction in the parameters, this biggest
diminution is achieved with the smallest value of σ (column 22), with a value
of EER=5.60% and AAC=2.40%. In this case bilateral filter obtains param-
eters over 12% (columns 12 and 13), where the original value of EER=8.50%
(column 1) For Db4b, again only Retinex can allow a reduction of the param-
eters and in not every case, so can be inferred that this database set might
not be a good case of application. Only in column 23, where EER=4.00%,
we are able to obtain a smaller value than the previously obtained in column
1 (EER=5.00%). It could be suggested as a partial conclusion and based
on the data previously analysed that Retinex seems to be generally more
efficient than bilateral filtering.
Finally, let’s proceed with the set database FVC2004, in case Db1b, the op-
timal result is obtained also with Retinex (column 26), where EER=8.50%.
Although bilateral filter allows a better performance, the value of EER in
column 12 is 9.60%, which is better than the one obtained in column 1
(EER=11.00%). This is another example that can reaffirm the previous par-
tial conclusion.

In case of FVC2004 Db2b only with Retinex is possible to obtain better
results, it is curious to notice that in cases where the algorithm is applied
with two iterations, the results are worse than the original image (columns
25 and 26 against column 1), also histogram stretching (always column 2)
allows a little reduction. It is important to notice that in this example due
to the fact that the values of EER and AAC are pretty big (EER=14.10%
and AAC=10.10%) in column 1, the algorithm implementation might not be
the best solution.

In case of Db3b it is possible to obtain some better results (slightly re-
ductions), but it is not possible to obtain any reduction with histogram
stretching (EER=5.50% in column 2, against EER=4.90% in column 1). At
case Db4b. it may be inferred that is not a very good case of application
due to the fact that is not possible to obtain better results, the best result
of EER is obtained in columns 1, 11 and 24 and it is EER=5.70%.The rest
of the examples are worst performances of the algorithms.

On the other hand, another comparison can be done, Retinex and bilateral
filter with the previous application of histograms stretching. Which means,
compare column 14 to 16 with columns 17 to 21.
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On database set FVC2000 Db1b, despite the fact the best result is ob-
tained with bilateral filter (a value of EER=3.50% in column 14), as a whole
better results are obtained with Retinex (the results of EER are located
around 4.50% on columns 17 to 21). In Db2b case, better results are obtained
with bilateral filter (column 15 where EER=5.60%), but it is important to
mention that in case of Retinex the reduction is bigger if the algorithm is ap-
plied with two iterations (columns 20 and 21, where EER is situated around
7% whereas in the other columns is aroun 9%). In case of Db3b the best
results are obtained with Retinex, in detail applying the biggest value of
σ (column 19), where EER=5.50% against the best value obtained for bi-
lateral filter, which is EER=6.70%. In the last case: Db4b, all the cases
were Retinex was applied the results were better compared with bilateral
filter. The smallest value of bilateral filter is obtained in column 16, where
EER=7.80% (it is important to notice that due to the fact of the really small
value of σr in column 14 the processing is not due to the algorithm itself), and
the smallest value of Retinex is achieved in column 17 where EER=6.00%.

Also, for FVC2002, the next statements can be done. For Db1b, appar-
ently bilateral filter appears to be more stable and presenting better results,
despite the fact the best result is obtained with Retinex, EER=3.90% (col-
umn 17), none of the results of bilateral filter is bigger than EER=4.5%. In
Db2b, although the best results are obtained with bilateral filter EER=1.60%
(column 14) , is Retinex which seems to be more stable algorithm, obtaining
the worst response in column 20 with EER=2.40%, so in this case we can
say that all the results are pretty good. For Db3b, applying Retinex with
two iterations is the best way to obtain the best results (column 20 and 21)
with values EER=5.90% and EER=6.40%, which is generally much better
than the rest of the result that are around 9% for EER. For Db4b Retinex
shows the best and more stable results, even the best result is obtained in
column 21 with EER=3.80%.
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To sum up, FVC2004 is going to be analysed. For Db1b, none of the
algorithms seems very stable but Retinex presents the best results, applying
here two iterations of Retinex seems to be a good solution, obtaining in
both columns (20 and 21) the same value of EER=8.40%. For Db2b, the
stability makes us to think that Retinex might be the best option again,
though the results are not very good, due to the fact that the best EER
value is around 13.50% (column 19). In Db3b, Retinex shows as well the
best results, and bilateral filter seems not very stable, though apparently in
this cases columns 20 and 21 are not showing the best results. The best
result is obtained in columns 15 and 19, (EER=3.90%), which means that
the best result is achieved for both algorithms. For Db4b, besides the fact
bilateral filter shows the best results (EER=5.00% in columne 14), on the
other side, Retinex shows good results and stability (values of EER around
5.50%). As we have seen in this comparison, in most of the cases the best
reduction and more stability is obtained with Retinex.
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6 Conclusions and future work

6.1 Conclusions

We have investigated two image enhancement algorithms, that are Retinex
and bilateral filtering. This investigation in addition with the usage of our
implemented test system based on the investigated algorithms has led to
the conclusions developed further in this section. The purpose of the thesis
was analysing for which the cases using a concrete set of databases formed by
fingerprint images the application of these algorithms was most suitable. This
application of algorithms was made with the purpose of achieving a better
performance of an AFIS. As a part of the implementation process in this
thesis, functionality of the existing AFIS was extended with preprocessing
stage. The preprocessing stage included the implemented image enhancement
algorithms investigated in this thesis.

During the different tests every database that contained sharp images
was subjectively categorized as a ’sharp’ database, on the other hand, others
sets of images that were low contrast images were classified as ’low contrast’
databases. It can be observed that the ones categorized as ’sharp’ databases
obtained in most cases better results than the ones that were considered
’low contrast’ databases should be noted that the implementation of the
test system allowed us to understand the different performances of the AFIS
system and analyze its efficiency in a more precise way.

As has been previously mentioned in several occasions during the thesis,
the process of image enhancement is a very dependent processing. Con-
sequently, we need to be aware that we are processing fingerprint images.
For that reason, we are going to give extra attention to the preservation of
the edges. In a case were a ’low contrast’ database is presented, bilateral
filter has smoothed the images, causing blurred edges which resulting in a
worse performance of the AFIS. On the other hand, if the image has contrast
enough, this ’smoothing’ has led to a reduction of the noise in the image,
which in some cases was translated into best performance of the AFIS. Here
it has been proved that this is the way our system can be improved with the
application of bilateral filter over fingerprints.

Retinex was described as an algorithm that may improve the contrast
on the image, though it should be noticed that this enhancement process
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introduces noise on the image. Hence, the amount of the contrast in the
image has to be considered, in case of an image with contrast it might be
possible that the addition of noise could lead to a worse performance of the
AFIS.

Conversely, if the AFIS performances better the price of bringing noise is
worthy. The main task here to accomplish a balance between the augmen-
tation of noise and the improvement of contrast. Moreover, it has become
clear the importance of using a correct value of the parameters in every sit-
uation. It should be noticed there were some examples where the values of
σr and σs, in case of bilateral filter were small the application of the filter
is non-existent. On the contrary, if the parameters are extremely large, we
are at risk of losing the edges. Also, as is not very desirable to establish a
very large value of σs. Based on the results of the experiments the optimum
values of the bilateral filter are application dependent and the choice of the
parameters should be made by the user based on the application.
The recommendations in case of Retinex is choosing a big value of σ, almost
the half size of the image fingerprint. it Is worthy of mention that in some
cases Single Scale Retinex shows a good performance, which is interesting
because it decreases computation time, compared to the usage of Multiscale
Retinex.

It was observed that generally the biggest and more significant reductions
of the parameters EER and AAC were achieved in most cases with Retinex
and not with bilateral filtering. It might be possible that our images were
more suitable for this algorithm. For both algorithms it is important to
consider that if the original quality of the images was sufficient the reduction
of EER and AAC was not significant. On the opposite scenario, for the
images of poor quality by choosing the optimal parameters of the image
enchantments algorithms , an impressive result was obtained.

It must be emphasized that in some cases the best performance was ob-
tained with histogram stretching, so it was discovered as the ’cheapest and
easiest way’ to obtain a better performance of the AFIS. This result was
unexpected and the deep study of this enhancement technique is beyond our
field of study.
It has been demonstrated that with the applications of these two algorithms,
a better performance of an AFIS can be achieved, which was the main pur-
pose of the thesis.
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6.2 Future work
As possible future work applying a combination of the investigated in this
thesis algorithms could be considered. Firstly, Retinex could be applied, with
a view to achieve an improvement on the contrast, later, to compensate the
increase of noise, bilateral filter should be applied.

This combination of both algorithms may lead to better results on the
performance of the AFIS. To further investigate the application of bilateral
filtering in case of fingerprints images, it could be interesting to capture
sharp fingerprints images with noise, where it could be easy to distinguish
the finger crests easily and to study the application of the algorithm for the
noise removal.

According the results and all the data obtained while conducting this
study, a new development or improvement can be suggested. A software
that performs an automatic estimation of the parameters used for the in-
vestigated algorithms could be designed. This estimation of the parameters
would be based on the quality of the fingerprint image and derived from
machine learning technology.

Also, more studies should be carried out to understand the behavior of
the algorithms in order to understand their possible effectiveness for the
systems based on pattern recognition and image enhancement techniques.
More research should be done in these areas in order to learn effectively the
best way to improve fingerprint recognition system. In its turn it could lead
to increase security of applications employing this AFIS.
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