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A b s t r a c t

A thorough investigation in the area of face recognition is presented. We contemplate a 

variety of methods for the construction of feature spaces in face recognition. Linear and 

non-linear methods such as Eigenfaces, Fisherfaces, Isomap, and kemel-PCA are evaluated 

in terms of classification performance and robustness. The experimental environment 

comprehends well-known standards in the area of face recognition, namely YALE and 

FERET databases. Various lines of research are established in order to reveal the conditions 

in which the classifiers are likely to fail or thrive. Our investigations include:

• The assessment o f  face classifiers in the presence o f environmental disturbances. We 

include models of deterioration of visual information that mimic frequent scenarios in 

face recognition.

• The evaluation o f a modular approach to face recognition. We deliver an investigation 

on a modular approach within the framework of Principal Component Analysis (PCA). 

We comment on classifier performance and computational implications.

• The study o f the impact o f  image quality in face classifiers. We report on an extensive 

investigation aimed at revealing the relationship between classifiers performance vis-a- 

vis anticipated levels of image resolutions. To our knowledge this is the first 

investigation that quantifies the behavior of linear and non-linear face classifiers with 

respect to image quality. Useful design recommendations are drawn from this 

investigation.

• The assessment o f aggregation o f classifiers based on image transformations. This is 

the first investigation putting together an assessment of numerous face classifiers and 

combined experts in the presence of image transformations. This is, considering both -
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linear and non-linear methods for constructing feature spaces. Descriptors are 

constructed from using contrast enhancement and edge detection. Useful findings are 

discussed.

• The exploration o f an evolutionary approach towards improving classifier 

performance. In this investigation we reveal in quantitative terms the importance of the 

features in a given face space. We present evidence of improvements in classification.

We offer useful design guidelines and recommendations for the architectures under 

investigation. We comment on identified advantages and drawbacks of each architecture 

based on the experimental findings.
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C h a p t e r  1

INTRODUCTION

1.1 Motivation

This research is directly motivated by the necessity of personal identification methods that 
demonstrate reliability and robustness against fraud. In modem life, authorization and 
authentication of individuals have become vital components of day-to-day activities. Let it 
be for making financial transactions, driving a car, or crossing borders, we require truthful 
methods to prove our identities. While it is important to accurately identify a person, it is 
also imperative to prevent an identity from being misused or stolen. As of today, most 
methods for identity verification rely on “things” we know or possess, for instance 
passwords or identification cards. Since identification documents may be lost, forged or 
stolen and passwords may be forgotten or compromised, the traditional methods for 
personal identification are merely insufficient. Evidently the use of passwords or identity 
documents does little to prevent so-called “identity theft” - a problem that has been 
increasing over the last years, and that brings about negative economical implications. As 
examples, according to the 2003 report by Sinovate for the Federal Trade Commission 
(FTC) [112], the economical cost of identity theft in the U.S. was approximately $5 billion 
at that time. The total losses suffered by individuals and businesses worldwide are 
estimated at $221 billion during the same year [37]. The call for new and reliable methods 
for personal identification is clear.

An emerging technology that offers solutions to the current limitations of personal 
identification is based on biometrics. In a nutshell, biometrics-features are measurements or 
“metrics” taken from an individual based on his/her physiological or behavioral 
characteristics. The term “biometrics” is generally used to refer to the technology behind 
these metrics themselves. Biometric features are universal, unique, collectable, permanent, 
and non-transferable. Some representative examples include fingerprints, faces, or 
handwriting. By nature, biometric features are extremely difficult to reproduce or imitate, 
hence the potential of reducing identity misuse. The advantages of biometrics ensure a vital 
future for civilian and military applications. Biometrics technology can be useful for 
granting access to resources, authentication at ATM machines, identifying a particular 
individual in surveillance imagery, or automating the search for individuals in large 
databases, e.g. police records. While biometrics technology surely offers improvements 
over current identification methods, a single biometric may not be sufficient to develop a 
reliable system. As a matter of fact a robust identification system would probably require a 
combination of biometrics and other methods of personal identification.

The fact that we are naturally guided to identifying individuals through visual information 
gives face recognition a wide range of applications, thus it becomes an appealing biometric 
to investigate. Broadly speaking, the idea behind the face recognition process is to capture

1
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the distinctiveness of a face without being overly sensitive to noise, especially to lighting 
conditions, environmental disturbances, and facial expressions. Approaches to face 
recognition can be divided into two categories [12]:
■ Face appearance. The underlying idea is to reduce the dimensionality of the original 

space (depicting pixel values) to a handful of numbers obtained by some 
transformation.

■ Face geometry. The geometry of facial features such as eyes, nose, and mouth, are used 
to describe a person.

Over the years, methods embracing the notion of face appearance have demonstrated 
superior performance than those based on face geometry; therefore we report on face 
recognition techniques falling under the category of face appearance. The experimental 
environment concerns a well-known standard in this area such as the FERET [81] and 
YALE [120] databases. Both of them contemplate realistic scenarios in terms of lighting 
conditions and facial expressions. The images depict frontal views, showing only the face 
area, and the images are already aligned and centered.

There are two major scenarios in which face recognition, or any biometric system, can 
operate:
■ Individual identification. The system attempts to single out the identity of a particular 

individual based on his/her biometric, answering the question: who is that person? The 
classification performance of the system is commonly expressed in terms of error rates.

* Intruder detection. The system attempts to accept or reject an individual from a group 
of known individuals, answering the questions: do we know that person? and, is he/she 
an intruder? The classification performance is expressed in terms of False Rejection 
Rates (FRR) and False Acceptance Rates (FAR). FRR indicates the chances of 
rejecting a genuine individual and FAR refers to the probability of accepting an 
intruder.

It is clear that if a system can identify any particular individual successfully, then both 
scenarios are covered. For such reasons we concentrate on individual identification 
throughout this research.

Interestingly enough, humans can identify faces with relatively little or no effort at all. 
However, building an automated system that accomplishes such tasks is a challenging 
problem. Examples of current commercial systems include:
■ FaceVACS by Cognitec Systems [113]. The system can operate in environments where 

access is restricted or where the identity of individuals is to be found within a collected 
database. The system exhibits an identification rate of around 72% with large databases 
of still images.

■ FaceEnforce by Cybula [114], This is s a stand-alone system implemented in C++ 
mainly targeted at Sun platforms. It can search for individuals in large databases.

■ MIRH eye surveillance by DreamMirh Co., Ltd. [115]. The system finds a particular 
individual in environments like airports, docks, and building lobbies. It requires a 
surveillance infrastructure in place to collect the data.

2
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■ Facelt ARGUS Screening System by Identix Incorporated [116]. The system captures 
faces in live video and acts like a filter, searching against watchlist databases to see if a 
person may be wanted.

■ VeriLook by Neurotechnologija [117]. This is a face localization and detection system 
capable of processing multiple faces in live video streams and still images. The system 
can identify individuals within a collected database.

■ Affinity Face Recognition by OmniPerception [118]. It features face detection and 
identification from still images.

Unfortunately, most vendors of commercial systems do not disclose essential technical 
details regarding the underlying algorithms. They are also silent on the performance of their 
products. It is very difficult to compile a fair assessment of commercial systems and our 
face recognition methods.

As of today face recognition technology is still impractical in many realistic scenarios. 
Computational cost and classification accuracy are major obstacles to overcome in order to 
take advantage of this biometrics. Aspects such as size of databases, lighting conditions, 
and environmental disturbances could exhibit a negative effect on recognition rates, which 
lead us to concrete objectives for this research.

1.2 Objectives

The objectives of this study, falling under the umbrella of pattern recognition, are to 
investigate current and new approaches to face recognition, to identify strengths and 
weaknesses of different methodologies, and to propose design guidelines and new systems 
that cope with current limitations. There are well-identified factors that influence face 
classification that demand investigation. Clearly defined objectives are:
■ Assessment o f  linear and non-linear methods for dimensionality reduction. At this point 

it is constructive to put together an evaluation of useful methods in terms of their 
computational costs, classification rates, and the conditions at which the classifiers are 
most likely to fail and thrive, e.g. lighting conditions, particular facial gestures, and size 
of databases.

■ Impact o f image quality on performance o f face recognition. The study includes 
deteriorated and enhanced images. Degradation of visual information is perhaps the 
most frequent and damaging factor in face classification. We include frequent types of 
image degradation in our experimentation. A careful and methodical investigation is 
crucial to understanding the limits of current algorithms in realistic scenarios. On the 
other hand, improving the quality of images, particularly in terms of lighting 
conditions, proves valuable for correct classification. Meticulous examination of this 
area is required to develop sound and valid design recommendations.

■ Effect o f image transformation in classification (e.g. edge detection). It is known that 
edge detection considerably overcomes problems of lighting conditions when it comes 
to recognizing shapes. In the case of face recognition, edge detection can provide more 
distinctive information regarding the outlines of the face and facial features of each 
individual. Our edge detection process was improved by a pre-processing step of 
contrast enhancement.

■ Influence o f image resolution on performance o f classifiers. High computational cost 
commonly leads to the usage of low quality images in face recognition. However, there

3
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is not a clear understanding as to what is the minimum or adequate resolution to 
consider while preserving system accuracy. As of today, there isn’t a comprehensive 
study that takes such tradeoffs into consideration. We present a thorough investigation 
that reveals the performance of face classifiers under various image resolutions.

■ Aggregation o f classifiers combining distinct features. In this regard we investigate in 
the collective knowledge of different features towards robust and accurate 
classification. The combination of different features can lead to better descriptions of 
individuals, hence revealing relevant distinctive information between persons. The 
features taken into consideration were computed from original images and images 
transformed by histogram equalization and edge detection.

■ Investigation on evolutionary optimization in face recognition. This is an effort to 
improve classification quality (reducing classification error) by finding the importance, 
from the classification point of view, of each variable (feature) in a given feature space. 
We also seek for the most suitable similarity measure for distinguishing individuals 
more effectively.

1.3 Contributions

Bearing the outlined objectives in mind, the findings of our research activities offer 
valuable contributions to the field of face recognition. We report on the performance of the 
classifiers, which is based on a comprehensive suite of experiments, and deliver several 
design hints supporting further developments of face classifiers. Key contributions are 
enumerated:
1. The thorough evaluation o f the performance o f two common face classifiers. At this 

point we evaluate the performance of Eigenfaces [98] and Fisherfaces [10] operating in 
the presence of deterioration of available visual information. The findings of our study 
are crucial to identify at which levels of noise the face classifiers can still be considered 
valid. Prior knowledge helps develop adequate face recognition systems. We 
investigate several typical models of image distortion such as Gaussian noise, salt and 
pepper, and blurring effects and demonstrate their impact on the performance of the 
classifiers. Several distance models derived from the Minkowski family of distances are 
investigated with respect to the produced classification rates. We offer design 
guidelines and useful recommendations towards improving recognition performance.

2. The assessment o f  the effects o f  image resolution and image transformations in face 
recognition. Our findings portray practical implications to systems design. Image 
transformations include contrast enhancement via histogram equalization, and edge 
detection by means of the Sobel operator. The methods for dimensionality reduction 
involve Eigenfaces, Fisherfaces, Isomap [95], and kemel-PCA [90]. Through extensive 
experimentation, we reveal and quantify the tradeoff between image resolution and 
performance of the classifiers. The fact that this study takes into consideration several 
methods for dimensionality reduction, image transformations, and image resolutions 
makes this contribution unique.

3. The set o f  recommendations regarding certain aggregation o f features emerging from 
regular images, edge images, and histogram-equalized images. The features are 
computed using several methods for dimensionality reduction that prove useful, such as 
Eigenfaces, Fisherfaces, Isomap, and Kemel-PCA. The findings of our exploration on 
impact of image resolution helped us decide on an appropriate image size without
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loosing accuracy, yet reducing computational cost. We offer evidence of classification 
improvement over traditional methods as well as design recommendations.

4. The approach suitable fo r  identifying significant features fo r  classification purposes. 
Most face classifiers take into consideration certain features (variables) represented in a 
given feature space to achieve most favorable recognition rates. The features are 
commonly selected by ranking them according to their particular variances. 
Nonetheless the variances may not reflect the true “importance” of such variables 
towards correct classification. We put forward a method capable of revealing the 
importance of each variable from the classification point of view. Our method also 
finds a suitable similarity measure to distinguish individuals in a given feature space. 
Evolutionary optimization by Genetic Algorithms [100] ranks each variable and 
produces a suitable distance model in order to separate individuals. Evolution is driven 
towards reducing error rates. Experimental evidence supports the usefulness of this 
approach in various scenarios. We also comment on major advantages and potential 
limitations of the proposed architecture.

5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C h a p t e r  2

BIOMETRICS -  AN INTRODUCTION

This section presents a general description of the diversity of biometric technologies, and 
places face recognition as one of the most predominant and appealing areas for research. 
The introduced literature review intends to provide the reader with a general background of 
the most predominant trends in face recognition technologies. The existing literature on 
face recognition is extensive. This section only covers what we consider to be the most 
illustrative part of it, allowing us to grasp a general overview of the face recognition 
research in terms of its diversity, trends, and achievements. It also discusses the progress of 
face recognition systems and their limitations. The initial paragraphs of this chapter 
describe the larger field of biometrics, always keeping special interest in face recognition 
and showing where it fits in. The latter paragraphs provide a general description of face 
recognition itself.

Biometrics is a relatively new field that seeks the correct and robust identification and 
verification of individuals. Although biometrics emerged from its use in law enforcement 
to identify criminals, it is increasingly being used to establish person recognition in a large 
number of civilian applications [34].

The notion behind biometrics departs from the fact that every individual is different in 
nature, therefore there are unique characteristics that make that person distinguishable from 
others. This concept is fundamental for the existence of biometric-based systems, and 
allows us to outline some requirements for the persons’ characteristics to qualify as valid 
biometric features [34]:

• Universality: each and every person should have the characteristic.
• Distinctiveness: Any two persons should be sufficiently different in terms of the 

characteristic.
• Permanence', the characteristic should be sufficiently invariant (with respect to the 

matching criterion) over a valid period of time.
• Collectability, the characteristic can be measured quantitatively.

There are several definitions of biometrics in the literature, one that embraces the concept 
in a concise manner reads as follows: “Biometrics are automated methods of recognizing a 
person based on his/her physiological or behavioral characteristic [119]”. It is known that 
every person is distinguishable from others, even twins, from the physiological and 
behavioral points of view. By embracing such a fact we can organize a biometric as 
belonging to one of two possible categories, either physiological or behavioral. Each person 
has his/her own looks, personality, way to react to situations, way to behave, etc. making 
him/her an “individual” within the full context of the word. Ensuing the previous rationale
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one can provide examples of common features to use in biometrics. We list some of them 
by category, either physiological or behavioral:

2.1 Biometrics based on physiological characteristics

Face: It is probably the most common non-intrusive biometric used for personal 
recognition. Many popular approaches take into consideration either the location and shape 
of facial attributes (i.e. eyes, mouth, nose), or the entire face. The latter is also referred to as 
global analysis of face images. It represents a face as a weighted combination of a number 
of canonical faces [36].

Fingerprints: it is a very reliable non-intrusive method for personal identification. The 
fingerprint is the pattern of ridges and valleys on the surface of the fingertip. They are so 
unique that even the fingerprints of twins are different [36]. In [67], Maio, et al. has shown 
an extensive analysis of a number of algorithms applied in this area that exhibit 
encouraging results.

Hand geometry: these systems are based on a number of measurements taken from the 
human hand, including its shape, palm size, and lengths and widths of the fingers. However 
the geometry of the hand is not very distinctive. In addition, systems based on this 
technology cannot be scaled up for identification of individuals in large populations [36],

Iris: the iris is the colored part of the eye surrounding the pupil, located behind the cornea 
and the aqueous humour. Development of the iris begins by the 3rd month of gestation and 
it is already highly developed by the age of 12 months, after that period it remains stable 
for life. Each iris is unique, even in identical twins. The probability of 2 irises producing 
the same IrisCode is approximately 1 in 1078 [87], Some characteristics include freckles, 
pits, striations, and vasculature. An Iris Scanning system can supposedly detect a live eye 
by virtue of the small continuous fluctuations in the pupil, and by the natural physiological 
response of the pupil to light [87].

Voice: speaker recognition systems can be divided into two categories, namely text- 
dependent, and text-independent. In text-dependent systems, the user is expected to use the 
same text during training and recognition sessions [99]. A text independent system does not 
use the training text during recognition session. The speech signals corresponding to a test 
phrase of a group of people are recorded in voice files on a computer. The information is 
then converted from the time domain to the frequency domain using digital signal 
processing techniques [99].

2.2 Biometrics based on behavioral characteristics

Handwriting: these methods extract features such as writing speed, direction, duration, 
height, width, slant angle, black pixels etc. They rely on the interactive localization and 
segmentation of the relevant text information. Since the purpose this technology is to 
identify the writer of a specific handwriting, the recognition system is not concerned about 
the content of the written text [91].
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Keystroke: typing biometrics is defined as the analysis of a user’s keystroke patterns. Each 
person has an almost unique pattern of typing. This pattern can be learned with the purpose 
of identifying a particular user [30].

Gait: it refers to the particular way a person walks in a complex spatio-temporal context. 
Gait is not very distinctive, but it is sufficiently discriminatory to allow verification in some 
low-security applications [36],

As a matter of fact, the list of potential biometrics for personal identification is 
continuously growing. As the science advances it is possible to find new features suitable 
for identification purposes.

Overall, biometrics promises to tackle the problems that affect traditional methods for 
personal identification. As of today, current methods of identification involve possession of 
tokens, such as passports or driver’s licenses; they also include knowing passwords, such as 
Personal Identification Numbers or Social Security Numbers. In either case they can be 
counterfeited, stolen, forgotten or compromised. Unlike tokens or passwords, biometric 
identifiers are inextricably linked to the persons themselves, thus making the technology 
much more difficult to breach [121]. This is a strong argument in favour of biometrics- 
based identification systems that leaves most of the current technologies obsolete.

As the level of security violations and fraudulent activities increase, the need for highly 
secure identification and personal verification technologies becomes evident. Biometric- 
based solutions aim at providing secure instruments for confidential transactions and 
personal data privacy. The need for biometrics can be found in the federal and local 
governments, in the military, and in commercial and civilian sectors [119]. In fact the 
practical applications for biometric-based systems are extensive. However the most 
common ones are related to security and law enforcement [50]. Typical environments 
where biometrics are convenient include: giving access to resources, correct 
implementation of security services, and facilitating border crossing. The selection of the 
most appropriate biometrics to use depends on the particular needs and requirements of the 
practical application, as examples one may consider attributes such as costs of the 
technology, effort to use it and implement it (this includes maintenance), intrusiveness to 
the users, and accuracy of the overall system. A useful comparative analysis for choosing 
the most suitable biometrics is provided by the Zephyr charts. By deciding on the overall 
criteria for selection, one can eliminate the biometrics that do not qualify as best. Figure 1 
(illustration taken from [12]) presents an example of the Zephyr chart in which a biometric- 
feature is chosen from several candidates based upon their common attributes. In our 
example the attributes include effortlessness, non-intrusiveness, inexpensiveness, and 
accuracy. The attributes are defined according to specific requirements in a particular 
environment. Based upon specified thresholds on the area A, one can eliminate those 
biometrics that are inadequate. The larger the area A, the better the biometric [12], In the 
example depicted in Figure 1, iris technology is suggested as the best.
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Effortless

Inexpensive <

From: Samir Nanavati
(Zephyr™ Analysis)

Voice

Non-intrusive

Accurate
Figure 1 Example of Zephyr chart

As a matter of fact a single biometric may not be sufficient to correctly identify an 
individual. A number of them in combination with other methods of identification may be 
necessary to design a reliable system. Due to the extensiveness of this field of study we 
focus our attention to face recognition alone.

2.3 Face recognition -  An overview

The fact that we are naturally guided to use face images for identification purposes makes 
face recognition an appealing biometric to investigate. Facial images are already widely 
used and generally accepted for personal identification, and as such, they are used in a large 
variety of official documents, for example passports, drivers’ licenses, and some credit 
cards. So far the task of matching faces ultimately relies upon people, hence it is 
constrained by the limited number of faces a person can process in relatively short period of 
time. Imagine finding few faces from thousands of face images, for example in police 
records; or how can a security institution identify someone wanted when he/she is walking 
in any public place? What about identifying someone known for car theft in a parking lot? 
There are already surveillance cameras around major cities in public places, government 
buildings, businesses, schools, ATMs, etc. Surveillance systems are used to monitor traffic, 
public gatherings and sometimes to identify suspects. Face recognition is a technology that 
portrays enormous importance in systems that require automated search of individuals, 
saving time and money in the long run. We envision that if the face recognition process 
becomes reliable and automated, the spectrum of practical applications for this technology 
is endless, from granting access to PCs at home to border crossing and homeland security.

2.4 Problem definition

It is quite interesting that even though humans can detect and identify faces with relatively 
little effort, building an automated system able to accomplish such tasks is still very
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challenging [62]. The enormity of the problem has involved hundreds of scientists and 
interdisciplinary researchers, and yet it is still difficult to design an automated system 
capable of fully addressing the intricacies of this task [24], Researchers in psychology, 
neural sciences, engineering, image processing, and computer vision have investigated a 
number of issues related to the process of face recognition by humans and machines. 
Various physical aspects such as hairstyle, face orientation, gesture, non-uniformity of the 
background, long-range surveillance footage, variations of lighting, image quality, and 
noisy environments affect recognition performance. For the latter, it is common to 
encounter blurred images due to misfocus of lenses, noise introduced by the image 
acquisition system, and other distortions intrinsic to the image processing methods. Overall, 
the face recognition process should be capable of capturing the distinctiveness of a face 
without being overly sensitive to noise [12].

In addition to the challenges outlined above, there are several internal issues that affect the 
face recognition process. For example, the dimensionality of the image space (images 
depicted by pixels) is quite broad. The extraction and construction of meaningful features is 
a must. Another issue that commonly arises in face recognition is the "Small Sample Size 
problem” (SSS) [65][66], this is, the number of available samples is far smaller than the 
dimensionality of the samples - a situation that leads to a poor representation of a class in 
the given space. In face recognition it is common to have databases comprising a large 
number of individuals, and yet just a few images for each person. The intrinsic 
consequences are a poor representation of each individual in a given feature space and low 
classification rates.

In general, face recognition of still images can be divided into two categories: geometric 
matching and template matching. In case of geometric matching, the geometric 
characteristics of faces are compared. For template matching, an image feature is extracted 
from an array of pixels (face image), and compared to a set of feature templates stored in a 
database. Many of the template matching approaches use principal component analysis as a 
vehicle that leads to the development of highly representative image features while 
reducing the dimensionality of the original face images. Usually a face image is projected 
onto a feature space spanned by some basis image functions, just like a Fourier transform 
projects an image onto basis images of the fundamental frequencies [12].

The face recognition process involves three main phases:
• Detection', advocated to finding all the faces depicted in an image.
• Extraction: Assigned to pulling out the information concerning faces.
• Classification: designed to match the extracted face information (features) with the 

cases (individuals) stored in the databases.
These three steps rely on a number of different methods from the areas of statistics, data 
mining, pattern recognition, and Computational Intelligence.

At the present time, there are some techniques for description and classification of human 
faces. However none of them successfully addresses the realistic requirements of dealing 
with large databases and noisy environments. Examples of some existing techniques are 
contour modeling, Eigenfaces, Fisherfaces, local feature analysis, and neural networks.
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Despite the best efforts of countless researchers, the classification rates reflect poor 
performance when the systems deal with large databases. Typical numbers produced by 
these methods are in the range of 10% to 20% for intruder detection, and within 10% to 
30% for personal identification. The results presented in the literature call for the 
improvement of the face recognition technology, especially for practical applications in 
realistic scenarios.

The problem is not simple yet the benefits are appealing. Our research admits limitations 
and sets some constrains in order to make it feasible. We do not undertake the task of 
finding and extracting face images from the pictures. We rather concentrate on classifying 
the faces already extracted, properly aligned, oriented, and stored in the databases. The face 
recognition problem as is, still confronts several major challenges to its success.

As of today there is no face recognition system that can successfully tackle the problems 
mentioned above. Face recognition is yet an unsolved problem that requires further 
consideration and ingenuity. As we know, humans have a remarkable ability to process 
face images. However, the process has not been understood completely so it is impossible 
to try to mimic it with a computational model [76]. Several attempts have been made in 
face recognition using statistical, evolutionary, data mining, and machine learning 
approaches, as outlined in the following literature survey.

Taking into consideration the issues described above, we envision that this research will 
contribute to the areas of pattern recognition and human face classification in terms of new 
methodologies and ensuing algorithms. The face recognition problem is complex yet very 
appealing. Our ultimate goal is to investigate on existing methods and to improve the 
reliability of biometric technology for practical applications. In this research we offer a fair 
and careful comparison and analysis of some face recognition algorithms, setting common 
ground for future research and development in the field. Based on this work, we provide 
useful guidelines and design recommendations for new face recognition systems. We 
envision that the contributions will be relevant for the construction of systems that are more 
reliable and efficient in face classification.

2.5 Approaches to face recognition -  Literature survey

The existing literature concerning face recognition is extensive. We can track back the first 
formal method for classifying faces introduced by Galton in 1888, according to Barrett [8]. 
Galton proposed collecting facial profiles as curves, finding their norm, and then 
classifying other profiles by their derivations from the norm [8]. Since then, the face 
recognition topic has been of interest for the scientific community, nevertheless it is still 
somewhat elusive and challenging.

In 1973 Kanade [41] published in his doctoral thesis, extensive work in face recognition. 
He based his approaches mostly on geometrical characterization of facial features, such as 
mouth, eyes, and nose. He used distance measurements to find the appropriate classes 
among several individuals in a given database. In his work, Kanade used a database 
consisting of 20 persons, making the task rather challenging at that time.
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In 1990, Kirby and Sirovich [46] proposed a statistical method for face description. Their 
motivation was focused mostly towards image compression rather than image 
classification. However, their findings are important for face recognition as well. They 
adopted the Karhunen-Loeve expansion, commonly known as principal component 
analysis, to eliminate redundant information from facial images. They argued that since 
faces are symmetric to some extent, the information retained in the image pixels is 
redundant, and therefore reducible. Later in 1991, Turk and Pentland [98] popularized this 
technique in their famous paper “Face recognition using Eigenfaces” with direct 
applications to face recognition. This technique based on principal component analysis is 
now commonly known as “Eigenfaces”.

The Eigenfaces method is widely used today, and has been adopted in most face 
recognition systems. Therefore dedicating a few lines for a brief description is worthwhile. 
In a nutshell, Eigenfaces makes use of the covariance matrix formed by given face images 
in order to “draw” similarities among their pixel values. It then extracts linearly 
independent data by means of principal components. The feature vectors are then 
constructed as weighted combinations of basis vectors obtained by PCA. The formal 
description of Eigenfaces is presented later in section 4.2. The Eigenfaces method has 
achieved popularity among the scientific community. However, it is known for having 
difficulties dealing with changes in facial expression and lighting - scenarios that are 
frequent in practical applications. On this issue Adini et al. [1] did a study in 1997 to 
quantify the variations attributed to changes in illumination direction between processed 
images, and compared them to variations between different individuals taken under the 
same illumination. They found out that variations due to illumination are almost larger than 
variations due to change in face identity. A good example of such a scenario is presented in 
Figure 2. The illustration is taken from [10]. Such problem exhorts for improvements in the 
algorithms and conception of new ideas.

Figure 2 Same individual under different lighting conditions

In 1997 Belhumeur, et al. [10] substantially tackled the problem of illumination. They 
proposed a statistical approach for face classification based on Fisher’s Linear Discriminant 
(FLD) [25], hence the name of their method “Fisherfaces”. In a few words and superficially 
speaking, Fisherfaces maximizes the ratio of the between-class and the within-class scatters 
of features projected in the space, making the classification task more suitable. Normally 
Fisherfaces produces well-separated classes in a low-dimensional subspace, even under 
large variations of facial gestures and lighting conditions. In their work, Belhumeur, et al. 
demonstrated the ability of Fisherfaces to deal more adequately with variations of lighting 
and facial expressions. They compared the popular Eigenfaces against Fisherfaces and 
outlined the advantages of their method. At present, Fisherfaces has become a valuable and

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



valid technique for feature extraction and classification of human faces. Fisherfaces has 
been widely adopted by the scientific community in face recognition. For some examples 
refer to [60][61][15][19].

Eigenfaces and Fisherfaces have become the common platforms for feature extraction in 
face datasets. Some other features and techniques may be combined and applied afterwards 
to improve classification results. However, the presence of Eigenfaces and Fisherfaces in 
face recognition systems is colossal. Now that we have established the importance and 
omnipresence of Eigenfaces and Fisherfaces, we would like to dedicate some lines to 
briefly summarize and describe the different approaches and techniques suggested by other 
researchers in the field. As final words for this paragraph we would like to acknowledge the 
adoption of such methods as starting platforms for our research.

Along the same line of PCA, Kim, et al. [45] proposed a second order mixture of 
Eigenfaces for face recognition. In their work they obtained a set of vectors by 
transforming images using PCA. Then they obtained second-order Eigenfaces by applying 
PCA once more to the set of the residual vectors. The residual vectors are obtained by 
computing the difference between the original face images and the reconstructed images 
via the Eigenfaces method. They claim that their method overcomes the problems of 
variations in pose and illumination intrinsic to Eigenfaces. They tested their method using 
an MPEG-7 face dataset that contains 271 individuals with 5 different images of each 
person. Among those images, there are 740 images of 148 persons, and a pose-invariant 
data that comprises 615 images of 123 individuals. The images are collected from AR 
(Purdue), AT&T, Yale, UMIST, University of Beme, and from MPEG-7 news videos. The 
performance of their method was measured in terms of false identification rate, which they 
reported in the range 15-36%.

Some researchers have also suggested different features for face classification, for instance 
Hong [31] proposed using Singular Values (SV) obtained from the images in the training 
set as features for face recognition. He claimed that the singular values are very stable and 
insensitive to noise to an admitted extent. Another appealing characteristic is that singular 
values are invariant to algebraic and geometric transformation, such as rotation. Despite the 
contribution by Hong, later in 2002 Tian, et al. [96] found that in fact singular values do 
not contain enough information to adequately describe an image. Tian also stated that most 
of the important discriminatory information is stored in the two orthogonal matrices 
delivered by Singular Value Decomposition (SVD).

Reisfeld and Yeshurun [82] proposed another interesting approach in 1992. They used a 
generalized symmetry operator with the intention of finding the eyes and mouth in a face 
image. The symmetry operator produces a symmetry map that is used to assign a symmetry 
magnitude and a symmetry orientation to each point. They claim to have achieved a 95% 
success rate in their own image dataset.

In 1997 Tistarelli and Grosso [97] offered a face recognition system inspired in the way 
humans perceive scenes. They claim that the human vision system collects several pictures 
of the face by directing the gaze towards different points, such as eyes, lips, and nose. This
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mechanism limits the bandwidth of the signal to be processed, thus reducing the amount of 
time required for recognition. Their work mimics the concept of human vision by using 
space variant sampling of the images, giving higher resolution or “interest” to key elements 
in an image. After the task is completed they constructed a vector with the extracted 
information from every image. Later they applied the concept of Eigenfaces and performed 
classification via the nearest neighbor classification rule. When their method presented 
discrepancies in the suggested class they used histograms of the gray level values to 
alleviate the classification outcome. They report a recognition rate of 98% on a dataset 
containing 152 images of 19 subjects.

In the area of neural networks for face recognition, Aitkenhead, et al. [2] implemented two 
cascaded Neural Networks (NN). The first NN detects the presence of a face in an image 
using edge detection methods as part of the feature extraction, and the second NN is 
entrusted the task of providing the appropriate class. The input features of the second NN 
are binary images depicting the edges of the objects in the face (i.e. eyes, nose, and mouth). 
As for the face detection NN, the input features are trimmed images of 32x32 pixels 
depicting only the face area (in which manual intervention is required to align the images). 
Their database comprises images extracted from video sequences, and include 5 images per 
individual for a total of 20 persons. The images include variations in the background as 
well as image rotations (-30°, -15°, 0°, 15°, 30°). However, it does not include variations in 
lighting. The authors reported 94.7% correct face detection, and 75% correct face 
classification.

In the context of geometric features for face recognition and classification, Lin, et al. [58] 
proposed a “spatially eigen-weighted Hausdorff distances for human face recognition”. In 
their work they obtained the average image of the training set. This average image is a 
binary representation that only shows the edges of the facial features (i.e. nose and mouth). 
They applied a number of processes in order to obtain the binary images, such as filtering 
to emphasize the edges, and thresholding to produce the binary values. They formed a 
correlation matrix using the average image and the images in the dataset, somewhat 
resembling a covariance matrix. They performed PCA over the correlation matrix. From 
the set of eigenvectors and eigenvalues delivered by PCA, they selected the one with the 
highest variance and propose it as a “mask” or “weight vector” for the Hausdorff distance. 
The classification task takes place in the form of a nearest neighbor classifier. They 
reported a classification rate of about 83%.
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C h a p t e r  3

FACE RECOGNITION -  METHODOLOGY AND RESEARCH ENVIRONMENT

This chapter provides a description of the research methodology and the research 
environments adopted in our investigations. They are carefully explained in the section 
labeled as “experimental scheme”. The experimental scheme takes into consideration 
various methods for constructing some meaningful feature spaces as well as classifiers. We 
introduce a collection of experimental studies derived from the general objectives and 
motivations of this thesis. The chapter continues with a description of the typical classifier 
architecture widely adopted in face recognition, namely nearest neighbor classification rule. 
The chapter also provides an insight into the adopted face databases. We justify their 
relevance to our research based upon their particular characteristics. The final part of the 
chapter concentrates on the description of two image transformations, namely contrast 
enhancement and edge detection. They are used as pre-processing steps in some parts of 
our research. Some other particular architectures and image manipulation algorithms were 
considered in some of our investigations. They are introduced in the chapters describing 
such studies.

In our work we do mimic as much as possible the problems of face recognition outlined in 
section Error! Reference source not found.2.4. In what follows we expand on the details 
of the experimental scheme and experimental work.

3.1 Experimental scheme

The experimental scheme is designed to provide common ground for our investigations. 
We devise a research methodology that allows us to evaluate and compare various methods 
of face recognition. We intend to reveal the particular characteristics (strengths and 
weaknesses) of some methods capable of constructing meaningful feature spaces. We 
expose the scenarios in which the face classifiers are more likely to thrive or fail. Our 
approaches to face recognition fall under the category of individual identification. 
Therefore the systems under investigation attempt to single out the identity of particular 
individuals from a group of faces. The assessment of the architectures is expressed in terms 
of error rates and standard deviations. The error rates express the percentage of 
misclassified images of a given test set.

The experimental environment contemplates two major datasets regarded as benchmarks, 
such as FERET and YALE. These datasets are widely used by other researchers in the 
field, allowing us to compare our findings with those of other laboratories. Details about 
the datasets are presented later in this chapter. Both face databases portray useful 
characteristics for our investigations. They include images with variations in lighting and 
gestures. The FERET database includes a large number of individuals (200) and a much 
smaller number of images per person (only 3). The FERET database intends to reproduce
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the small sample size problem - a realistic scenario in most face recognition systems. The 
YALE database provides numerous images per person (11), and less number of individuals 
(15). The intrinsic consequence is a better representation of the individuals in the feature 
spaces. Hence FERET and YALE allow us to evaluate the face classifiers at both 
extremities of the spectrum.

The experimentation is carried out taking into consideration all the individuals of a 
database. The recognition systems do not discriminate between known and unknown 
individuals, but rather they always propose a class for a particular image. Therefore all 
classes are present in both, training and testing phases.

Three independent datasets with no overlap are built using the images of FERET, and each 
dataset contains all individuals in it. There are 10 random splits created using images of the 
YALE database. Once again they include all individuals. In the case of YALE, the random 
selection of images does allow overlap. The images from FERET and YALE are selected 
following a uniform random distribution. Hence they all contain approximately the same 
number of images with facial expressions, lighting conditions, and individuals wearing 
glasses (in the datasets where such a case applies).

Some experiments documented in this thesis require only training and testing sets. 
However, there are some cases where the research requires training, validation, and testing 
sets. Table 1 shows the image distributions for experiments that consider either FERET or 
YALE. The various sets are kept the same throughout the entire research process, so the 
comparison between the different architectures is unbiased.

Table 1 Image distribution of training, validation, and testing sets
Training set Validation set Testing set

FERET

400 images 
(2 of each person with no 

overlap)

200 images not included 
in the training set 
(1 of each person)

200 images 
(1 of each person)

200 images 
(1 of each person)

200 images 
(1 of each person)

YALE

90 images 
(5 of each person)

75 images 
(4 of each person)

60 images 
(4 of each person)

60 images 
(4 of each person)

45 images 
(3 of each person)

The architectures that employ images of the FERET database are evaluated by a 3-fold 
cross validation. In other words, the experiments are repeated 3 times using the 3 
combinations of the training-testing or training-validation-testing sets. The combinations of 
images are never repeated in other sets. The final results are presented as the average 
performance over the 3 repetitions. The assessments of the experiments utilizing images of 
YALE are expressed as an average performance over the 10 splits. The experiments 
consider 10 random splits with overlap, and the final average performance is computed 
over the 10 repetitions.
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The objectives of this research, as outlined in section Chapter 11.2, are: to investigate 
current and new approaches to face recognition, to identify strengths and weaknesses of 
different methodologies, and to propose design guidelines and new systems that cope with 
current limitations. The clearly defined objectives are:
• Assessing linear and non-linear methods for dimensionality reduction.
• Quantifying the impact o f  image quality (visual deterioration) on the performance o f 

face recognition.
• Modeling the effect o f image transformation (e.g. edge detection) in classification.
• Measuring the influence o f image resolution in the performance o f classifiers.
• Expanding on aggregation o f classifiers fo r combining distinct features.
• Investigating on evolutionary optimization in face recognition.

To accomplish our objectives, we developed a comprehensive suite of experiments that
consider various face classifiers. We include a variety of linear and non-linear methods for 
the construction of meaningful feature spaces. The methods come from the field of 
statistics and pattern recognition. We also investigate evolutionary methods such as Genetic 
Algorithms for improving classification. Specific methods under investigation are:
• Eigenfaces: it is a linear method based on principal component analysis. It takes 

advantage of the variances among pixels.
• Fisherfaces: it is a linear method based on linear discriminant analysis. It takes

advantage of the differences between individuals in order to separate the classes.
• Kernel-PCA: it is a non-linear method. Its main property is the capability of calculating 

non-linear variances of the data.
• Isomap: it is a non-linear method. Its goal is to unfold the data onto a lower number of

dimensions. It finds the intrinsic geometry (structure) of the data in a given feature
space. It accomplishes its task by means of geodesic distances.

• Genetic Algorithms: it is an optimization tool. We present a method capable of 
revealing the importance of each variable from the classification point of view. Our 
method also finds a suitable similarity measure to distinguish individuals in a given 
feature space. Evolution is driven towards reducing error rates.

The formal descriptions of the methods outlined above are explained in detail in Chapter 4 
and in Chapter 9.

The performance of the classifiers depends directly on the number of variables they take 
into consideration. In order to find an adequate number of variables, we increased the 
number of features taken into account by each classifier. The number that led to the lowest 
error rate was then selected as proper for that given classifier. In this study, the reported 
error rates are the lowest we computed considering a particular space and number of 
variables.

Bearing in mind our objectives and the variety of methods, we devise and enumerate 
several lines of research as follows:
1. Evaluation o f Image distortions in face classifiers. We evaluate the performance of two 

widely implemented face classifiers, namely Eigenfaces and Fisherfaces, in the 
presence of deterioration of visual information. The forms of noise are chosen to mimic 
real world situations, such as Gaussian noise, salt and pepper, and blurring effect.
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Various intensities of such disturbances are taken into consideration. In this line of 
study we reveal and quantify the relationship that exists between visual disturbances 
and the performance of the classifiers. Several distance models derived from the 
Minkowski family of distances are also investigated with respect to the produced 
classification rates. The findings of our study are important to identify at which levels 
of noise the face classifiers can still be considered valid. We offer design guidelines and 
useful recommendations towards improving recognition performance. Details on these 
evaluations are presented in Chapter 5.

2. Investigation o f the modular approach to face recognition. We investigate a technique 
that intends to overcome the limitations of face recognition due to variations of lighting 
and facial expressions. We describe a method based on Eigenfaces that follows a 
modular approach for face recognition. We refer to it as modular Eigenfaces or modular 
PCA. The modular attribute of this approach intends to emphasize particular facial 
features important for classification. We compare the behavior of modular PCA with 
that of Eigenfaces. We offer comments on their qualities and weaknesses, and offer 
guidelines for system design. This investigation is described in Chapter 6.

3. Impact o f  image quality (resolution) in face classifiers. We report on the effect of 
image resolution and image transformations in face recognition. Image transformations 
include contrast enhancement via histogram equalization, and edge detection by means 
of the Sobel operator. Various methods for constructing feature spaces are evaluated, 
namely Eigenfaces, Fisherfaces, kemel-PCA, and Isomap. Through extensive 
experimentation, we reveal and quantify the tradeoff between image resolution and 
transformation, against the performance of the classifiers. The fact that this study takes 
into consideration several methods capable of dimensionality reduction, image 
transformations, and image resolutions make this contribution unique. The findings of 
this research portray practical implications to system design. The complete 
investigation is reported in Chapter 7.

4. Aggregation o f  classifiers based on image transformations. We present a certain 
aggregation of features emerging from regular images, edge images, and histogram- 
equalized images. The features are computed using several methods that prove useful 
for constructing feature spaces, such as Eigenfaces, Fisherfaces, Isomap, and Kemel- 
PCA. The findings of our research on the impact of image quality in face classifiers 
helped us decide on an appropriate image resolution without loosing accuracy, and yet 
reducing computational cost. To our knowledge, this is the first investigation putting 
together a comprehensive assessment of numerous face classifiers and combined 
experts in the presence of image transformations. This is, considering both, linear and 
non-linear methods for the construction of feature spaces. We present evidence of 
classification improvement over conventional methods. We also offer design guidelines 
and recommendations for constructing systems that exhibit robustness against lighting 
disturbances. Our experimentations and findings are described in Chapter 8.

5. Evolutionary optimization in face classification. This is an attempt to improve 
classification rates in face recognition. Face classifiers commonly select features by 
ranking them according to their particular variances. However, the variances may not 
reflect the true importance of such variables. We present a method capable of revealing 
the importance of each variable from the classification point of view. Our method also 
finds a suitable similarity measure to distinguish individuals in the given feature space.
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Evolutionary optimization is carried out by Genetic Algorithms. Experimental evidence 
supports the usefulness of this approach in various scenarios. We also comment on 
major advantages and potential limitations of the proposed architecture. Complete 
details of this investigation are found in Chapter 9.

3.2 Classification in face recognition -  A nearest neighbor approach

The classification of faces is performed in the typical maimer found in the area of face 
recognition. A test image is labeled as belonging to the class depicted by the closest 
neighbor (face) in a given feature space. We introduce the following notation as a formal 
description of the classifier.

3.2.1 K-nearest neighbor classifier

In the k-Nearest Neighbor (k-NN) method, a number of patterns K  is fixed within a region, 
therefore the volume of the region varies depending on the data [16]. Given a training set of 
N  observations X={x/, .., x,v} labeled by c classes and containing A, patterns in each class

c

et, where i = 1, 2, ...,C; and ^ N ,  -  N .  A new pattern x is assigned to a class c, most
;=l

frequently appearing within the k-nearest neighbors of x. In other words, for a given x the 
first k-nearest neighbors from a training set should be found regardless of the class label, 
and based on a defined pattern distance measure. Among the selected K  nearest neighbors, 
a majority voting process is performed to assign the appropriate class cj [16].

As discussed in [84], the k-NN rule can be critically dependent upon the distance used in 
the construct, especially if there are few examples or K  assumes high values. 
Experimentation concerning different distance functions is required to find the most 
adequate data for the problem at hand.

3.2.2 Nearest neighbor classification rule

The classification task is cast in the standard framework of pattern recognition. Given the 
specificity of the task at hand, it is instructive to consider one of the simplest forms of 
classifiers such as a Nearest Neighbor classification rule (NN classifier). We may envision 
that the nearest neighbor classifier could serve as the reference classifier. In a nutshell, 
while the NN- classifier is architecturally very simple and intuitively appealing, a distance 
function used therein plays an important role. In general, we would be concerned with the 
exploration of various distance measures. The Minkowski distance takes on the form [16]:

(i)

where xj is the j- th component of the feature vector x. In particular, if p  = 1 the relationship 
arises as the Hamming distance, if p  = 2 (1) returns the Euclidean distance. Finally, if p  =  

oo we arrive at the Tschebyshev distance.
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For the nearest neighbor classification rule, let us consider for instance a set of N  fisher 
feature pairs (v;, c/),..., (vN, cN), where v,-’ is a feature vector in some feature space and c, 
takes values in the set {1, 2 Each c,- is considered to be an index of the class which
the i-th pattern belongs to, We call \ 'n e {v,,v2, . . . ,v iV} a nearest neighbor of v if the

following relationship holds: min, d (vn v) -  d ( v n, \ )  for i = 1, 2 , . . . ,  n, where d denotes a

distance model. The nearest neighbor rule assigns v to belong to category cn of its nearest
neighbor \ 'n [18].

3.3 Face databases

Our experimentation takes into account two well-known face databases regarded as 
benchmarks in the area of face recognition, namely FERET and YALE. Both datasets 
include variations in lighting conditions and facial expressions. In what follows, we 
elaborate on the main features of these two databases.

3.3.1 The FERET database

The faces come from the Face Recognition Technology (FERET) program database of 
facial images. The FERET evaluation procedure is an independently administered test of 
face-recognition algorithms. The test serves several purposes: 1.- allows a direct 
comparison between different algorithms, 2.- identifies the most promising approaches, 3.- 
assesses the state of the art in face recognition, 4.- identifies future directions of research, 
and 5.- advances the state of the art in face recognition [81]. The facial images were 
collected in 11 sessions from August 1993 to December 1994. Conducted at George Mason 
University and at US Army Research Laboratory facilities, the session lasted one or two 
days, and the location and setup did not change during a session [81]. The FERET dataset 
has been widely used and referred to in the face recognition area, see 
[1][26][60][79][110][111] for examples.

In our work we consider three images per person from a group of 200 individuals, making a 
total of 600 8-bit grayscale images of 256x384 pixels. In this study, the images were down- 
sampled by a factor of 2 and trimmed to show only the face area, as presented in Figure 3. 
The down sampled and trimmed images are 80x100 pixels by 8 bits per pixel. The 
complete gallery is depicted in Appendix A.
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Figure 3 Some images from the FERET dataset (face area)

3.3.2 The YALE database

The Yale Face Database contains 165 grayscale images in GIF format of 15 individuals. 
There are 11 images per subject, one per different facial expression or configuration: 
center-light, w/glasses, happy, left-light, w/no glasses, normal, right-light, sad, sleepy, 
surprised, and wink. The database is publicly available for non-commercial use in [120], 
Other researchers in the field have extensively used the YALE database. Refer to 
[10][14][58][65] for examples. For the purposes of our experimental work, the images were 
trimmed to show the face area only, the final image size is 144 x 150 pixels. Some samples 
of the images are depicted in Figure 4.
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Figure 4 Some images from the Yale dataset (face area)

Both face databases used in this study portray useful characteristics for our investigations. 
The FERET database includes a large number of individuals (200) and a small number of 
images per person (only 3); such an arrangement intends to reproduce the small sample size 
problem - a realistic scenario in most face recognition systems. The YALE database 
provides numerous images per person, with the intrinsic consequence of a better 
representation of individuals in the feature spaces. The complete collection of images is 
presented in Appendix A.

3.4 Image transformations

Image transformations constitute a powerful set of operators in digital image processing. In 
face recognition they are widely used to balance out lighting, remove noise, and stress out 
different shapes. For the purpose of face recognition, we focus on contrast enhancement by 
histogram equalization and on edge detection by the Sobel operator. We envision that 
contrast enhancement can deal, up to some degree, with variations due to illumination 
conditions, variations that exhibit high variances in many feature spaces. Edge detection is 
also known to overcome considerable problems of lighting conditions, especially when it 
comes to recognizing shapes. In the case of face recognition, it can provide more distinctive 
information regarding the outlines of the face and facial features of each individual, leading 
to high variances between persons during the process of constructing a feature space.

3.4.1 Histogram equalization

In the histogram equalization process, the gray level values of an image are spread out over 
the entire gray level plate; hence equal numbers of pixels are allocated to each gray level 
value. For human observers, this yields more balanced and better-contrasted images. 
Furthermore, equalized images make details visible in dark or bright regions of the original 
images [17].
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Each pixel of an image z assumes an integer value between 0 and 255 for the case of 8-bit 
gray level plates. Let h = [H$, H \ , H l] be the histogram of the enhanced image, where 
Hi is the number of pixels having value /. In histogram equalization we require that all 
elements in h assume equal values. The pixels in z are then reordered into L groups, such 
that j  has Hj  pixels. Then all pixels in group j  are reassigned gray level value j. Figure 5 
illustrates images of the FERET and YALE databases transformed by histogram 
equalization. The same images without any manipulation are depicted in Figure 3 and 
Figure 4.

FERET

YALE

Figure 5 FERET and YALE databases transformed by histogram equalization
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Figure 6 depicts some histograms of images with and without contrast enhancement. The 
illustrations show an even distribution of pixel values along the entire gray level plate for 
contrast-enhanced images.

No transformation Contrast enhancement

a 15 ofc3

1 1

1

11

i

in In 11 J
50 100 150 200

Pixel value
100 150 200

Pixel value

i
100 150

Pixel value
100 150 200 250

Pixel value
Figure 6 Samples of histograms of images with and without contrast enhancement

3.4.2 Edge detection

The Sobel operator approximates a spatial gradient of an image. Typically, it is used to find 
the approximate absolute gradient magnitude at each point in an input grayscale image z. 
The Sobel edge algorithm uses a couple of 3x3 convolution masks (Sobel operators), one 
estimating the gradient in the x-direction and the other estimating the gradient in the y- 
direction. A mask slides over the image, calculating the gradient of a square of pixels at a 
time. The typical 3x3 Sobel masks are [20]

-1 0 +1
-2 0 +2
-1 0 +1

+1 +2 +1
0 0 0
-1 -2 +1

Ex Ey
The gradient magnitude is computed as [42]:

Mag = (]Ex2 + Ey2 )'/2 (2)

The resulting image portrays the edges more evidently than in the original image. If a 
binary image is desired, then a threshold can be applied to the edge image. However, the
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threshold value may have to be obtained experimentally to achieve satisfactory results. 
Contrast enhancement can be used prior to edge detection to emphasize the edges in an 
image. Figure 7 depicts samples of FERET and YALE databases following this technique. 
The same images without any manipulation are displayed in Figure 3 and Figure 4.

FERET

YALE

Figure 7 FERET and YALE images transformed by contrast enhancement and edge detection
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3.5 Conclusions

This chapter has described the fundamental challenges of face recognition. It has delivered 
a detailed description of the research methodology and the research schemes adopted in our 
investigations. A formal description of the classification architecture, namely the nearest 
neighbor rule has been described. We devised various lines of research that aim at fulfilling 
the specified objectives. The motivations and contributions of each experimental endeavor 
have been outlined and justified. The experimental environment has been defined in terms 
of the face databases and image transformations taken into consideration in this research.
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C h a p t e r  4

FEATURE SPACES IN FACE RECOGNITION

This chapter introduces the required theoretical background on the construction of some 
meaningful feature spaces and image representations in face recognition. The chapter 
begins by providing a glance at the underlying concept behind dimensionality reduction of 
input spaces. The chapter continues with the description of some linear and non-linear 
methods capable of sound dimensionality reduction, such methods have been adopted for 
our investigations. The methods under consideration are: Eigenfaces, Fisherfaces, Kemel- 
PCA, and Isomap. We comment on their capabilities and limitations within the context of 
face representation and reconstruction.

4.1 The making of meaningful features -  The underlying concept

One fundamental step in data processing is to reduce the number of variables in a given 
pattern by extracting only its most informative features. Reduction of pattern 
dimensionality may improve the recognition process by considering only the most 
important data. The selected data may include uncorrelated variables that retain most of the 
information from the original data and that portray best generalization abilities [16]. 
Dimensionality reduction of the original samples generally refers to a transformation of n- 
dimensional patterns into some other m-dimensional patterns, where m < n. The 
transformation is achieved by a non-linear mapping of the form

x=F(z) (3)

where z denotes the original pattern and x denotes the new transformed feature. For 
simplicity, the structure of F is sometimes chosen to be linear, nonetheless it may still 
achieve sound dimensionality reduction.

In what follows we describe some linear and non-linear models for dimensionality 
reduction (construction of feature spaces). They have proven useful in many areas 
including biometrics. We refer to Eigenfaces, Fisherfaces, kemel-PCA, and Isomap.

4.2 Eigenfaces

Principal Component Analysis (PCA) is perhaps the most popular method for reducing the 
number of variables in face recognition. In PCA, frequently called “Eigenfaces” in face 
recognition, faces are represented as a linear combination of weighted eigenvectors [107]; 
the basis functions are the eigenvectors of the covariance matrix of a training image set 
[12]. Eigenfaces takes advantage of the similarity between the pixels among images by 
means of their covariance matrix. In this regard we argue that a linear relationship 
(correlation) exists among neighboring pixels, for example, the pixels representing the 
areas of the forehead may present similarities among themselves. On the other hand, pixels
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related to the mouth or eyes may contain relevant information that is unique to an admitted 
extent.

To accomplish the training process of face classifiers in the framework of Eigenfaces, it 
becomes necessary to compute eigenvectors and eigenvalues of the covariance matrix of 
the training image set. These eigenvectors define a new face space where the images are 
represented. Given the computed eigenvectors, we construct a set of feature vectors for 
each image. To fix the required notation, let us introduce the following symbols.

Let an image, coming in the form of some array of x  by y  pixels, be represented as a single 
vector z of n inputs. Given a set Z = {zi, z2,..., zN} of N  image vectors formed in an n 
dimensional space, where each element of Z belongs to a certain class, the covariance 
matrix R is defined in a usual manner

where z is the mean vector of all images in the training set. Let us denote the term 
(Zj -  z) in (4) by T ;, and A = [vPi,...,TV|- Then R can be expressed as

Since R e  R"x" , the number of entries of R becomes an issue. The computation becomes 
infeasible and expensive even for small images. The reduction of the number of variables is

where T e  R w, Notably, the eigenvalues of R are the same as the eigenvalues of T, and the 
eigenvectors of R are the same as the normalized eigenvectors of TB. B can be 
decomposed into B=UWVr by computing the Singular Value Decomposition (SVD). By 
substitution of B in (6), T becomes

where V is the matrix of eigenvectors obtained from T. By definition of eigenvectors, if v, 
is an eigenvector corresponding to an eigenvalue A,,-, we can develop Tv, = Z ,v , therefore

represents the z'-th eigenvector of the covariance matrix R. Therefore, given that V is the

(4)

1 TR = — A -A
N (5)

a must. Fortunately we can achieve reduction by considering a smaller matrix R e R^*^ 
[98] instead. Given B = A / ViV , we form a new matrix T such that

T = BrB (6)

T = VWrWVT (7)

Br Bv,. = Z,.v,.Tv,. = Xi\ i . After some manipulation we arrive at RBv, = Z,.Bv,. Bv,
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matrix of eigenvectors of R, it follows that BV=E . The eigenvalues of R are computed as 
WrW. This new formulation allows us to solve the eigenvalue problem

TE = AE ( 8)

where X denotes the eigenvalues of T, and E stands for the corresponding eigenvectors. 
Thus, the presented approach is feasible and far less expensive to compute the eigenvalues 
and eigenvectors of the covariance matrix R. Note that the maximum number of 
eigenvectors that we can obtain in this way is at most N.  If the eigenvectors are depicted as 
images they portray a set of ghostly faces, commonly known as Eigenfaces.

Once the face space has been constructed, the feature vectors are formed as a linear 
combination of the eigenvectors of the covariance matrix R. We project an image z, into the 
face space through the following transformation

where x,-, i= l,...,N  are the weight vectors associated with the eigenvectors in E. One can 
experiment with the number of eigenvectors to compute the weights, generally only a few 
amount provide sufficient information for adequately representing the images in the face 
space and for reconstruction purposes.

4.3 Fisherfaces

Linear Discriminant Analysis (LDA) comes as an extension of the Eigenfaces method in 
the sense that it is more robust against lighting conditions and facial expressions [39]. 
LDA, i.e. “Fisherfaces” in face recognition, is a class-specific approach in the sense that it 
attempts to maximize the separability of the classes within the linear subspace. Fisherfaces 
maximizes the ratio of the scatter between classes and the scatter within classes in order to 
form a new projection space. Fisherfaces takes advantage of the fact that, under ideal 
conditions, the variation within class falls in a linear subspace of the image space [10], 
Hence, the classes are convex, and therefore, linearly separable [10], One can complete the 
reduction of variables by using linear projection and still preserve linear separability. This 
is a strong argument in favour of using linear methods for dimensionality reduction, at least 
when seeking robustness against lighting conditions [10].

To find the scatter within classes and the scatter between classes it is necessary to reduce 
the number of variables of the original images in Z beforehand. To this end one can follow 
PCA. Let x be a projected image positioned in the face space. The scatter matrix between 
classes reads as

x;. = Er (z ,.-z ) (9)

C

S B ^ ' E N j ( X j  -  m ) ( X 7 -  m ) 7 (10)
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where C is the number of classes, Nj is the number of images belonging to class j ,  x y is the
mean vector of imaged transformed by PCA belonging to class j ,  and m is the mean vector 
of all images transformed by PCA. The scatter matrix within classes is defined as

Sw = S Z ( x , - x , ) ( x i - x y. /
7=1 * /£ 7

(10)

The ratio to be maximized comes in the form

D l d a  = argmax
D

D 'S bD

D SWD ( 1 1 )

where D l d a  = [di,..,dc.i] denotes the generalized eigenvectors of Sb and Sw associated to 
the largest eigenvalues Ag, q = 1,..,C-1, In other words SRd (/ = A,.Swd ?, q = 1,...,C-1,
meaning that

Sw SbDlda — /IDLDA (12)

Note that the rank of Sb is C-l since we have at most C-l summations in the scatter 
between class matrix. To construct a Fisher feature vector v, we form a new linear 
combination of the features transformed by PCA with D l d a ,  this is

v ,  =  D L D A r x ;  = DLDAr E r (z,. - z ) , for i = 1,..^V. (13)

4.4 Kernel-PCA

Unlike PCA, kernel-based methods exploit non-linear relationships among patterns by 
performing a non-linear form of principal component analysis. The use of integral operator 
kernel functions allows computation of principal components in highly dimensional feature 
spaces instead of in the original space. The selected non-linear kernel model relates the 
highly dimensional space to the input space. Scholkopf, et al. [90] extended principal 
component analysis to a non-linear form based on kernel methods. Given the centered
images z;, 7= 1,...,tV, z,eR", Z m z< = ®’ we comPute PCA in another inner-product space 

F, which is related to the input space by a possibly non-linear mapping ®,

<D: R" -» F ,z  i-> Z (14)

Where F  denotes the higher dimensional space, which could be very large, possibly 
infinite. Again, assuming centered data, that is = 0 > the covariance matrix in F
is
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(15)

We now solve the eigenvalue problem RE = IE. All solutions E with corresponding non
zero eigenvalues lie in the span of <D(zi),...,®(zjv). This has two useful consequences: we 
may instead consider the set of equations

A (0 (zq)• E) = (<B (z,)R E ),forg  = 1, (16)

Z N
af i i Zj ) ,  Therefore by

substitution in (16)

a >( ° (z ? ) ■ ° ( z , )) = “ r(®(zf ) • z ® ( z y ))(0 (Zy.) • ®(z,.)), for 9 = 1,..., A. (17)
i= l  T i  i= l  j = 1

We define an A x  A  matrix K, whose elements KJ( = (®(zs)-® (z ,)), hence by substitution
in (17) and multiplying both sides by A, (17) can be expressed as NAKa = K2a, or 
equivalently

Atta = K a (18)

Let A denote the non-zero eigenvalues of K, i.e. the solutions NX of (18), and a  = 
[ai,...,ajv] the corresponding eigenvectors. For the purpose of principal component 
extraction we need to compute projections onto the eigenvectors E = [ei,.. .,ejv] in F. Let z 
be a test image with a projection ®(z) in F; then

(e, • ®(z)) = X « ?i(®(z,) ' ®(z)), for q = (19)
i= l

The previous outlines the general procedure of non-linear PCA, but we have not expanded 
on some possible non-linear models to do the non-linear mapping ®. In order to compute
dot products of the form (®(z) ■ ®(y)) we use kernel representations,
k(z,y) = (®(z) • ® (y)), which allow us to compute the value of the dot product in F  
without having to carry out the map ®. Kernel models adopted in our research are:

The polynomial kernel: k(z,y) = (z • y)^

The Gaussian kernel, also called Radial basis kernel'. k(z, y) = exp
f  II II2 Az -

2cr2

The Sigmoid kernel: k(z,y) = tanh(*(z • y) + ©), where © stands for an offset.
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4.5 Isomap

Tenenbaum, et al. [95] described a method to reduce the number of variables 
(dimensionality reduction) by using local metric information, and by learning the 
underlying geometry of the data. The main idea behind Isomap is to overcome the 
limitations of linearity by calculating non-linear distances between data samples; this is 
achieved by means of the so-called geodesic or curvilinear distance. The curvilinear 
distance depends not only on the two points for which the distance is measured, but also on 
their adjacent points [56]. The objective of the curvilinear distance is to compute distances 
along an object. For example, a plane cannot fly from New York to Tokyo by following a 
straight line, instead it has to follow the curvature of the Earth. This simple comparison 
illustrates why curvilinear distances are also known as geodesic distances [56]. In practical 
situations only a discrete representation of the data is known, therefore only a discrete 
approximation of the curvilinear distance can be computed. Instead of measuring the length 
of the intrinsic curve, this is following the entire geometry formed by all data samples, we 
sum the lengths of small interconnecting segments that approximate the curve.

The geodesic distance between two points is approximated by finding the neighboring data 
points of each sample, for instance by means of the k-nearest neighbor algorithm. Once the 
neighborhoods are known, a graph is built by linking all neighboring points. Each arc of the 
graph is labeled with the Euclidean distances between corresponding linked points. 
Ultimately the geodesic distance between two points is approximated by the sum of the arc 
lengths along the shortest path linking both points [55]. One can compute the shortest path 
between the two samples by following Dijkstra’s algorithm.

Given the features vectors x„ i=l,..,N, the Isomap algorithms processes the data as follows:
1. Connect neighboring points: connect each point either with K  closest other ones 

(following k-nearest neighbors rule), or with those enclosed within a certain radius e.
2. Compute a matrix D o f all pairwise geodesic distances', run Dijkstra’s algorithm for 

each point and store the pairwise distances between all points in a symmetric matrix D 
with N x N  entries.

3. Center D: compute the mean of the rows, the mean of the columns and the mean of all 
entries; subtract the mean of rows from each row, subtract the mean of columns from 
each column, and the grand mean from all entries.

4. Compute the eigenvalues and eigenvectors o f the centered matrix D: sort the 
eigenvectors according to the descending order of the eigenvalues. The matrix of sorted 
eigenvalues serves as a non-linear transformation matrix of the original data [56].

An important parameter to specify in Isomap is the number of closest neighbors K, or the 
radius s of enclosing neighbors to connect all data samples. If K  = N  we end up computing 
regular PCA, if K  is too large we may not achieve any reduction in the number of variables, 
and the data geometry may be too difficult to approximate. The goal is therefore to find the 
lowest value of K  so that all data points are connected.

One major drawback of Isomap is that, in many cases, the data does not easily reveal its 
geometry. This issue becomes more evident when we deal with large number of variables 
or when data samples are too close to each other in a given space.
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4.6 Conclusions

This chapter has introduced the required notations for the construction of meaningful 
feature spaces in the context of face recognition. The methods include linear and non-linear 
methods for the extraction of useful information from the images originally depicted as a 
collection of pixels. The introduced methods are capable of sound dimensionality reduction 
in the area of face recognition.
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C h a p t e r  5

EFFECTS OF ENVIRONMENTAL DISTURBANCES IN EIGENFACES AND

FISHERFACES1

There has been an ongoing quest to design systems that exhibit high classification rates and 
robustness. This feature becomes of paramount relevance when dealing with noisy and 
uncertain images. The design of face recognition classifiers capable of operating in the 
presence of deteriorated (noise affected) face images requires a careful quantification of 
deterioration of the existing approaches vis-a-vis anticipated forms and levels of image 
distortions.

The objective of this experimental study is to reveal some general relationships 
characterizing the performance of two commonly used face classifiers (that is Eigenfaces 
and Fisherfaces) in the presence of deteriorated visual information. The findings obtained 
in our study are crucial to identify at which levels of noise the face classifiers can still be 
considered valid. Prior knowledge helps us develop adequate face recognition systems. We 
investigate several typical models of image distortion such as Gaussian noise, salt-and- 
pepper, and blurring and demonstrate their impact on the performance of the two main 
types of the classifiers. Several distance models derived from the Minkowski family of 
distances are investigated with respect to the produced classification rates.

5.1 Noisy Environment

In this study we are concerned in revealing essential relationships between the deterioration 
of visual information available to the classifier (images) and the resulting error rates. The 
forms of noise are chosen to mimic real world situations. We concentrate on three essential 
mechanisms of information distortion coming at different levels of degradation. We admit 
the existence of several other important types of noise affecting face recognition, for 
instance occlusion. At this point we argue that occlusion is not necessarily a type of noise 
but rather a particular manner in which individuals are presented, in other words, the 
environment does not play a role in the occlusion of images. In what follows, we briefly 
characterize the noise models used in this study.

5.1.1 Gaussian noise

Noise having Gaussian-like distribution is very often encountered in acquired data. For 
example, since an image is literally a flow of energy, it is necessary to use some recording 
mechanism that captures the energy flow at a particular time. Such mechanisms are always 
imperfect and add some noise to the images [23]. To simulate this form of noise, the values

1 A version of this chapter has been published.
Jarillo, Pedrycz, Reformat, Kwak, “Deterioration of Visual Information in Face Classification Using Eigenfaces and 
Fisherfaces”, Machine Vision and Applications, Vol. 17, No. 1, pp. 68-82, 2006.
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of all pixels are modified to follow a normal Gaussian distribution with a zero mean and 
certain variance.

5.1.2 Salt and pepper noise

This type of noise is present when an image is coded and transmitted over a noisy channel 
or degraded by electrical sensor noise [23]. As such it is commonly found in scanned 
images. Salt and pepper noise consists of white and black dots (salt and pepper) distributed 
randomly throughout an image. To reproduce this noise, the value of randomly selected 
pixels is changed to either white or black, and a probability density function specifies the 
quantity of pixels to be modified. Half of the pixels are changed to white and the remaining 
half to black.

5.1.3 Blurring

Blurring due to misfocus of lenses, motion, or atmospheric turbulence can degrade an 
image. Essentially the high frequency details of the image are reduced [23], In this study, 
the out of focus blur is considered. The blurring is generated by computing the average of 
the pixels around a particular pixel. The block size defines the number of side pixels to 
form the block. The new value is set to the pixel in the center of such block. The blurring 
effect increases as the block size increases.

To complete a set of experiments, we consider several levels of degradation of visual 
information by admitting the following scenarios
• Gaussian noise with zero mean and variance of 0.01, 0.02,..., 0.05
• Salt and pepper noise with density equal to 10%, 20%,..., 50%
• Blurring effect with averaging square block of sizes 3x3, 5x5,..., 13x13 
Figure 8 shows examples of the FERET dataset with superimposed distortion.

Uncorrupted
■

Variance 0.01

Gaussian noise with zero mean 

Variance 0.02 Variance 0.03 Variance 0.04 Variance 0.05

Uncorrupted
■

Density 10%

Salt and Pepper noise 

Density 20% Density 30% Density 40% D -n^ i^ ^ /o

Uncorrupted Block 3x3

Blurring effect 

Block 5x5 Block 7x7 Block 9x9 B̂Û
Figure 8 FERET dataset, Illustration of uncorrupted and corrupted images
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5.2 Experimental setup

The setup is geared towards a thorough and in-depth investigation of the robustness of the 
Eigenfaces and Fisherfaces classifiers operating in different noisy environments, involving 
both, the type of deterioration and its intensity. We report on the performance of the 
classifier in terms of error rate in the usual manner [86][93][69]. Two different 
experimental scenarios are considered in our investigation:

• Scenario 1 - Training with uncorrupted images. It involves training of Eigenfaces and 
Fisherfaces classifiers with the use of clean (uncorrupted) images, while the testing is 
performed with uncorrupted and corrupted images.

• Scenario 2 - Training with corrupted and uncorrupted images. For this scenario the 
training set includes the collection of uncorrupted images mixed with some corrupted 
images, while the testing is performed over uncorrupted and corrupted images.

The levels of image deterioration occurring in the training sets are referred as low, medium, 
and high. For details refer to Table 2. To obtain the representative behavior of the 
classifiers, an average is taken over a number of experiments. The experimental 
environment considers the FERET database in the standard manner described in section 
3.1. A 3-fold cross validation across individuals is performed (two randomly selected 
images to train and one remaining image to test). All classes are considered in the training 
and testing sets. The training and testing sets of the scenario 1 comprise 400 and 200 
images respectively, while in scenario 2 there are 800 images in the training set (400 
uncorrupted images plus the same images corrupted by one type of distortion, and level of 
deterioration) and 200 images in the testing set. In summary, Table 3 presents the 
characteristics of both scenarios.

Table 2 Levels o f image distortion

Distortion model Low distortion Medium distortion High distortion
Blurring effect 

Salt and pepper noise 
Gaussian noise

3x3 pixel block 7x7 pixel block 9x9 pixel block 
Density 10% Density 30% Density 50% 
Variance 0.01 Variance 0.03 Variance 0.05
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Table 3 Description of training and testing sets
Training set Testing set

Scenario 1 - training 
with uncorrupted 
images

3 sets of 400 uncorrupted images

3 sets of 200 images. Each 
level of distortion, including 
uncorrupted images, is 
considered independently in 
the testing sets.

Scenario 2 - training 
with corrupted and 
uncorrupted images

3 sets of 400 uncorrupted images 
combined with 400 corrupted 
images at low level of distortion
3 sets of 400 uncorrupted images 
combined with 400 corrupted 
images at medium level of distortion
3 sets of 400 uncorrupted images 
combined with 400 corrupted 
images at high level of distortion

As a first step, the Eigenfaces classifier is trained and later tested using only uncorrupted 
images. The error rates are computed considering different numbers of eigenvectors, 
starting with the eigenvectors with the highest eigenvalues to the maximum possible 
number of eigenvectors. Later on, the classifier considers only the selected eigenvectors 
during the classification process. Eigenfaces is then tested with corrupted images affected 
by different levels of degradation.

In the same fashion, Fisherfaces is trained and later tested with only uncorrupted images. 
Subsequently the error rates are computed according to variations in the number of 
discriminant vectors. This approach allows us to determine the optimal discriminant vectors 
to compute the feature vectors. Fisherfaces is then used as classifier taking into account 
only the chosen discriminant vectors. It is later tested with corrupted images and different 
levels of image distortion, all this following a 3-fold cross validation technique.

The vector size of the images transformed by PCA to train the Fisherfaces method is based 
upon the portion of the total variance that their eigenvectors account for, in this study 
Fisherfaces was trained using the portion that account for 90% (or the closest possible) of 
the total cumulative variance. Other selections of variance have been used to compute the 
weights of the images, for example, Bartlett, et al. [9] considered those eigenvectors that 
account for 98% of the variance, which is approximately 200 eigenvectors. However, we 
found that those eigenvectors that account for 90% of the variance provide lower error rates 
in the case of Fisherfaces method.

In general, the error rate decreases as we increase the number of eigenvectors and 
discriminant vectors. It is of interest to find the general adequate number of eigenvectors to 
represent the images in the face space without damaging the classification rates. This 
reduces the computational effort of the face classification methods and provides a simpler 
representation of the images in the face space.
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5.3 Experimental results

This section reports on the experimental findings of Eigenfaces and Fisherfaces classifiers 
under the scenarios outlined above. We start with the first scenario (training with 
uncorrupted images) and then move on to the second one (involving corrupted images in 
the training phase).

Scenario 1 - Training with uncorrupted images

Figure 9 summarizes the error rates of the Eigenfaces and Fisherfaces methods obtained for 
the first scenario using several distances. To make the plots readable we show error rates up 
to 100 eigenvectors. In case of Eigenfaces, the numbers of eigenvectors that provide the 
lowest error rates are 73, 200, and 30 eigenvectors for the Euclidean, Hamming, and 
Tschebyshev distance respectively. In the case of Fisherfaces, the classifier was trained 
using the portion of faces transformed by PCA that accounts for approximately 90% of the 
total cumulative variance.
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80%

o 60% - -   Euclidean

O Hamming 

T schebyshev
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D iscrim inant V ectors

b) Fisherfaces
Figure 9 Average error rates o f a) Eigenfaces and b) Fisherfaces classifiers

Please observe that in Fisherfaces there are at most C-l discriminant vectors available, 
therefore the previous plots depict Fisherfaces up to such extent along the independent axis. 
For further insight refer to [10], In Figure 9 we notice that the error rate goes up as the 
number of discriminant vectors increases, this may suggest that some over-fitting has 
happened in the training phase. Since there are only two images per class and 200 classes, 
we fall into the small sample size problem, not having enough images to adequately 
“cover” the entire Fisherfaces space. Each discriminant vector adds an extra dimension in 
the fisher space to represent the images. However, most of the variance is comprised in the 
primary discriminant vectors. As we add more discriminant vectors to compute the feature 
vectors, we also add extra information that may not be relevant to distinguish between 
individuals, and at the same time we also expand the dimensionality of the space. If the 
variances attributed to the added discriminant vectors are small compared to the rest, then 
we are basically not providing relevant information to the feature vectors. The distance 
function may offer some insight at this point, for example, the classification using 
Tschebyshev distance shows the most predominant increase in the error rate. This can be 
thought of as if the discriminant vectors that produce the elements in the feature vectors are 
those that do not introduce relevant information for classification, and they could very well 
be those used to compute the distance, shadowing the relevant ones.

Figure 10 and Figure 11 show the impact of image distortion over the testing sets using 
Eigenfaces and Fisherfaces classifiers. The data is organized according to types and levels 
of noise in the testing sets. A positive standard deviation is also depicted on top of each bar. 
Table 4 refers to the number of eigenvectors and discriminant vectors that provided the 
lowest error rates in the classification of uncorrupted images, these eigenvectors and 
discriminant vectors were used to compute the error rates present in the figures.
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Scenario 2 - Training with corrupted and uncorrupted images

The main results are collected across various image distortion models. Table 5 presents the 
number of eigenvectors that provide the lowest error rates in Eigenfaces method, the 
reported results are obtained using a collection of uncorrupted images combined corrupted 
images with low, medium, and high level of distortion in the training sets.

Table 5 Number of eigenvectors leading to low errors for various deteriorations, Eigenfaces

Distortion model Distortion level
Euclidean

Distance type 
Hamming Tschebyshev

Low 78 358 29
Blur Medium 61 373 11

High 145 139 24
Low 86 175 31

Salt and pepper Medium 89 247 17
High 90 206 36
Low 75 155 48

Gaussian Medium 71 163 31
High 71 423 31

Table 6 describes the number of discriminant vectors that provide the lowest error rate over 
uncorrupted images. These eigenvectors are those to be used by Fisherfaces when carrying 
out testing with the use of corrupted images.

Table 6 Number o f discriminant vectors leading to low errors for various distortions, Fisherfaces

Distortion model Distortion level
Euclidean

Distance type 
Hamming Tschebyshev

Low 18 21 17
Blur Medium 25 26 11

High 23 23 12
Low 29 29 21

Salt and pepper Medium 10 14 15
High 6 5 6
Low 26 24 23

Gaussian Medium 34 44 31
High 26 20 28

Figure 12 and Figure 13 show the impact of blurring effect over Eigenfaces and Fisherfaces 
methods respectively, using Euclidean, Hamming, and Tschebyshev distances. The 
performance of Eigenfaces and Fisherfaces is scrutinized in terms of error rate and standard 
deviation. The independent axis shows three main groups labeled as low, medium, and high 
distortion levels. These are the distortion levels accounted in the training sets; each of these 
groups presents several distortion levels that correspond to the image distortion in the 
testing sets. Table 5 and Table 6 denote the number of eigenvectors and discriminant 
vectors that provided the lowest error rates in the classification over uncorrupted images;
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these eigenvectors and discriminant vectors were used to compute the error rates presented 
in the figures.
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Figure 12 Impact o f blurring on Eigenfaces with uncorrupted and corrupted images for training
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Figure 13 Impact o f blurring on Fisherfaces with uncorrupted and corrupted images for training

In the same fashion Figure 14 and Figure 15 present the impact of salt and pepper noise on 
Eigenfaces and Fisherfaces methods respectively.
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Figure 14 Impact o f salt & pepper on Eigenfaces with uncorrupted and corrupted images for training
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Figure 15 Impact o f salt & pepper on Fisherfaces with uncorrupted and corrupted images for training

Lastly Figure 16 and Figure 17 present the impact o f Gaussian distortion on Eigenfaces and 
Fisherfaces methods respectively.
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Figure 16 Impact o f Gaussian noise on Eigenfaces with uncorrupted and corrupted images for training
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Figure 17 Impact o f Gaussian noise on Fisherfaces with uncorrupted and corrupted images for training

From the results it is evident that the Fisherfaces method outperforms the Eigenfaces 
method for classification tasks. This is expected since the images present differences in 
lighting conditions and facial expressions. However an interesting thing occurs: the 
distance functions affect the Eigenfaces and Fisherfaces methods in different manner. In 
general, Hamming distance provides lower error rates in Eigenfaces face space, and 
Euclidean distance in Fisherfaces space. Tschebyshev distance is definitely a bad choice in
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any situation due to the fact that it only considers the largest distance between single 
dimensions between feature vectors. However it generally follows a trend in accordance 
with the deterioration level.

Some important hypotheses to consider can be drawn from these findings. Since the face 
space delineated by Eigenfaces is relatively large, and having in mind that we incur in the 
small sample size problem, we may find the feature vectors relatively close to each other in 
such a large space, making the classification task rather difficult. Therefore, a distance 
measure that separates the feature vectors (or spreads them out along the Eigenfaces space) 
may help decrease the computed error rates. Let us take a closer look at the Minkowski 
family of distances described in (1) with a value of/? = 1 (Hamming distance). We see that 
the feature vectors may be separated along particular axes (dimensions) of face space when 
the value of particular features (variables) that form the feature vectors assume negative 
quantities, i.e. v'. < 0 or vj < 0. Such attribute cannot be pulled off by any other distance
used in this study. In the case of Fisherfaces, the face space is considerably narrower than it 
is in Eigenfaces, therefore using a distance model that separates the feature vectors within 
the Fisherfaces space may not be as favorable as it is in Eigenfaces space. Let us not forget 
that Fisherfaces already separates the feature vectors according to classes, and that its 
transformation matrix D Ld a  is computed using Euclidean distance implicitly. From this 
perspective it becomes reasonable that Hamming distance performs better within 
Eigenfaces space and Euclidean distance within Fisherfaces space. An interesting tendency 
can also be observed in the impact of blurring on the Eigenfaces method. For low levels of 
image distortion, in either training and testing sets, the Hamming distance provides lower 
error rates. However, as the distortion level increases, the Euclidean distance takes over 
providing lower error rates.

The error rates presented in the scenario 2 show a diminishing tendency when the 
corruption in the classification sets is similar to the corruption in the training sets. This is 
not surprising if we think that the feature vectors in the training set already contain the 
information, in terms if variance, of the corruption in the testing sets. Probably the clearest 
example can be observed in the error rates shown in Figure 13, where the error rates of 
training with low distortion level show the lowest values at the point where the 
classification sets contained low distortion levels as well. On the other hand, the error rates 
of training with medium distortion level are minimum at the points where testing is 
performed over uncorrupted and corrupted images with medium distortion levels. Based on 
our results we suggest introducing image distortion in the training sets to improve 
classification performance of Eigenfaces and Fisherfaces; there is a significant reduction of 
the error rate by following this approach.

So far we have introduced only one image distortion model in the training sets at a time. 
However, it would be of interest to assess the performance of the classifiers when training 
phase is done with several types of distortion. Such approach may eventually reduce the 
error rates when classifying images with combined distortion effects. Table 7, Table 8, and 
Table 9 summarize the findings as to the role of the distance function depending upon the 
level and intensity of noise. We have identified the type of distance that is favored in the 
sense it exhibits a tendency of maintaining the lowest error rates.
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Table 7 Suggested distances for blurring effect in Eigenfaces and Fisherfaces

Uncorrupted

Testing in 
Low 

distortion

nage set 
Medium 

distortion
High

distortion

Eigenfaces Hamming Hamming
Euclidean Euclidean Euclidean

u i i t i i r r u p i v Q

Fisherfaces Euclidean Euclidean Euclidean Euclidean
Hamming

« Uncorrupted Eigenfaces Hamming Hamming Hamming Euclidean
jyr W lu l  10W

“j distortion Fisherfaces Euclidean
Hamming

Euclidean
Hamming Euclidean Euclidean

01
■| Uncorrupted Eigenfaces Hamming Hamming Hamming Hamming
w wun medium......
H distortion Fisherfaces Euclidean Euclidean Euclidean Euclidean

Hamming

Uncorrupted Eigenfaces Hamming Hamming Hamming Hamming
with high
distortion Fisherfaces Hamming Euclidean Hamming Euclidean

Hamming

Table 8 Suggested distances for salt and pepper noise in Eigenfaces and Fisherfaces

Testing image set

Uncorrupted Low
distortion

Medium
distortion

High
distortion

Eigenfaces Hamming Hamming Hamming •Any distance
Uncorrupted

Fisherfaces Euclidean Euclidean
Hamming Hamming •Any distance

« Uncorrupted Eigenfaces Hamming Hamming Euclidean •Any distance
gj with low
|  distortion Fisherfaces Euclidean

Hamming
Euclidean
Hamming

Euclidean
Hamming •Any distance

01
■| Uncorrupted Eigenfaces Hamming Hamming Hamming Hamming
® with medium 
H distortion Fisherfaces Euclidean Euclidean Euclidean Any distance

Uncorrupted Eigenfaces Hamming Hamming Euclidean
Hamming Hamming

with high
distortion Fisherfaces Any distance Hamming Hamming Any distance

* Very high error rate
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Table 9 Suggested distances for Gaussian noise in Eigenfaces and Fisherfaces

Testing image set

Uncorrupted Low
distortion

Medium
distortion

High
distortion

Eigenfaces Hamming Hamming Hamming Hamming
Uncorrupted

Fisherfaces Euclidean Euclidean
Hamming

Euclidean
Hamming

Euclidean
Hamming

« Uncorrupted Eigenfaces Hamming Hamming Euclidean Hamming
Qj with low
|  distortion Fisherfaces Euclidean

Hamming
Euclidean
Hamming

Euclidean
Hamming

Euclidean
Hamming

M
•| Uncorrupted Eigenfaces Hamming Hamming Hamming Hamming
* with medium
M
H distortion Fisherfaces Euclidean Euclidean Euclidean Euclidean

Uncorrupted Eigenfaces Hamming Hamming Hamming Hamming
with high
distortion Fisherfaces Euclidean

Hamming
Euclidean
Hamming

Euclidean
Hamming Euclidean

Some examples of the misclassified individuals when using the Eigenfaces method are 
presented in Figure 18, there we show the actual individual being classified along with the 
individual suggested by the classifier. Likewise the results in Figure 19 concern the 
misclassified individuals in case of the use of the Fisherfaces method.
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Figure 18 Example of misclassified individuals using Eigenfaces method
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Figure 19 Example of misclassified individuals using Fisherfaces method

5.4 Conclusions

We have delivered an extensive experimental study on the performance of Eigenfaces and 
Fisherfaces methods completed under noisy conditions. In particular we have investigated 
blurring effect, salt and pepper, and Gaussian noise. Two general design scenarios have
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been proposed, they include training with uncorrupted images and training with both, 
corrupted and uncorrupted images. When designing classifiers, we experimented with three 
distances that are used to form the nearest neighbor classifier.

We have quantified the effect of noise and arrived at several design guidelines that can be 
helpful for forming face classifiers in anticipation to various noise conditions and their 
intensities. In general we have found that the introduction of image distortion in the 
training sets improves the classification performance of Eigenfaces and Fisherfaces 
methods. The improvement in classification performance can be attributed, at least 
partially, to the growth of number of samples in the training sets. In addition, the classifiers 
could train with distorted images, making them more reliable under noisy conditions. In 
this study we obtained error rates as low as 1.5%, which as far as we know, has not been 
accomplished before with the FERET dataset.
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C h a p t e r  6

EIGENFACES -  A MODULAR APPROACH2

Some of the major obstacles that make face recognition technology impractical are 
attributed to variations of lighting and facial expressions. The literature reports several 
attempts to overcome such obstacles with the design of numerous approaches. Some 
attempts involve pre-processing steps, image projection to feature spaces that exhibit 
robustness against variations of lighting and facial expressions, or classification methods 
capable of compensating for such variations. Despite evident improvements in face 
classification, the technology is still susceptible to variations of lighting and gesture.

In this chapter we investigate a technique that intends to overcome the limitations outlined 
above. We describe a method based on Eigenfaces that follows a modular approach for face 
recognition, we refer to it as modular Eigenfaces or modular PCA. The modular aspect of 
the method intends to emphasize particular facial features important for classification, and 
at the same time, overcome some of the variances attributed to lighting and gesture.

The rationale behind modular PCA finds its revelation on the fact that different portions of 
a face provide different information in terms of variance, information that is crucial for 
correct classification. We envision that treating each portion of the face independently 
could help manage variations of lighting and emphasize important facial features. In 
modular Eigenfaces, the faces are partitioned into several sections (sub-images) over the 
horizontal and vertical axes. We extract a total of M sections from each image and use them 
to generate a new collection of features to represent each individual. Each sub-image is 
treated independently during the process of feature construction, in this case Eigenfaces.

This chapter presents a comparative study between Eigenfaces and modular Eigenfaces. 
We evaluate each approach and comment on their advantages and the shortcomings in 
terms of computational costs, memory requirements, and error rates. We validate our 
findings on the FERET database as established in section 3.1.

6.1 Previous related work

In 1994, Pentland, et al. [77] developed a method based on Eigenfaces that takes into 
consideration various facial features. A modular eigenspace description technique is used to 
incorporate salient features such as the eyes, nose and mouth, in an eigenfeature layer. The 
modular representation led to higher recognition rates as well as a more robust framework 
for face recognition. They tested their method using a large database comprising 
approximately 3000 individuals. Cagnoni, et al. [13] described a method for face

2 A version of this chapter has been published.
Jarillo, Pedrycz, Reformat, Kwak, “Eigenfaces versus weighted modular PCA for human face recognition”, Proc. o f  the 
Symposium on Human-Centric Computing: HC205, February 2005, Banff, Alberta, Canada.
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recognition based on the eigenimage technique. They extracted the regions of the eyes, 
nose, and mouth and performed dimensionality reduction via PCA on each region. The 
features are compared by nearest neighbor classifier and Euclidean distance. They tested 
the method using 144 images from the Vision and Modeling Group at the MIT Media Lab, 
and 112 images from the Department of Computer Science and Applied Mathematics of 
the University of Beme. The authors reported classification rates of about 95% with the 
modular approach. Melin, et al. [71] published their work in face and fingerprint 
recognition, their work is based on the concept of modular approach. Their system divides 
a human face into three different regions, namely eyes, the nose and the mouth. Each 
region is assigned to one module of a neural network. Hence, the modular neural network 
has three different modules, one for each region. The final decision is computed by an 
integration module, which takes into consideration the results of each module. The 
integration uses the fuzzy Sugeno integral to combine the outputs. They tested their method 
using their own face database. Liao, et al. [57] developed an automatic face recognition 
system based on multiple facial features. Each facial feature is represented by a Gabor- 
based complex vector and is localized by an automatic facial feature detection scheme. 
They proposed two approaches for recognition, named Two-Layer Nearest Neighbor 
(TLNN) and Modular Nearest Feature Line (MNFL). They validated their findings using 
the Cambridge, YALE, and Harvard databases. They report recognition rates of about 96%.

6.2 M odular PCA

The scheme behind modular PCA emerges from the idea that distinct sections of a face 
provide different information in terms of variance. Aspects such as lighting can be 
diminished if the images are divided into various regions, hence PCA would produce basis 
vectors with local variances of each region. That information may prove crucial for the 
correct overall classification. As already pointed out, the faces are partitioned into several 
sub-images over the horizontal and vertical axes, and all sub-images are of the same size. 
We extract a total of M  portions to form a new collection of images to represent each 
individual. It is expected that most of the variance exists mainly on some distinctive 
features of the face, creating in this way a pattern that provides useful information from the 
areas that are most important for classification. Since the new collection is proportionally 
larger to the number of sub-images M, the computational cost becomes an issue to consider.

Figure 20 illustrates the concept behind modular PCA [38], The images are uniformly 
segmented into distinctive sections. The newly produced sub-images form the new gallery 
set. Each set of sub-images is transformed independently by PCA, which produces an 
independent set of features. At this point it is important to keep in mind the size of the 
feature vectors as they will form a larger representative feature vector (M  times larger than 
in Eigenfaces). The feature vectors are combined in the feature space, one after the other, to 
form a new representative feature vector. Once the new representative feature vectors are 
formed, it is possible to emphasize specific areas of the face by using weights for each 
region. This can be achieved by using a weighted distance during classification.

In modular PCA the number of extracted sub-images brings two issues to consider. The 
first refers to the computational cost, as it escalates as the number of extracted sub-images
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increases. The second relates to the storage requirements for the representative features, as 
it enlarges in the same manner.

PCA 1

^  PCA 2

► PCA 3

^  PCA m

A
Features from 
sub-image 1

Nearest
>-----------► Neighbor

Classifier

Representative 
feature vector

Figure 20 Modular PCA scheme

In this analysis we used weighted distance for the nearest neighbor classifier in order to set 
specific “importance” to each section of the face. The weights are computed according to 
the portion of the variance that each section accounts for in relation to the overall face. The 
following correspondence is used

2>,
X{ e s

~Q 

)=i

(20)

where us, s = 1 are weights associated to the region s, and Ai, I = are the
eigenvalues of the covariance matrix formed by the sub-images of region s. The vector u = 
[mi,.... um\T defines the “importance” of each portion of the face. Q stands for the total 
number of eigenvectors involved, i.e. M x  S. The weighted distance is computed taking into 
account the representative feature vectors modified by the weights in u.

6.3 Research environment

The research environment uses images of the FERET database. The training and testing 
sets comprise 400 and 200 images respectively. Since there are 3 images per person, a 3- 
fold cross validation is performed to achieve an unbiased behavior of both methods. Each 
gallery set is obtained randomly, 2 images for training and the remaining one for testing, 
with no overlap between gallery sets. In this study, the images show only the face area, the 
images comprise 80x100 pixels by 8 bits per pixel, as presented in section 3.3.
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6.4 Experimental setup

In this comparative study we evaluate the performance of Eigenfaces and modular PCA. 
The intention is to quantify the performance of both classifiers in order to assess their 
robustness against variations of lighting and expressions, we expect modular PCA to 
outperform PCA. Eigenfaces serves as baseline for our investigation since it is a method 
known to have limitations against lighting and facial expressions. The performance of the 
classifiers is expressed in terms of error rates.

We depart from the assumption that every section of the face provides, to some extent, 
different distinctiveness among images, information that is relevant for the correct 
classification. For instance, the cheek may not be a very distinctive feature among the 
individuals, and therefore providing lower variance compared to other regions of the face. 
It is palpable that Eigenfaces does not acquire information regarding the distinctiveness 
between regions of the faces, even though it reveals the variance among images forming 
the covariance matrix.

Given that it is unknown which regions of the face provide the highest variances 
“distinctiveness”, we systematically divide the images over the horizontal and vertical axes 
in order to test the modular approach. The images are divided from 1 to 5 sections over 
each axis, making an extraction of up to 25 sub-images from every face. The final 
representative feature vector is formed by combining the feature vectors obtained from all 
section independently transformed by PCA, one vector after another. Each section is then 
weighted according to (20) in order to set its importance. At the end of the tests, the error 
rates delivered by modular PCA are compared to those of Eigenfaces. General guidelines 
for proper subdivision of the images are discussed.

The construction of the feature space by means of the modular approach produces feature 
vectors of 400 variables to represent each sub-image. However we only retain 100 
variables. The retained cumulative variance accounts for approximately 96% to 98% of the 
total variance. In our work published in 2006 [39] we found that the performance of the 
classifier stabilizes after retaining 90% of the total variance. We test modular PCA by 
taking into consideration various numbers of variables. The amount that provides the 
lowest error rate is presented along with the corresponding classification performance.

In Eigenfaces, the feature space comprises 400 dimensions, the performance of Eigenfaces 
is tested taking into account from one to 400 variables. The number of variables that deliver 
the lowest error rate is reported.

6.5 Experimental results

The reported data is expressed in terms of average error rate over the testing sets. In all 
cases the feature vectors are formed taking into account 100 eigenvectors of each sub- 
eigenspace, they are selected according to the highest variances.

Eigenfaces had an error rate of 36.5%. In contrast, Table 10 presents the experimental 
results (expressed as percentage error rates) obtained for modular PCA. The data is

54

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



organized according to the sub-divisions made along each axis of the images. The lowest 
and highest error rates are indicated.

Table 10 Error rates o f modular PCA

Number of sub-divisions along
the horizontal axis

1 2 3 4 5
1 28.5 29.0 25.0 27.5

Number of sub 2 26.5 27.5 25.0 27.0 29.0
divisions along 3 25.5 24.5 25.5 25.5 28.5
the vertical axis 4 27.0 28.0 28.5 29.5 29.0

5 25.5 28.5 31.5 29.5 31.0

Figure 21 depicts the average images obtained from Eigenfaces and modular PCA. The 
figure displays the average sub-images for the configurations that provide the lowest and 
highest error rates in modular PCA in accordance to Table 10.

 Mi,
*  I i■'̂ liPPPw' [>■ jf™BST

Modular PCA 
(2x3)

Modular PCA 
(3x5)

Traditional
Eigenfaces

Figure 21 Average images o f Eigenfaces and modular PCA

The images presented in Figure 21 may look like they do not match perfectly, the reason is 
that the pixels’ values are not integer numbers during computations; consequently an error 
is introduced by the rounding off process. In addition, the values were rescaled from 0 to 
255 to generate the images. However, the hue average values were considered throughout 
the computations.

Table 11 shows the weights associated with each section of the face for the cases where the 
error rates assume their lowest and highest values. We note that the regions of the face that 
provide most of the variance with respect to others are the top and bottom. Furthermore, the 
left side of the images seems to provide better distinctiveness for classification, possibly 
due to particular lighting conditions portrayed in the dataset.
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Table 11 Weights associated with specific images regions 
(cases resulting in lowest and highest error rates)

0.2158 0.1754

0.1500 0.1194

0.1907 0.1484

0.0881 0.1044 0.0652
0.0705 0.0614 0.0587
0.0627 0.0478 0.0484
0.0742 0.0591 0.0519
0.0853 0.0592 0.0623

Modular PCA Modular PCA
(2 x 3) (3 x 5)

6.6 Conclusions

Our findings suggest that modular PCA is a valid approach for improving classification of 
human faces over Eigenfaces. We report lower error rates with modular PCA than with 
Eigenfaces method, as much as 12% for the best case, and 5% for the worst. We have also 
found that, as a general trend, the upper and lower regions of the faces are most distinctive 
for classification according to the portion of the variance they account for. Perhaps physical 
aspects such as hairstyle provide distinctiveness for classification. Other weighting factors, 
distance models, and classifiers may be considered in both approaches, which we admit 
may produce better performances. However, this study focuses on the fair comparison 
between Eigenfaces and modular approaches only.
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C h a p t e r  7

IMPACT OF IMAGE RESOLUTION IN FACE CLASSIFIERS3

The current literature presents an overwhelming collection of experimental investigation in 
the subject of face recognition. There is a constant flow of ideas, methodologies and 
architectures being proposed and investigated in the field. Fair assessments and 
comparisons of reported investigations are crucial for the improvement of face recognition 
technology. To this end, well-established research methodologies and research 
environments have been proposed and widely adopted by the scientific community. For 
instance, current research methodologies and protocols involve manners in which 
classification accuracy is measured and reported. In face recognition one can evaluate a 
system’s performance in various well-defined ways depending on the intended purpose of 
the system. If a system is to single out the identity of an individual from a collection of 
persons, then the performance is commonly expressed in terms of error rates. If the system 
is to operate in environments where access to resources is restricted to all but few 
individuals, then the system’s performance is expressed in terms of False Acceptance Rates 
(FAR) and False Rejection Rates (FRR).

In terms of the research environments, several databases regarded as benchmarks have been 
proposed and made available for researchers to experiment with. Such databases are, 
without question, priceless contributions that enable researchers to make fair assessments 
of proposed systems. Nonetheless, it is still sometimes difficult to evaluate and compare 
various methodologies proposed by independent researchers. It is common to find 
differences in reported results and derived conclusions in the literature, even when the 
methodologies and research environments were kept the same by the researchers. Some 
causes for such differences may include discrepancies in the data taken into consideration. 
Even when most researchers adopt the same databases, issues such as image quality and 
pre-processing steps can lead to disagreements in the findings.

Regarding image quality, researchers commonly manipulate the original databases in order 
to make experimentation feasible. Due to the highly computational nature of many 
algorithms in face recognition, and in pattern recognition in general, the databases are 
commonly simplified. In face recognition, downsampling of the original patterns is a 
typical approach to reduce computational cost for many algorithms. However, the loss of 
information can carry negative implications in the system’s performance. As of today, there 
is not a clear understanding as to what is the adequate or minimum image resolution to 
adopt while preserving accuracy. The literature does not offer much information taking into 
account such a tradeoff, hence an investigation is required.

3 A version of this chapter has been published.
Jarillo, Pedrycz, Reformat, “Analysis of image resolution and transformation in face classifiers”, Proc. o f  the Symposium 
on Human-Centric Computing and Data Processing: HC2DP07, February 2007, Banff, Alberta, Canada.
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This chapter offers a comprehensive investigation aiming at revealing and quantifying the 
performance of face classifiers under various image resolutions (image qualities). To 
extend the reach of our investigation we include various image transformations to construct 
our databases. Particularly we take into consideration transformations such as contrast 
enhancement and edge detection. The selected image transformations are frequently 
included as pre-processing steps in many face recognition systems, let it be for 
enhancement purposes or extraction of facial features. Within the context of face 
classifiers, we adopt methods capable of sound dimensionality reduction, namely 
Eigenfaces, Fisherfaces, kemel-PCA, and Isomap. For details on each method please refer 
to Chapter 4.

Our findings portray practical implications to system’s design and performance. The fact 
that this study takes into consideration several methods for dimensionality reduction, image 
transformations, and image resolutions make this contribution valuable and unique.

7.1 Previous related work

The fact is that the literature does not offer much material to make an extensive literature 
review regarding the impact of image resolution over face recognition algorithms. 
Nonetheless we can still highlight interesting investigation carried out in the past. Anjum, 
et al. [6] reported their investigation on the effect of image resolution on a linear method of 
dimensionality reduction on images depicted by pixels. They did their evaluations on the 
ORL, YALE, FERET, and EME databases. They established that for each database there is 
always an optimal image resolution where the recognition performance is best. Kouzani, et 
al, [49] presented another investigation involving variations of image resolutions. They 
proposed a system that assigns different degrees of importance to each part of a face, each 
region is processed with a different resolution. Their system reduces the computational 
complexity and achieves higher recognition rates in comparison with the Eigenfaces 
method. They validate their finding on their own database consisting of 200 individuals. 
They report 100% recognition rate using their proposed method. McLindin, et al. [70] 
quantified the effects of using different types and resolutions of gallery images on two 
different commercial face recognition systems, namely Face-It and Argus 2D. They 
experimented using a their own dataset obtained from operational trials. They concluded 
that images with more than 30 pixels of separation between the eyes are suitable for 
recognition. More recently, Area et al. [4] measured the effect of image resolution and 
gallery size in face recognition. Their approach is described in [3]. They did their study 
on the FRGC 1.0 and the XM2VTS databases. They varied the image scale, so that the 
intra-ocular distance changed from 50 to 250 pixels with a step of 25. They observed that 
the behavior does not change significantly within the range of 75 -  250 pixels, while if 
the intra-ocular distance is lower than 75 pixels the performance decreases.

7.2 Research environment

The research environment allows us to reveal and quantify the relationship that exists 
between image quality (resolution) and classifier’s performance. The research environment 
comprehends a collection of face databases and image transformations. Various levels of 
image resolutions are taken into consideration in this study. The quality of the images is
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deteriorated by means of average downsampling. The databases taken into consideration 
for this study include FERET and YALE, they have been described in section 3.3. The 
classifiers under discussion include linear and non-linear methods, such as Eigenfaces, 
Fisherfaces, Kemel-PCA, and Isomap. Details on the face classifiers can be found in 
Chapter 4.

We consider important to include image transformations as part of this investigation. Image 
transformations have been adopted and presented in the literature of face recognition, for 
examples refer to [94] [101]. In this investigation we focus on contrast enhancement by 
means of histogram equalization and on edge detection by the Sobel operator. The main 
purpose of histogram equalization is to compensate for variations of lighting and to reduce 
the influence of shadows in face classifiers. Edge detection is generally implemented to 
extract facial features useful for classification, such as eyes, nose, moth, and contour of the 
face. Contrast enhancement and edge detection are explained in section 3.3.

A number of downsampling factors are considered in this investigation. They lead to 
typical image resolutions presented in the literature of face recognition. For the FERET 
database we include downsampling by factors of 2, 5, 7, 8, and 9; leading to image 
resolutions of 80x100, 32x40, 22x28, 20x25, and 17x22 pixels respectively. For the YALE 
database we included no downsampling as well as downsampling factors of 2, 3, 6, and 9, 
leading to image resolutions of 144x150, 72x75, 48x50, 24x25, and 16x16 pixels 
respectively. The process of downsampling is explained in the next section.

7.2.1 Image downsampling

The downsampling process adopted in this study reduces the size of an image by 
representing a group of neighboring pixels by the average of their values. A scaling factor 
sets the number of pixels in the vertical and horizontal axis required to compute the average 
values. The computed average is rounded off to the closest integer in order to represent a 
gray level. The scaling factor is set by the user as an integer number. Figure 22 illustrates 
an example of downsampling with a sampling factor of 2. Each number in the matrix 
represents a pixel value. In the example, a region of size 2x2 is taken into consideration to 
compute the average. During the downsampling process, the region (window) slides along 
the horizontal and vertical directions of the entire image.

Average gray level = 7

Figure 22 Example of downsampling

Figure 23 and Figure 24 show some images of the FERET and YALE databases 
respectively with variations in image quality (resolution). The figures depict images with 
no transformation, contrast enhancement, and edge detection. The images with higher 
resolution in Figure 24 were scaled down to fit the page. The leftmost column indicates the 
actual image size in terms of horizontal and vertical pixels.
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Figure 24 YALE database under various image resolutions and transformations
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7.3 Experimental setup

The experimental setup is designed to reveal the relationship that exists between image 
quality, portrayed as image resolution, and classifier performance, expressed in terms of 
error rates. We allow two image transformations in this investigation: contrast enhancement 
carried out by histogram equalization, and edge detection by means of the Sobel operator. 
To improve the performance of the edge detection process, the images were pre-processed 
by contrast enhancement. The Experimentation is carried out using the FERET and YALE 
databases. Both databases are pre-processed to generate two more categories of databases, 
namely contrast-enhanced images and edge images. Each category is treated independently 
throughout the entire experimentation.

There are three images per person in the FERET database for a total of 200 individuals. 
The FERET images were divided into 400 images for training, and 200 for testing with no 
overlap (one image per class in each set). A 3-fold cross validation is taken into account to 
evaluate those architectures using the FERET database.

The YALE database contains 11 images per person for a total of 15 individuals. We created 
10 random splits with overlap, each including one training and one testing set comprising 6 
and 5 images per person respectively. The evaluation of the architectures using the YALE 
datasets is reported as the average and standard deviation computed over the 10 splits.

Various feature spaces are taken into consideration in out investigation, they include linear 
and non-linear methods of sound dimensionality reduction, such as Eigenfaces, Fisherfaces, 
Kemel-PCA, and Isomap. The proposed feature spaces allow for a variety of 
configurations, such configurations may involve specific parameters for the construction 
particular face spaces or for the selection of adequate variables for classification. A careful 
selection of these parameters is essential in order to achieve adequate performance of the 
classifiers.

In the proposed classifiers it is convenient play with the number of variables involved in the 
classification process. Usually the variances along each axis of the feature space are 
considered in order to select the variables with most discriminatory power. Still it is 
necessary to experiment with a number of variables in order to select those that produce the 
lowest error rates. In this study we tested the proposed classifiers taking into account 
variables chosen according to their variances. The number of variables that led to the 
lowest error rate was then selected as proper for the given classifier. In this study, we report 
only the lowest error rates we computed considering a particular space and number of 
variables.

Some algorithms for the construction of feature spaces are flexible enough to allow 
researchers specify some configurations. In kemel-PCA, the user is to decide the kernel 
model and the parameters for it. A complete description of kemel-PCA and its parameters 
is presented in section 4.4. In this study we investigated three kernel models, namely 
polynomial, Gaussian, and sigmoid. The parameters assumed by each kernel are presented 
in Table 12.
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Table 12 Kernel parameters for kemel-PCA

Kernel model FERET YALE
Polynomial d  =2,3, 4, and 5. d =2,3, 4, and 5.

Gaussian cr= 10, 30, 50, 70, 90, 100, and 150. a  = 100, 150, 200, and 250.

Sigmoid Polynomial kernel with 
d=  1,2, 3, and 4.

Polynomial kernel with 
d =  1,2, 3, and 4.

The Isomap algorithm requires the construction of the matrix of pairwise geodesic 
distances D. For a complete description of the algorithms and parameter of Isomap please 
refer to section 4.5. D is constructed by connecting neighboring data samples (feature 
vectors) in a given space. One can connect each sample either by following the k-nearest 
neighbor (k-NN) algorithm, which requires a value for parameter K, or by specifying a 
radius s to enclose neighboring samples. If AT is equal to the number of images, then we end 
up computing regular PCA, if K  is too large we may not achieve any reduction of the 
variables. Hence the goal is to find a small value of K  capable of connecting all data 
samples. In this study we connected the feature vector by following the k-nearest neighbor 
algorithm. We iteratively ran Isomap with increasing values of K. We started the iterations 
with K  = 1, if  one or more elements of D were not connected at the end of the process then 
K  was incremented by 1 and the k-NN algorithm started again. Evidently if K  assumes the 
value N  we end up computing regular PCA.

The Isomap algorithm is computationally expensive, the computation of geodesic distances 
involves computing the K  nearest neighbors as to connect all samples, followed by 
Dijkstra’s algorithm to find the geodesics. For such reason, using face images (depicted by 
n pixels) as inputs for Isomap is impractical. Instead we reduced the number of variables by 
constructing Eigenfaces and Fisherfaces spaces prior to implementing Isomap. Hence we 
have two scenarios for Isomap: one including Eigenfaces features and the second counting 
Fisherfaces features. In both cases the entire feature spaces were taken into account in 
Isomap.

The assessment of the classifier performance with respect to image quality (resolutions) 
and image transformations allows us to draw design guidelines for face recognition 
systems. The assessment is delivered in terms of error rates and corresponding standard 
deviations. It also reveals the number of variables that were required to achieve the reported 
error rates.

7.4 Experimental results

The assessment of the classifier performance is presented in terms error rates and 
corresponding standard deviations. For the sake of clarity we report only the lowest error 
rates that we computed within the collection of experiments. The complete suite of 
experiments considered variations in the parameters in each algorithm, as explained in the 
previous experimental setup.
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The performance of the classifiers is presented in a variety of charts. The evaluation of 
Eigenfaces and Fisherfaces is depicted in Figure 25. Figure 26 shows the performance of 
the Isomap algorithm for both scenarios: Eigen-Isomap and Fisher-Isomap. To complete, 
Figure 27 portrays the performance of kemel-PCA taking into account three kernel models, 
namely polynomial, Gaussian, and sigmoid. The charts include the performance of the 
classifiers taking into account images with no transformation, contrast-enhanced images, 
and edge images using the YALE database. The data is organized according to feature 
space and image quality. The error rates are depicted by bars in each instance. The standard 
deviations are portrayed as thin lines overlapped with the error rates.

- -

r 1_ _ _ p i

- - — - -

Eigenfaces Fisherfaces

□  No Transformation ■  Contrast enhancement M Edge detection

Figure 25 Performance of Eigenfaces and Fisherfaces using YALE
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Figure 27 Performance of kemel-PCA using YALE

Table 13 shows the parameters of each classifier and the number of variables that led to the 
lowest error rates presented above. Note that for the Isomap algorithms we report a range of 
values for K. We computed the error rates over 10 random splits of the YALE database, 
hence each split has its own value of K. We report the ranges that include all values of K  
assumed by the 10 splits.
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Table 13 Parameter settings for each feature space using YALE

Method No transformation 
Parameter(s) | Variables

Contrast enhancement 
Parameter! s) 1V ariables

Edge detection 
Parameter(s)|Variables

PCA NONE 90 NONE 90 NONE 85

LDA NONE 14 NONE 14 NONE 14

Eigen-
Isomap 5<K<10 75 9<K<13 90 12<K<19 90

Fisher-
Isomap 6<K<12 90 9<K<14 75 11<K<17 75

Kemel-PCA
(polynomial) d=2 85 d=2 59 d= 2 51

Kemel-PCA
(Gaussian)

oo<NIIb 27 a  =200 48 a=200 48

Kemel-PCA
(Sigmoid)

Polynomial 
kernel (d=2) 46 Polynomial 

kernel {d= 1) 48 Polynomial 
kernel (d= 1) 36

The performance of the classifiers taking into account images of the FERET database is 
presented as follows: Figure 28 shows the performance of Eigenfaces and Fisherfaces, 
Figure 29 depicts the error rates of Isomap for both scenarios, and Figure 30 portrays the 
results of kemel-PCA.
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60%

80x100 32x40 22x28 20x25 17x22 80x100 32x40 22x28 20x25 17x22

Fisherfaces

□  No Transformation ■  Contrast enhancement ■  Edge detection

Figure 28 Performance of Eigenfaces and Fisherfaces using FERET
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Figure 29 Performance of Eigen-Isomap and Fisher-Isomap using FERET
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Figure 30 Performance of kemel-PCA using FERET

Table 14 shows the parameters of each classifier and the number of variables that led to the 
lowest error rates using the FERET database. Once more, note that for the Isomap 
algorithms we report a range of values for K. The error rates over the FERET database 
were computed by a three-fold cross validation, hence each validation split has its own 
value of K. We report the ranges that include all values of K  for the three splits.
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Table 14 Parameter settings for each feature space using FERET

Method No transformation 
Parameter(s) | Variables

Contrast enhancement 
Parameter(s) | Variables

Edge detection 
Parameter(s) | V ariables

PCA NONE 180 NONE 235 NONE 228

LDA NONE 70 NONE 128 NONE 123

Eigen-
Isomap 39<K<48 384 59<K<68 399 64<K<78 398

Fisher-
Isomap 27<K<39 199 47<K<59 182 51<K<57 185

Kemel-PCA
(polynomial) d=2 384 d=2 190 d=2 174

Kemel-PCA
(Gaussian) <j=70 398 cr =70 355

or-~IIb 374

Kemel-PCA
(Sigmoid)

Polynomial 
kernel (<7= 1) 124 Polynomial 

kernel (d= 1) 132 Polynomial 
kernel (d= 1) 160

For the sake of clarity, this section reports only the lowest error rates that we were able to 
compute from an extensive variety of experiments. The complete suite of experiments 
includes a number of variations in the parameters required by each classifier. It also 
includes a variety of image resolutions, and face images with and without transformations.

In section 3.1, we introduced two different image distributions (scenarios) for the 
evaluation of the face classifiers:
• Scenario 1: involves training and testing sets.
• Scenario 2: includes training, validation, and testing sets.
Table 1 provides details on the image distributions in each case. The experimental results 
presented in this section were computed taking into consideration the training and testing
sets of the FERET and YALE databases (scenario 1). So far we included 2 images for
training and 1 image for testing in the experimentation with FERET; and 6 images for 
training and 5 for testing in the experimentation with YALE. In Appendix B we provide the 
experimental results taking into consideration the image distributions of scenario 2. The 
feature spaces were constructed with the images of the training sets and the classification 
was performed over the testing sets. The validation set is not required for the investigations 
reported in this chapter. The data presented in Appendix B is useful for comparison 
purposes with other investigations reported in this thesis.

Based on the provided experimental results we can appreciate the effect image resolution in 
face recognition. The relationship existing between error rates vis-a-vis image resolution 
has been revealed for a number of classifiers and image transformations. Overall, the 
classifiers’ performance tends to deteriorate as we reduce the resolution of the images. 
However we can see that there are particular image resolutions that allow better 
classification, particularly when the classifiers deal with images without any
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transformation. For instance, in the case of Fisherfaces and Fisher-Isomap the error rates 
drop to the lowest point with image resolutions of 32x40 and 22x28 respectively, see 
Figure 28 and Figure 29. This trend is appreciated in both databases and various classifiers. 
Allowing some loose of generality, the image resolutions that deliver the lowest error rates 
are 22x28 when using YALE, and 72x75 in the case of FERET. We initially expected to 
show deterioration in classification performance with respect to image degradation. 
However, to our surprise the performance of the classifiers is not better when they consider 
image with higher resolution. The experimental results suggest that problem of 
dimensionality reduction (reducing the number of variables of the images represented by 
pixels) is simplified when we consider less amount of data from the input space. This is an 
interesting and useful contribution from the point of view of system design.

It is also interesting to observe that the numbers of pixels that are required for better 
classification are different in both databases. The FERET database includes more 
individuals and fewer images per person than the YALE database, which is a possible 
reason why more information is required form the images of FERET. The behavior of the 
classifiers is consistently similar regardless of the image transformation taken into 
consideration. We have to admit that we expected larger differences in the performance of 
the classifiers with respect to image resolution. However, it seems that the methods we 
implemented achieve sound dimensionality reduction even with images of high-resolution. 
In terms of computational costs, it is definitely beneficial to consider images with relatively 
low resolution, as presented, to construct feature spaces.

Based on our experimental findings we would recommend manipulating the images prior to 
constructing the feature spaces. Image transformations such as contrast enhancement and 
edge detection can lead to better classification. Contrast enhancement and edge detection 
can compensate for the effects of illumination. From the experimental results we see that 
variations in lighting deteriorate recognition rates regardless of the classifier under 
consideration. We found that edge detection generally leads to better recognition. It is 
possible that edge detection not only eliminates some effects of lighting but also highlights 
facial features important for classification. Physical features such as eyes, nose, contour of 
the face, or hairstyle may play a significant role in distinguishing individuals, leading to 
higher variances between persons and to lower differences among images of the same 
individual.

Table 13 and Table 14 present the list of parameters that were required to construct the 
feature spaces with the better performances. In Isomap, the values of K  nearest neighbors 
required to connect all samples of the feature spaces were relatively large. Lets remember 
that we aim at using the lowest possible value of K  as to connect all samples. The facts that 
the values of K  are large indicate that the structure of the data (arrangement of the features) 
in the given spaces is difficult to reveal. Hence the geodesic distances may not completely 
portray the true distances between samples. Nonetheless the performance of Isomap is very 
acceptable from the point of view of classification.

Kemel-PCA is a powerful method for constmcting feature spaces. However, its 
performance depends greatly on the kennel function under consideration. The polynomial
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kernel of second order shows a general improvement over the other two kernels considered 
in this study. In fact kemel-PCA with the polynomial kernel delivers some of the lowest 
error rates.

From all the methods taken into consideration, we see that Fisherfaces, Fisher-Isomap, and 
kemel-PCA with polynomial kernel deliver better performance in face recognition. On the 
other hand, kemel-PCA with sigmoid kernel consistently performed the worst in both 
databases.

The fact that the lowest error rates were computed using non-linear methods for the 
construction of feature spaces suggest that there is important discriminatory information 
impossible to extract by linear models. Methods such as Eigenfaces of Fisherfaces perform 
dimensionality reduction by means of liner correlations among pixels and images. However 
the entire discriminatory information is not portrayed in the extracted data.

The lowest error rate we computed considering the YALE database is 3.73%, it is provided 
by kemel-PCA with a polynomial kernel of second order and edge images. The lowest 
error rate taking into account the FERET database is 10.00%, it is delivered by Fisher- 
Isomap using contrast-enhanced images.

7.5 Conclusions

This investigation has uncovered and quantified the relationship that exists between 
classifier’s performance vis-a-vis anticipated levels of image qualities and transformations. 
The experimental evaluations are presented in terms of error rates and standard deviations. 
Image quality is specified as image resolution. We included two image transformations 
frequently implemented in face recognition, namely contrast enhancement and edge 
detection. We based our findings on an extensive suite of experiments carried out on two 
well-known environments in the area of face recognition, such as the FERET and YALE 
databases. Various linear and non-linear methods capable of sound dimensionality 
reduction have been implemented and investigated.

Overall we present experimental evidence suggesting that high-quality images (higher 
image resolution) do not necessarily lead to better recognition rates. The reported data 
indicates that a relatively small number of pixels contain most of the discriminatory 
information necessary for face classification. Our findings have direct implications to the 
design of face recognition systems, it is possible to reduce computational costs without 
loosing recognition performance. We have showed some adequate image resolutions for 
two face recognition scenarios: one including a large number of individuals with few 
images per person, ant the other depicting a relatively small number of people. We show 
that image transformations, such as contrast enhancement and edge detection generally lead 
to better performance by the classifiers. Contrast enhancement led to a reduction in the 
error rates in Eigenfaces by 7.1% when considering images from YALE, and by 6.17% 
when considering images from FERET. Edge detection improved classification in 
Eigenfaces by as much as 18.5% when using FERET, and by 7.87% when using YALE.
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C h a p t e r  8

AGGREGATION OF CLASSIFIERS BASED ON IMAGE TRANSFORMATIONS 4

This section describes a thorough investigation regarding the use of collective knowledge 
of independent classifiers (experts) in the area of face recognition. We formulate a 
hypothesis and provide experimental evidence supporting it. This is that different image 
transformations can offer unique discriminatory information useful for face classification. 
We quantify the effect of various image transformations in terms of produced error rates. 
We investigate on the discriminatory capabilities of the resulting classifiers. In particular, 
we are concerned with fundamental ways of deterioration of visual information 
(illumination conditions). Two major objectives are delineated as follows:
1. To assess the impact, quantified in terms of classifier’s performance, of image 

transformations in various face classifiers. Both linear and non-linear transformations 
are considered as vehicles to develop some meaningful feature spaces.

2. To evaluate the quality of collective knowledge, gathered by means of aggregation 
methods, of feature spaces constructed from various image transformations.

We cover an evaluation of individual and combined classifiers operating in feature spaces 
constructed from various image transformations. We also elaborate on the conditions at 
which the classifiers and architectures are most likely to fail or thrive from the point of 
view of classification.

We envision that the combination of different features (variables) can lead to a better 
description of individuals, hence revealing relevant distinctive information between 
persons. Image transformations such as contrast enhancement and edge detection can 
provide unique discriminatory information when it comes to face classification. Contrast 
enhancement reduces the impact of lighting and occurrence of shadows in face 
classification. Edge detection can help emphasize facial characteristics suitable for 
classification, such as face contour, location and shape of the eyes, nose, mouth, and other 
relevant visual cues that make a person unique. In this study we consider histogram 
equalization for contrast enhancement, and Sobel operators for edge detection. Careful 
combination of information contained in constructed features can lead to the enhanced 
robustness of the face recognition systems.

Aggregation of classifiers takes place at the decision level by means of majority voting and 
the Bayesian product rule. Various linear and non-linear methods are implemented for 
constructing meaningful feature spaces, such as PCA, LDA, Kernel- PCA, and Isomap.

4 A version of this chapter has been submitted for publication.
Jarillo, Pedrycz, Reformat, “Aggregation of Classifiers Based on Image Transformations in Biometric Face Recognition”, 
Submittedfor publication to Machine Vision and Applications on November 2006, 35 pages.
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To our knowledge, this is the first investigation putting together a comprehensive 
assessment of numerous face classifiers and combined experts in the presence of image 
transformations; this is, considering both, linear and non-linear methods for constructing 
feature spaces. We offer evidence of classification improvement over traditional methods 
as well as design guidelines and recommendations for constructing systems that exhibit 
robustness against lighting disturbances.

8.1 Previous related work

Over the past years, several approaches involving image transformations, classifiers, and 
construction of feature spaces have been investigated with respect to classification rates. 
Particular interest has been given to dealing with lighting conditions and other types of 
noise. For example, Jarillo, et al. [39] presented an extensive investigation on the design of 
face classifiers capable of operating in the presence of deteriorated (noise affected) visual 
information. The authors gave attention to Eigenfaces and Fisherfaces methods. They 
quantified the effects of various noise models on face classifiers. The authors arrived at 
several design guidelines helpful for constructing classifiers in anticipation of visual 
disturbances and their intensities. They validated their findings using 200 individuals from 
the FERET database. Gao, et al. [27] implemented the so-called Line Edge Map (LEM). 
LEM approach performed significantly superior than Eigenfaces in identifying faces with 
slight appearance variations. LEM approach is also less sensitive to pose variations than 
Eigenfaces but more sensitive to large facial expression changes. The authors claim that the 
LEM approach is also more robust to lighting variations than the edge map approach. 
Yilmaz, et al. [105] worked on Eigenhills to overcome problems of illumination. They 
introduced “hills”, which they obtained by covering edges with a “membrane” (mask). 
Each hill image is then described as a combination of most descriptive eigenvectors, called 
“Eigenhills”, spanning hills space. They reported an improvement of about 7% over the 
Eigenfaces method. Takacs, et al. [94] introduced a methodology based on edge images 
and a modified Hausdorff distance. Their approach operates on edge maps and derives 
holistic similarity measures using a modified Hausdorff distance, called M2HD. They 
tested their approach on images of 150 individuals of the FERET database. They report 
recognition rates of around 92%. Xie and Lam [101] presented the effectiveness of local 
histogram equalization in face recognition. They tested their approach using images from 
the YALE database, only those images showing neutral expressions. They report 
classification rates of about 90% within the framework of Eigenfaces. Belhumeur, et al. 
[10] described “Fisherfaces”, a method for constructing feature spaces that shows 
robustness against lighting conditions. They compared the performance of Fisherfaces 
against Eigenfaces. They presented evidence of better performance of Fisherfaces to 
overcome variation in lighting and facial expression.

In face recognition, like in any other pattern recognition problem, it is constructive to 
combine the strengths of different architectures and/or features towards improving 
classification rates. The fusion process should include sources of information that 
complement each other in order to improve the quality of classification. The fusion process 
may solve the problem of local conflicting decisions and enhance the global accuracy of 
overall results [83]. In regard to fusion of classifiers, Zhang, et al. [108] proposed a method 
that combines the face image and its Gabor transformation at the feature and matching
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levels. At the representation level they combined PCA features and LDA features, and at 
the confidence level, they experimented with the sum and product rules. They concluded 
that gray level intensities and Gabor features provide different information of identity that 
can complement each other. Mu, et al. [73] explored the performance of summing, voting, 
and weighted voting methods in combining local distances into the final decision. They 
proposed a classification method based on weighted voting that allows for a local window 
to cast a set of weighted votes. They validated their findings using the FERET database. 
They concluded that weighted voting outperforms simple voting. Khan, et a l  [43] 
developed a face recognition method based on PCA and Directional Filter Bank (DFB) 
responses integrated with a voting algorithm. They used cross correlation as a measure to 
compare the outputs of various classifiers. The authors tested their approach using the ORL 
database and reported classification rates of about 96%. They concluded that normalized 
correlation decision fusion outperforms majority voting. Ivanov, et al. [33] explored 
different strategies for classifier combination (majority voting, sum, and product rules) 
within the framework of component-based face recognition, they combined information at 
the feature and classifier levels. They concluded that the product rule outperforms the other 
two combination strategies.

Other investigations, yet in different areas other than face recognition, where aggregation 
of classifiers has lead to improved classification rates include the work by Nam, et al. [74], 
They combined clusters’ decisions by aggregation methods. Pham [80] reported on 
aggregation methods within the context of face detection. Kuncheva [52] presented a 
comparison between fuzzy and non-fuzzy combination of classifiers. In general, the 
literature reveals that aggregation of classifiers commonly leads to improved classification 
performance over single classifiers.

8.2 Aggregation of classifiers

Traditional pattern recognition systems commonly use a single feature space and a 
classification method to find out the true class of a particular pattern. However finding the 
true class may be a difficult task in a specified feature space. It has been observed that 
features and experts of different types could complement each other during classification 
[47] [40], By combining the opinions of individual experts, a consensus decision (class) can 
be formed. Various classifier combination schemes have been devised, and it has been 
experimentally demonstrated that some of them consistently outperform a single best 
classifier [47]. Ideally, the combination function should take advantage of the strengths of 
the individual classifiers and compensate for their weaknesses, thus leading to improved 
classification accuracy [40].

Current literature on aggregation of classifiers reports on two scenarios in which classifiers 
can be combined. In the first scenario, all experts operate in the same feature space. An 
example of this category is a set of k-nearest neighbor classifiers, each one using different 
parameters, such as value of K  nearest neighbors or distance model. In the second scenario, 
each classifier operates in independent feature spaces, where the measurements extracted 
from each pattern are unique to each expert [48]. Many models for combining classifiers 
take advantage of the intrinsic probabilities of each expert being correct for any given class,
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assigning weights to each decision accordingly. The foundation for these models is found 
in the Bayesian decision theory, explained later in this chapter.

This experimental study contemplates the use of features constructed from various image 
transformations, namely contrast enhancement and edge detection. The aggregation of 
classifiers takes place at the decision level. Each classifier provides a decision based on its 
particular expertise, portrayed by the features it takes into account. Figure 31 depicts the 
general scheme of aggregation of classifiers adopted in this study. There are three image 
sets created from the same face database Two of these sets are processed by the image 
transformation operators, creating contrast-enhanced images and edge images. Once the 
image transformations have taken place, the three image sets are used to construct their 
corresponding feature spaces, this is by applying the same method of dimensionality 
reduction to each set. The next step is the classification process, where each classifier casts 
its decision based on the information portrayed by the given feature space. Finally the 
proposed class is defined by the aggregation method, which in our case is either majority 
voting or Bayesian product rule.

Image
transformations

Edge detection

Construction of 
feature spaces

Classification
process

Dimensionality 
reduction m ethod

Aggregation of 
suggested classes

ClassifierC lassifierC lassifier

Contrast
enhancem ent

Contrast
enhancem ent

Dim ensionality 
reduction m ethod

Dim ensionality 
reduction m ethod

Face
database

A ggregation o f  c lassifiers’ 
________ decisions________

Proposed class

Figure 31 Experimental layout o f aggregation of classifiers

8.2.1 Bayesian decision theory  -  product rule

Bayes decision theory is one of the essential approaches to pattern classification [21]. Let’s 
consider a classification problem where an image z is to be labeled as one of C possible 
classes (coi...., a>c)■ We also consider R classifiers, or in our case feature spaces, each
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representing the image z by a unique feature vector x. We denote xr as the feature vector 
being used by the r-th classifier. In other words, pattern z is represented in the r-th feature 
space as xr. In the feature spaces each class <x>k comes with the underlying class-conditional 
probability density function p(xr\cOk). Similarly, let us denote by P(cOk) “a priori” probability 
of occurrence of this class. The Bayes decision rule states that the “a posteriori” probability 
of feature xr belonging to class 6% is computed as follows

P ( * r )

where,

P(xr)ss'Ep(*r\<*>k)P(a>k) (17)
* = i

The probability density function (pdf) p(xr) plays the role of scaling coefficient [16]. This 
fact makes it possible to concentrate only on the numerator of the above expression 
Rewriting (16) we obtain

P (ak \x l , . . . ,x R) = p (x l, . . . ,x R \cok)P((ak) (18)

Therefore, given the features xr, for r  = 1,.. ,,R, the pattern z should be labeled to class o)j if 
the a posteriori probability P(o^\xr) is maximum, that is

Labelzas o)jif P(co. | X i,...,xR) = maxP(cok |x p ...,x R) (19)
J k

Then, from Bayes decision theory we can formulate ways of calculating all a posteriori
probabilities, and therefore suggest the most likely class cy for input image z. Considering
the so-called product rule, we combine the decision of the classifiers as a weighed product 
of the independent decisions. The weights are estimated according to the belief of each 
classifier being correct; this is based on their probabilities of correct classification for a 
given pattern. We estimate the joint probability distribution of the features as

R
p { x l , . . . , x R \(Ok ) = Y [ p (Pi r \ c o k ) (20)

r =1

by substitution in (18) we arrive at

P{(ok \x l, . . . ,x R) = P{cok)Y [p {x r \(ok) (21)
r - l

leading to the product decision rule
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p i.o)j ) n  p ( x r I ®J) = max] P(G)k)]~[ p ( \ r \ cok) \ ,  for k  = 1,... ,C.
r =1 L r=\ J

In our experiments we computed the probabilities p(xr\oik) from the confusion matrix of 
each classifier. For details see [102]. The confusion matrices are computed using the 
training and validation sets. The testing set serves to evaluate the aggregation procedure 
in the testing process; hence the error rates and standard deviations are computed using 
the testing sets.

8.2.2 Majority voting

The inspiration behind majority voting is based on the assumption that the collective 
knowledge of a group is superior to those of single experts, provided that the experts have 
reasonable competence in the field. It is intuitive to say that the quality of the final decision 
depends on the ability of the experts. In majority voting, each classifier provides a decision 
(vote) for a given pattern. The class that received the majority of the votes is suggested as 
the proper class [48]. Since computing weights is not required in this architecture, the votes 
are computed using only training and testing sets.

8.3 Research environment

Our experimentation takes into account two well-known face databases regarded as 
benchmarks in the area of face recognition, namely FERET and YALE. Both datasets 
include variations in lighting conditions and facial expressions. For details refer to section 
3.3.

8.4 Experimental setup

The experimental setup is designed to provide evidence regarding performance, in terms of 
error rates and standard deviations, of independent and combined classifiers. The feature 
spaces are constructed by means of PCA, LDA, kemel-PCA, and Isomap. Three kernel 
models are contemplated in kemel-PCA, namely polynomial of second order, Gaussian, 
and sigmoid with a polynomial kernel of first order. The Gaussian model assumes a=  70 
for the experiments concerning FERET, and a  = 200 for those concerning YALE. The 
parameters of the kernel models were chosen based on our previous investigation described 
in Chapter 7, the selected parameters provided the lowest error rates from a series of 
possible values. Isomap was implemented over PCA and LDA feature spaces 
independently. Hence we have two scenarios for this algorithm that we call Eigen-Isomap, 
and Fisher-Isomap. The classification task was performed by the nearest neighbor 
classification mle with Euclidean distance. The aggregation of classifiers contemplates 
majority voting and Bayesian product mle.

The performance of the classifiers depends directly on the number of variables taken into 
consideration. In order to find an adequate number of variables, we increased the number of 
features taken into account by each classifier. The amount that led to the lowest error rate 
was then selected as proper for that given classifier. In this study, the reported error rates
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are the lowest we computed considering a particular space and number of variables. For a 
complete description of the evaluation approach please refer to section 3.1.

The experimental setup comprises a collection of experiments using the FERET and YALE 
databases. The FERET images were divided into 200 images for training, 200 for 
validation, and 200 for testing with no overlap (one image per class in each set). A 3-fold 
cross validation is taken into account to evaluate those architectures using the FERET 
database. The YALE database contains 11 images per person for a total of 15 individuals. 
We created 10 random splits with overlap, each having a training, validation, and testing 
sets of 4, 3, and 4 images per person respectively. The evaluation of the architectures using 
the YALE datasets is reported as the average and standard deviation computed over the 10 
splits. FERET and YALE databases were treated independently throughout the 
experimentation. For a complete description of the databases please refer to section 3.3.

There are two image transformations implemented in this study: contrast by histogram 
equalization and edge detection by the Sobel operator. To improve the performance of the 
edge detection process, the images were pre-processed by contrast enhancement. Both 
image transformations were applied to both databases, giving place to three major sets for 
each database. All three major sets from FERET and YALE were subjects to the 
dimensionality reduction by means of Eigenfaces, Fisherfaces, Isomap, and kemel-PCA. 
The aggregation of classifiers takes into account those features spaces computed by the 
same dimensionality reduction method but different image transformations, i.e. no 
transformation, contrast, and edge detection (see Figure 31). Therefore there is one 
aggregation algorithm for each dimensionality reduction method. However, it considers 
three classifiers to come up with the final decision.

Aggregation by majority voting and Bayesian product mle were considered in this study. 
When it comes to the Bayesian product mle, we are required to compute a set of weights, 
one for each expert, and to select a proper number of features from the space. The weights 
were computed using the images in training and validation sets, the number of features 
were set according to the lowest error rate over the validation sets. The overall performance 
of the aggregation of classifiers was evaluated over the testing sets. When it comes to 
majority voting no weights are required, hence the validation sets are not needed. The error 
rates from each independent expert are compared to the error rates of the combined 
classifiers. To validate the significance of the results, a statistical t-test [72] is performed on 
the classification results given by a single expert and by the combination of them.

The experimental setup allows us to evaluate the collective knowledge of the experts. We 
expect to offer evidence to support the hypothesis that different image transformations 
provide different discriminatory information useful for classification. And that such 
discriminatory information can be combined to improve performance over single 
classifiers.

8.5 Experimental results

There are three feature spaces for each method of dimensionality reduction. The feature 
spaces emerged from regular images, histogram-equalized images, and edge images. Table
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15 shows the number of variables for which the error rate is lowest in each given feature 
space, this is considering training and validation sets. The data presented in Table 15 
comprise YALE and FERET databases.

Table 15 Number of variables that provide the lowest error rates in 
________  each feature space_____________________

Method No
transformation 

YALE FERET

Number of Features 
Histogram 

equalization 
YALE FERET

Edge detection 

YALE FERET
PCA 58 124 28 185 57 199
LDA 14 187 14 193 14 196
Eigen-Isomap 47 126 60 185 54 198
Fisher-Isomap 53 191 52 190 60 198
Kemel-PCA (polynomial) 51 170 51 173 37 147
Kemel-PCA (Gaussian) 22 134 23 140 16 119
Kemel-PCA (Sigmoid) 53 166 55 158 60 148

Figure 32 and Figure 33 show the performance, in terms of average error rates and 
standard deviations, of classifiers using the YALE and FERET database respectively. The 
data is organized according to feature spaces specified in the horizontal axis. The bars 
indicate the error rates of single and combined classifiers computed over different feature 
spaces. Thin lines overlapped with the error rates show the standard deviations. The 
presented error rates were computed over the testing sets alone.

35

30

25
<L>
I  20

□  N o transform ation ■  Contrast enhancem ent ■  Edge detection

B  M ajority  voting ■  B ayesian product rule

Figure 32 Performance of single and combined classifiers in YALE
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Figure 33 Performance of single and combined classifiers in FERET

To validate our findings, we assessed the statistical significance of differences between 
reported average error rates using t-test. The objective is to evaluate, from the statistical 
point of view, whether in fact combined classifiers improve classification rates over the 
results produced by single classifiers. At this point we compare the error rates of single 
classifiers using unaltered images (images not affected by any transformation operator), 
against the outcomes of combined classifiers (majority voting and Bayesian product rule). 
Table 16 presents the feature spaces and aggregation methods for which we can support the 
hypothesis that the classification improvement is statistically significant with over 90% 
confidence level.

Table 16 Feature spaces and aggregation methods showing improved performance

Majority voting Bayesian product rule

FERET NONE

PCA
LDA

Eigen-Isomap
Fisher-Isomap

YALE

PCA 
LDA 

Fisher-Isomap 
Kemel-PCA (polynomial) 

Kemel-PCA (sigmoid)

PCA 
LDA 

Eigen-Isomap 
Fisher-Isomap 

Kemel-PCA (polynomial) 
Kemel-PCA (sigmoid)

The experimental results presented in Figure 32 and Figure 33 suggest that image 
transformations provide relevant discriminatory information in face classification. We
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observe reduction of error rates when classifying features emerging from histogram 
equalization and edge detection over features from conventional images. We expected 
histogram equalization to balance lighting, hence reducing error rates for methods that are 
susceptible to this type of noise. In Eigenfaces we can clearly see the advantage of 
histogram equalization, the error rates drop significantly when the images are pre-processed 
by contrast enhancement, as much as 18% in the case of FERET.

From a different perspective, edge detection is intended to stress out the shapes of facial 
features, making variances much larger for different individuals, and smaller for images of 
the same individual. Experimental results suggest that edge detection indeed exposes more 
relevant discriminatory information.

Our experimental findings reveal that image transformations influence the manner in which 
information is allocated along each axis of the feature spaces, especially edge detection. 
Figure 34 portrays an example of the cumulative variances along each axis of the PCA 
feature space. The feature spaces were constructed from images with and without 
transformation operators. In this example the PCA feature space was computed using the 
YALE database. In Figure 34 we can appreciate that the information is allocated along each 
axis of the feature space in a particular way. For example, features from images with no 
transformation and from histogram equalization contain most of the variances in fewer 
variables than features from edge images. The implications of this phenomenon are far 
reaching.

The influence of each variable in the similarity measurements, portrayed by a particular 
distance model, can modify the outcome of the classifiers. This issue is particularly 
important in the design of classifiers susceptible to distance models, such as the nearest 
neighbor classification rule. An adequate distance model may be obtained experimentally, 
for instance one could try various models emerging from the Minkowski family of 
distances [16], which includes the widely used Euclidean distance. The fact that the 
variances are more evenly distributed over the entire space is reflected in the number of 
features that provide the lowest error rates, see Table 15.
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Figure 34 Cumulative variance along each coordinate o f PCA feature space

In general, kemel-PCA with a polynomial kernel of second order can lead to low error 
rates. However it is not helpful with either Gaussian or sigmoid kernels, particularly with 
large databases such as FERET. The experimental results also indicate that combining 
classifiers’ decisions can significantly improve classification. In general, combining 
classifiers’ decisions by Bayesian product mle leads to lower error rates. Nonetheless 
majority voting shows some minor improvements in some cases. It is possible that one of 
the classifiers outperformed the remaining two in several occasions, leading to a more 
robust classification with Bayesian product mle.

Overall, the lowest average error rate in the YALE database is 3.66%. It is offered by 
Bayesian product mle and kemel-PCA with polynomial kernel of second order. The lowest 
error rate in FERET is 6.66% using Bayesian product mle and Fisher-Isomap. Figure 35 
shows samples of misclassified images in YALE and FERET databases. The samples come 
from the aggregation of feature that showed best performances, i.e. Kemel-PCA with 
YALE and Fisher-Isomap with FERET. It is interesting to see that even though contrast 
enhancement and edge detection intend to deal with lighting conditions. Some images with 
such type of noise were still misclassified.
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Figure 35 Samples o f misclassified images in FERET and YALE

An examination of the errors made by each classifier reveals particular cases where the 
classification by aggregation can enhance classification performance, and cases where no 
improvement is possible. Any classifier can produce wrong class assignments for particular 
images. However, if the other classifiers make the correct classification then the final 
proposed class could be correct. In other words, the aggregation method combines the 
strengths of some classifiers to overcome the weaknesses of others. In Figure 36 we present 
a graphical representation of the unique and mutual errors made by each classifier. The 
figure was constructed taking into consideration one of the data splits from the YALE 
database; it considered feature spaces constricted by kemel-PCA with polynomial kernel 
model (kemel-PCA showed best performance in this database). Each ring shows the 
number of errors made by one classifier. The overlapped areas depict the number of cases 
where the errors are mutual. The area in the middle portrays the number of mutual errors 
among all classifiers. In Figure 36 we see that the classifier that considers no image 
transformation made 7 unique errors (errors not shared by any other classifier). The 
classifier that considers contrast enhancement made 6 unique errors, and the classifier that 
considers features from edge detection made 4. There are 5 mutual errors shared by the 
classifier that considered images with contrast enhancement, and the classifier that
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considered images with no transformation. Overall, there are 4 out of 8 cases where all 
classifiers made exactly the same errors, they proposed the same wrong classes for 4 
identical images of the test set. We can see now that these 4 cases will be misclassified 
regardless of the aggregation technique we implement. Nonetheless there can be 
improvement over the remaining 4 images if the aggregation method is carefully designed.

Errors with no image 
transformation

Errors with contrast 
enhancement

4/8

Errors made by all 
classifiers

Errors with 
edge detection J

Figure 36 Graphical representation of unique and mutual errors made by independent classifiers (kemel-PCA with
polynomial kernel) using YALE

Figure 37 depicts the number of unique and mutual errors made by each classifier. The 
figure was constructed taking into consideration one of the validation splits from the 
FERET database; it considered feature spaces constricted by Fisher-Isomap (Fisher-Isomap 
showed the best performance in this database). For this particular scenario, there are no 
shared errors among all classifiers (innermost area), therefore there is the possibility of 
achieving correct classification for all cases if an aggregation method is carefully 
constructed. At this point it is worth mentioning that Figure 37 shows the errors made over 
one validation split only, hence the overall average error rate may still be higher than zero.

Errors with no image 
transformation

Errors with contrast 
enhancement

0/15

Errors made by all 
classifiers

Errors with 
edge detection

Figure 37 Graphical representation of unique and mutual errors made by independent classifiers (Fisher-Isomap) using
FERET
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8.6 Conclusions

We have presented compelling experimental evidence that supports the hypothesis that 
different image transformations (such as contrast enhancement and edge detection) provide 
additional information useful for classification. Similarly, this discriminatory information 
can be of relevance when carrying out aggregation of classifiers. Various methods for 
constructing meaningful feature spaces have been considered, namely PCA, LDA, Kemel- 
PCA, and Isomap. Majority voting and the Bayesian product mle are the two constructs 
that realize a combination of experts’ decisions. We presented cases where improvement 
can be achieved by a careful design of aggregation methods. One should stress that there 
are also situations where no improvement has been reported. The experimental scheme 
involves two well-known face databases regarded as benchmarks in the area of facial 
recognition, namely YALE and FERET.

In general, combining features by means of the Bayesian product mle leads to the improved 
performance of the resulting classifiers. The lowest error rates on YALE were provided by 
kemel-PCA with polynomial kernel of second order, and by Fisher-Isomap on FERET. The 
implications of image transformation in face classifiers can significantly affect 
classification performance. We found out that features constructed form edge images tend 
to depict an even distribution of discriminatory information over the entire space. Careful 
design of classifiers should be taken into consideration when dealing with image 
transformations, particularly in the case of choosing similarity measurements (distance 
models).
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C h a p t e r  9

IMPORTANCE OF FEATURES IN FISHER SPACE -  AN EVOLUTIONARY

APPROACH

Most approaches to face recognition involve some sort of transformation of the original 
face images (inputs representing pixels values) to a meaningful feature space. Given a 
collection of projected images (feature vectors) we proceed to the identification process by 
means of some classifier(s), typical approaches adopt a nearest neighbor rule. During 
classification, the variables forming the feature vectors assume equal “importance”, this is 
the similarity measurement (distance model) does not distinguish between variables with 
various discriminatory powers. It is intuitive to think that classification performance would 
improve if the classifier took into consideration the discriminatory capacity of the variables. 
To this end, we have developed a face recognition system that reveals the discriminatory 
powers of the variables and that uses them in order to improve classification. In addition, 
our system proposes an adequate similarity measurement to distinguish between 
individuals in the given feature space.

This chapter presents an extensive experimental investigation on an evolution-driven 
approach to face recognition. This investigation departs from a well-established method for 
constructing meaningful feature spaces, namely Fisherfaces. Its intrinsic characteristic of 
separating the classes and its capability of sound dimensionality reduction make it an ideal 
platform to build upon. Evolutionary optimization is carried out by Genetic Algorithms 
(GA). A GA ranks the variables of the feature vectors according to their “importance” for 
classification, and at the same time, produces a suitable distance model capable of 
separating the classes (individuals). The distance models are derived from the Minkowski 
family of distances, described in [16] and in section 3.2.2. Evolution is driven towards 
reducing error rates.

Throughout the chapter we present experimental evidence supporting the usefulness of this 
approach. We comment on advantages and drawbacks of this method, particularly in terms 
of computational costs and error rates. We provide design recommendation regarding 
suitable environments and feature spaces for this technology.

9.1 Previous related work

Various attempts to improving performance of face classifiers have been made with the 
help of Genetic Algorithms. In this section we provide some representative examples the 
architectures proposed in the past. In 1998, Liu, et al. [59] worked on an approach called 
Optimal Projection Axes (OP A) for face recognition. OP A works by searching through all 
the rotations defined over PCA subspaces. The authors expected better performance from 
non-orthogonal bases over orthogonal ones. Evolution is driven by a fitness function 
defined in terms of performance accuracy and class separation (scatter index). Accuracy
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indicates the extent to which learning has been successful, while the scatter index provides 
an indication of the expected fitness on future trials. The authors tested their approach over 
1107 images corresponding to 369 subjects from the FERET database. Liu, et al. showed 
that OPA delivers improved performance over Eigenfaces. The authors report a top 
performance of 92.14% recognition.

In 2002, Yankun, et al. [104] described an approach to face recognition based on kemel- 
PCA and Genetic Algorithms. The authors included a polynomial kernel of various degrees 
for their experimentation. For the classification task they employed linear Support Vector 
Machines (SVM). The authors tested their approach over their own database consisting of 
1400 images of 70 individuals, and over the ORL database. The task of the GA was to 
select suitable variables for classification. The chromosomes consisted of binary genes, 
where a value of 1 indicated inclusion of a variable and a value of zero indicated exclusion. 
The authors report a recognition rate of about 98% on their own database with a 
polynomial kernel of degree 4, and an error rate of 1.63% over the ORL database. For the 
latter they took into consideration a polynomial kernel of degree 5.

In 2004, Xu, et al. [103] presented a face recognition system capable of selecting suitable 
features for classification. With the aid of GA they were able to extract relevant 
information from features derived from Independent Component Analysis (ICA). The 
chromosomes comprised binary genes that specified which variables to extract. 
Classification was performed by means of the nearest neighbor classifier and Cosine 
similarity measure. The authors tested their method using images of the YALE database. 
Xu, et al. delivered a comparison between the performance of Eigenfaces, FastICA, M- 
FastlCA, and FastICA with GA. Their results show better performance of FastICA with 
GA, about 90.32%.

In 2005, Zheng, et al. [109] introduced an approach involving GA as a vehicle to 
identifying the variables suitable for classification. They considered PCA and then LDA for 
their approach. As initial step, the authors developed the so-called GA-PCA, which extracts 
useful features from the PCA space, then they utilized GA once more over the variables 
produced by LDA. LDA took into consideration the variables previously extracted by GA 
from PCA space. The authors compared the performance of their approach to that of 
Fisherfaces. The Face Recognition Technology (FERET) and Carnegie Mellon University 
Pose, Illumination, and Expression (CMU PIE) databases are used for evaluation. 
Experimental results showed an improvement of about 5% over Fisherfaces.

In 2006, Liu, et al. [63] presented their work on face recognition using Genetic Algorithms. 
They described a nonlinear Evolutionary Weighted Principal Component Analysis 
(EWPCA) based on Genetic Algorithms. Similar to LDA, the EWPCA maximizes the ratio 
of between-class variations to that of within-class variations, and achieves better 
classification performance than that of traditional PCA. The authors entrusted Genetic 
Algorithms to select optimal weights for the EWPCA. In face recognition, Evolutionary 
facial feature obtained by performing EWPCA is used as the representation of original face 
images. Liu, et al. evaluated their proposed algorithm on the Cambridge ORL face database 
and a combo database consisting of ORL, Yale, and UMIST databases. They showed that
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EWPCA could outperform PCA, kernel PCA and LDA. The authors reported an error rate 
of about 95% over the ORL database, and about 92% over the combo database.

9.2 Genetic algorithms -  An optimization tool

This section introduces Genetic Algorithms as an optimization tool. It provides the required 
background before elaborating on the proposed face recognition architecture. Many 
Evolutionary algorithms have become popular tools for searching, optimization, machine 
learning, and for solving problems. These algorithms mimic evolution in order to discover 
solutions to complex problems [100].

Genetic algorithms were developed in the US by John Holland and his students in the 
1960s, 1970s, and 1980s [100]. An interesting line to describe such algorithms reads: 
“Computer programs that "evolve" in ways that resemble natural selection can solve 
complex problems even their creators do not fully understand” [122], As of today GA 
remains the most recognized form of evolutionary algorithms [100].

Typically an optimization application requires finding a set x = {x\,..,xn} eM  of free 
parameters of the system under consideration, such that certain quality criterion, usually 
called the objective function, is maximized, or equivalently minimized. This is 
/ (x) -> max [7], The objective function might be given by real-world systems of arbitrary 
complexity or by an analytical expression. In general, a solution to the global optimization 
problem stated above requires finding a vector x such that Vx e M : / ( x )  < /(x*) = f  [7],

In genetic algorithms, the potential or possible solutions for a specific problem form what is 
called a “population”, which is simply a collection of “individuals”, also known as 
“chromosomes” or “genotypes”. The artificial evolution mimics natural selection in the 
context of probabilistic operators, namely mutation, selection, and recombination. These 
operators seek for the evolution of the individuals (potential solutions) towards better 
fitness values - survival of the strongest. The fitness value is a direct indication of the 
objective function’s value of an individual in relation to a fitness function to be optimized.

In order to represent the potential solutions (chromosomes) of the original problem at hand, 
one has to encode (transform) the original problem into a format susceptible to genetic 
computations. In the opposite direction, an inverse transformation is accomplished by a 
decoding mechanism that permits moving from the GA space into the original search 
space. Generally speaking, the encoding/decoding mechanism comprehends three possible 
scenarios as follows [16]:
• 1-to-l mapping
• n-to-1 mapping
• 1-to-n mapping
Such mechanism is well illustrated in Figure 38 (illustration from [16]).
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Figure 38 GA encoding -  decoding scheme

The GA search space is composed of a string of symbols. In their simplest form they can 
comprehend an alphabet of 2 elements {0, 1}. However, the alphabet can be expanded as 
necessary to the point of using real numbers (floating point encoding). The design of the 
chromosomes is fundamentally linked to the nature of the problem, and it should represent 
a solution adequately and completely.

The mutation operator introduces innovation into the population by generating variations of 
individuals [7]. It changes the value of an element of the chromosome, for instance, if the 
chromosome is formed by binary variables, then the operator changes the value of the 
variable to its complement. At this point, the mutation rate denotes the probability at which 
the individual bits become affected. For instance, a mutation rate of 5% when applied to a 
population of 500 chromosomes, each being of 20 variables, means 5% of 1,000 variables 
being changed [16]. If the GA search space is defined using a more extended set of 
symbols (such as floating point encoding), the mutation operator can modify the 
chromosomes’ variables content by some random increments [16]. Another approach that 
may be useful for covering more drastically the search space is to change the value of one 
or few chromosomes’ variables by a totally new random value.

The recombination operator, usually called “crossover”, performs an information exchange 
between different individuals in the population [7], hopefully inheriting relevant part of an 
adequate solution to the offspring. A one-point crossover identifies two chromosomes from 
the population and randomly selects a position in the chromosomes at which they 
interchange their content. Continuing with examples of chromosomes of binary variables, 
we present Figure 39 to depict the process.
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Figure 39 One-point crossover operator

The direct effect of the crossover operator in the evolutionary process is the diversification 
of individuals that form the new population. The crossover is denoted in terms of 
probability at which the elements of the chromosomes are affected. The higher the 
probability, the more individuals are affected by this operator [16]. The crossover is 
regarded as a fundamental mechanism of a GA [16]. Within the same context of crossover, 
and considering real numbers as the plausible alphabet for the chromosomes’ variables 
(floating point encoding), we present the following mechanisms to do the task [16]:

• Linear recombination. It considers two parent chromosomes x and y, similarly there are
two offspring x’ and y’. The recombination occurs as follows

x ’=A x + (1 -A )y  (21)
y ’=A y + (1 -A )x  (22)

where A is constant assuming values within the range [0-1],

• Flat crossover. It is defined as

zi = U(min(x„ y,), max(x;, y,)) (23)

where i = 1,...,M  where M  is the length of the chromosome vector. U(a, b) is a random
variable with a uniform distribution function that is defined over [a, b], and z is the
resultant offspring.

• Simple crossover. It follows a similar idea as the crossover defined previously. For 
Boolean variables it is

z=  [x/, x2,..., x/, y,+/,... ,ym] (24)

where i is randomly chosen within the range of the chromosome [1 -M\.

• BLX-a crossover. It is defined as

z, = U(min(x;, y,) -  I,a, max(x„ y,) + I,a) (25)

where I* = max(x„ y;) -  min(x,, y,), and a assuming values between [0-1],
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The evolutionary process measures the “quality” of the population. No doubt it is crucial 
for the proper evolution of the solutions. At this point the fitness function evaluates the 
chromosomes independently and assigns a corresponding fitness value (strength) to each of 
them. An adequate fitness function will allow the proper selection of the best solutions to 
the problem at hand. If one is interested in the general “strength” of a population, an 
average fitness value can be computed. A common procedure is to plot the average strength 
of the population according to the number of generations (iterations), which depicts the 
evolution of the solutions.

The selection operator is the driving force behind the process of evolution, by preferring 
better, or most fit, individuals to survive and reproduce after the members of the next 
generation are selected [7]. The selection operator mimics the process of natural selection 
(survival of the strongest individuals) in a population. A standard mechanism is the roulette 
wheel selection described as follows:

All fitness values of the individuals forming the population are normalized to a maximum 
value of 1. Then the normalized values can be regarded as probabilities in the following 
manner [16]

(26)
fitness j

M

where the sum of the values in the denominator characterize the total fitness of population 
P. We then form a roulette wheel whose sectors are formed to reflect the probabilities of 
the chromosomes in the population, as illustrated in Figure 40. If we spin the wheel N  times 
and select chromosomes from it, we arrive to a new selected population. Naturally, the 
chromosomes with higher fitness values (higher probabilities of being chosen) will be 
selected more often than those with lower fitness values.

Figure 40 Roulette selection

To guarantee evolution, one can also implement an “elitist” mechanism, which extracts the 
strongest, or few strongest, chromosomes from the present population and directly copies 
them into the new population. The process is carried out without any modification to the 
selected chromosomes whatsoever.
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The roulette selection works well in many cases. However, its weakness is present in 
complex fitness functions. If the best chromosome takes over, then the entire population 
may be confined to a specific area, therefore finding a local optimal solution. To alleviate 
the drawback of the roulette selection, one can apply the scaling and ranking mechanisms, 
which helps keep competent individuals and at the same time maintain diversity in the 
population. In general, the scaling operator transforms the fitness value denoted by fit, into 
a new expression f i t ’, where f i t ’ = fifit) and /b e in g  the scaling transformation. Some 
transformations are outlined next [16]:

• Linear scaling. It transforms the value of fit by a linear function as follows

f i t ’ = a -fit + b (27)

where a and b are selected so that average chromosome receives one offspring and best 
receives certain number of copies.

• Dynamic linear scaling. It changes the parameters of the transformation over the course 
of evolution. This is expressed as

f i t ’ = a • fit  + b(t) (28)

where b(t) varies with the present population. Particularly one can assume b(t) as the 
negative value of the fitness of the weakest individual.

• Sigma truncation. It is an approach that modifies the values of the fitness function 
according to the characteristics of the entire population, this is

f i t '= f i t - { f i t - c c r) (29)

where f i t  and crare the mean value of the fitness function across the entire population, 
and the standard deviation respectively.

• Power law scaling. It transforms the original fitness values of the chromosomes 
according to

f i t ’ = fif ,  or similarly f i t ’ = (a ■ f i t  + b)a (30)

If a  tends to zero, it produces a mechanism of random selection. On the opposite case, 
more attention is focused on the individuals with higher fitness values, and tends to 
play a more essential role in the construction of the next population.

The algorithm of the complete process can be expressed in a loop that mimics evolution as 
it roughly occurs in nature by implementing the operators of recombination, mutation, 
fitness evaluation, and selection. The process iterates through the loop for a specific 
number of times (generations), or until a proper solution is found.
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Figure 41 depicts the general 
scheme of a GA. P(t) denotes a 
population of potential solutions 
in generation t. P ”(t) stand for 
an offspring population created 
after recombination and 
mutation of population P(t). The 
offspring individuals are 
evaluated by calculating the 
objective function values J{x) for 
each potential solution x that is 
present in population P ”(t). 
Finally the selection is 
performed based upon the 
fitness value of every individual 
to evolve towards a better 
solution. The GA process starts 
by randomly initializing the 
chromosomes of the population 
P(0).

The evaluation of all individuals 
takes place by means of the 
fitness function, if a satisfactory 
criterion is met then stop and 
extract the best solution (the one 
with highest fitness value if the 
criterion is to be maximized) 
from the pool. If no satisfactory 
solution is found, then continue 
the recombination operator 
(crossover) to generate a 
population P '(0) with the 
consequent offspring.

The mutation process is used to form a population P ”(0), evaluate every chromosome in 
P ”(0) and carry on with the selection mechanism. The newly formed population P(l) is 
then evaluated to check if a proper solution has been found, if not then continue with the 
iterative process until the termination criterion is satisfied.
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Figure 41 Genetic Algorithm scheme
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9.3 Research environment

The research environment considers images from the YALE database. We count 11 images 
for 15 individuals with variations of gesture and illumination. All classes are taken into 
consideration during training and classification. Classification performance is expressed in 
terms of error rates via the nearest neighbor classification rule. Details of the research 
environment can be found in section 3.1.

9.4 Experimental setup

The experimental setup is designed to reveal the “importance”, from the classification point 
of view, of the variables forming the feature vectors in Fisherfaces space. It also intends to 
deliver a suitable similarity model for face classification. The distance models are derived 
from the Minkowski family of distances, where the form of the distance function is 
specified by a parameter p. The Minkowski family of distances is presented in (1) in 
section 3.2.2.

The importance of the variables forming the feature vectors is established by a weight 
constant that can assume any real value between zero and one, the higher the weight the 
higher the importance of the corresponding variable. The nearest neighbor classifier then 
considers a weighted distance measurement taking into account the proposed weights and 
distance model. A genetic algorithm is entrusted the task of discovering a suitable distance 
model (defined by an integer value of parameter p) and the weight values (importance) of 
the variables of the feature vectors. Evolution in the GA is driven toward reducing error 
rates. The fitness function to maximize takes the form

fitness = -------------   (31)
1 + error _ rate(p, w )

were the error rate is a function of the Minkowski distance defined by p, and the set of 
weights w = {w i,. ..,wc. 1} associated to the variables of the feature vectors. Note that we can 
have at most C-l weights in the Fisherfaces space. Parameter p  is allowed to assume any 
integer value between 1 and 10.

In our investigations we contemplate 10 random splits of the YALE database, the 
performance is specified as error rates and corresponding standard deviations. We consider 
two scenarios for our evaluations:

• Scenario 1. We include 6 and 4 images for training and testing sets respectively. The 
GA finds the weights and the parameter p  taking into consideration both, training and 
testing sets. Error rate is computed over testing sets. The performance is presented as 
average error rates and standard deviations over the 10 random splits.

• Scenario 2. We include 4, 4, and 3 images for training, validation, and testing sets 
respectively. The weights and the parameter p  are found taking into account the training 
and validation sets. The evaluation is performed over the testing sets. For comparison 
purposes, we also present the average error rate and standard deviation over the 
validation sets.
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Any experimentation involving a GA requires a number or repetitions for each experiment. 
This is to avoid biased results due to the randomness involved throughout process. In our 
experiments we considered 10 repetitions for the 10 splits of the YALE database, hence 
resulting in a suite of 100 experiments for each scenario. The proposed weights are 
expected to be somewhat different after every repetition of the experiments within a 
narrowed range. In scenario 2, the evaluation over the test sets takes into consideration the 
average of the weights proposed by the GA over the validation sets. As for the distance 
model (value of parameter p) we took into consideration the value that was suggested most 
of the times throughout the 10 repetitions over the validation sets.

The structure of the chromosome involves a vector of weights and the parameter p  as 
illustrated in Figure 42. They are treated independently through the crossover and mutation 
operations. We considered linear recombination as crossover operator and a random 
mutation. In order to compute a valid value of p , the outcomes of the crossover and 
mutation operators were rounded off to the closest integer.

W\ Wc-1 p
Figure 42 Chromosome representation

The GA followed the “roulette selection” mechanism in order to select the chromosomes 
for the next generation. The probabilities of crossover and mutation were set to 70% and 
7% respectively, such probabilities led to a somewhat faster evolution of the population. 
The GA comprised a population of 500 chromosomes. The evolution ran for 1000 
generations or until the fitness value of a chromosome reached 1.

9.5 Experimental results

In what follows we expand on the experimental results of both scenarios. We present the 
average weights for the variables of the feature vectors, the suggested distance models in 
each experiment, the average error rates over each data split, and the overall average error 
rates.

9.5.1 Experimental results o f  scenario 1

Let’s remember that in scenario 1, the face recognition system considers 6 images for 
training and 4 images for testing. Within this framework, Figure 43 presents the average 
weight values (importance of the variables) and the corresponding standard deviations. The 
standard deviations are depicted as thin lines over the bars portraying the weights. Note that 
the Fisherfaces space comprehends 14 dimensions since there are 15 classes in the YALE 
database. Table 17 shows the suggested distance models (values of p) for each experiment 
under consideration - 10 repetitions over 10 data splits. For the purposes of testing, we 
considered the averages of the suggested weights, and the values of p  that were mostly 
suggested for each split. Figure 44 depicts the computed average error rates of the 10 splits 
over 10 repetitions.
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Figure 43 Averages o f weights for each variable o f Fisher space on YALE (scenario 1)

Table 17 Values o f p for the Minkowski distance using YALE (scenario 1)
Repetition Split 1 Split 2 Split 3 Split 4 Split 5 Split 6 Split 7 Split 8 Split 9 Split 10

1 4 2 8 2 2 6 2 2 10 4
2 6 2 10 2 4 2 2 4 6 2
3 10 6 4 2 2 2 2 4 8 2
4 6 6 6 2 2 8 2 4 4 2
5 8 2 4 2 2 2 2 4 4 2
6 4 8 4 2 2 4 2 2 6 2
7 6 6 8 2 2 2 2 4 6 2
8 8 4 8 2 2 2 2 4 4 4
9 6 8 2 2 2 10 2 2 10 10
10 10 2 10 2 4 6 2 4 10 4
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Figure 44 Average error rates over 10 repetitions using YALE (scenario 1)

The overall average error rate and standard deviation are 3.09% ± 0.56%. In other words 
this is the average of the error rates computed over 100 experiments.

9.5.2 Experimental results o f  scenario 2

Scenario 2 includes the training, validation, and testing sets. Training and validation sets 
are used to generate 14 weight values (one for each variable) and 10 parameters p  (one for 
each split). For the purpose of evaluation of the classifiers, we considered the averages of 
the suggested weights, and the values of p  that were mostly suggested for each split. The 
performance of the face classifiers is evaluated over the test set taking into consideration 
the suggested weights and parameter p  as settings for a weighted Minkowski distance.

Figure 45 presents the averages and standard deviations of the suggested weights over 10 
repetitions. Table 18 shows the proposed distance models for each experiment of scenario 
2. For comparison purposes, Figure 46 depicts the average error rates and standard 
deviations computed over the validation sets. It presents the computed results for 10 data 
splits over 10 repetitions. Lastly Figure 47 illustrates the average error rates and standard 
deviations computed over the testing sets, the data is organized according to validation 
split. Please note that in Figure 47 we cannot depict standard deviations since the 
evaluations were performed only once. This is considering the suggested weights and 
parameters p. There is no randomness involved in the evaluations over the testing sets.

95

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0
1 2 3 4 5 6 7 8 9 10 11 12 13 14

V ariable

Figure 45 Average weights for each variable o f Fisher space on YALE (scenario 2)

Table 18 Values o f p  for the Minkowski distance using YALE (scenario 2)

Repetition Split 1 Split 2 Split 3 Split 4 Split 5 Split 6 Split 7 Split 8 Split 9 Split 10
1 2 4 10 2 10 2 2 4 2 4

2 2 10 10 2 2 2 2 2 2 2

3 4 4 10 4 10 2 4 4 2 2

4 2 4 10 2 10 2 4 6 2 2

5 4 4 10 4 10 4 4 4 2 2

6 4 4 10 4 2 4 2 4 2 2

7 2 4 10 8 4 4 4 2 2 2

8 4 4 10 2 10 4 4 4 2 4

9 4 2 10 2 10 2 4 4 2 4

10 4 4 10 4 8 2 2 4 2 2
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Figure 46 Average error rates over 10 repetitions using YALE (scenario 2 - validation)

The overall average error rate and standard deviation computed over the validation sets are 
6.26% ± 0.65%.

Split 1 Split 2 Split 3 Split 4  Split 5 Split 6 Split 7 Split 8 Split 9 Split 10

D ata Split

Figure 47 Average error rates over 10 repetitions using YALE (scenario 2 - testing)

The overall average error rate and standard deviation computed over the testing sets are 
10.50%, and 11.99% respectively.

97

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Based on the Experimental findings, we can observe an evident improvement of the 
weighted Minkowski distance over the Fisherfaces classifier, as much as about 8% in 
scenario 1. In some data splits the error rates even dropped to 0%. In general the GA agrees 
to a solution for all three repetitions, and a tendency can be observed in the proposed 
weight values. As for the suggested values of p  for the Minkowski distance, the GA 
proposed Euclidean distance (p=2) as the most suitable parameter most of the times. 
However, some other values were also suggested.

Some of the differences between the weights values can be attributed to the fact that 
different values of p  were considered in the weighted Minkowski distance, therefore the 
“importance” of some dimensions may change depending on the values of p  (model 
distance under consideration).

9.6 Conclusion

This chapter has presented an investigation of an evolution-driven approach to face 
classification. The investigation consisted of an extensive suite of experiments involving 
Fisherfaces features and GA. The scope of this investigation aims at revealing the 
importance of the variables forming the feature vectors, and at acquiring suitable distance 
models for face classification. The importance of the variables is specified by a vector of 
weights, where each element of the vector is a scalar associated to a particular variable. The 
distance model is specified by a parameter p  of the Minkowski family of distances. 
Classification is achieved via the nearest neighbor classifier and a weighed Minkowski 
distance.

There are two scenarios taken into consideration in this study:
• Scenario 1. We include 6 and 4 images for training and testing sets correspondingly.
• Scenario 2. We include 4, 4, and 3 images for training, validation, and testing sets 

respectively.
The experimental findings of both scenarios suggest that classification performance can be 
improved by taking into consideration the importance of the variables involved and a 
particular distance model. The overall average error rate considering scenario 1 is 3.09. 
This is the lowest average error rate we have reported for that particular scenario 
throughout this thesis. As for scenario 2, we report an overall average error rate of 10.50%, 
which is the lowest we have reported for any single classifier.

The suggested distance models vary according to the data split taken into consideration. In 
Table 17 and Table 18 we observe that values such as 2 and 4 are generally repeated. 
However, other distance models are also proposed.

The importance of the variables, as reported by the weight values of Figure 43 and Figure 
45, does not show much variability. The values of the weights fall within a narrow region 
in the middle of the charts. It is interesting then that with such small variations in weights 
the classification performance improves significantly. The suggested distance model is a 
factor to consider when suggesting the weights. In other words, different importance may
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be attributed to each variable depending on the similarity measurement (distance model) 
under consideration. This explains some of the variations on the suggested weight values.

The reported average error rates in each data split present some significant variations, 
particularly for splits 6, 7, and 8; see Figure 44, Figure 46, and Figure 47. After careful 
examination we found out that those splits included more images with variations of lighting 
in the testing sets.

The computational cost of the presented approach is much higher than that of any other 
method presented in this thesis. Each experiment of scenario 2 required approximately 
25.16 hours for completion, this is considering 1000 generations and a population size of 
500 chromosomes. Evidently improvement in classification comes with a price tag.
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C h a p t e r  1 0

CONCLUSIONS

This thesis has presented extensive research in the area of face recognition. Important 
issues that currently affect face recognition systems have been identified and explained. 
Aspects such as illumination conditions, facial expressions, environmental disturbances, 
image quality, image enhancement and transformations, and size of databases have been 
included. In addition, the small sample size problem -  a frequent scenario in face 
recognition, has been contemplated throughout the investigations.

This research focuses on some well-identified topics of investigation that require scrutiny. 
The research activities are oriented towards expanding our knowledge in face recognition, 
and ultimately towards offering design recommendations and guidelines for the 
improvement of this technology. Various significant research objectives were drawn and 
fulfilled:
• To assess some meaningful linear and non-linear methods for the construction of 

feature spaces with respect to classification performance.
• To evaluate the impact of image deterioration on the performance of face classifiers.
• To reveal the effect of image transformations in face classification.
• To investigate the influence of image resolution on the performance of classifiers.
• To inspect methods of aggregation of classifiers in face recognition.
• To explore evolutionary optimization in face recognition towards improving 

classification.
A number of methods for constructing meaningful feature spaces have been studied and 
investigated, such as Eigenfaces, Fisherfaces, kemel-PCA, and Isomap. The investigations 
involve a number of approaches aimed at improving classification rates. They include a 
modular approach for face recognition, aggregation of classifiers, and evolution-inspired 
algorithms.

With the outlined objectives in mind, this research has enumerated and carried out various 
lines of research. Particularly this thesis has delivered:
• An extensive investigation on the performance o f two common face classifiers in the 

presence o f  deteriorated visual information. Two major face classifiers were taken into 
consideration, namely Eigenfaces and Fisherfaces. The investigations revealed and 
quantified the relationship that exists between the performance of the classifiers with 
respect to anticipated types and levels of noise. The contributions derived from this line 
of research are crucial for the design of adequate systems considering particular 
environments. Three distortion models are included: Gaussian, salt and pepper, and 
blurring. We offered guidelines and recommendations for system design in terms of 
suitable distance models, classifier performance, and levels of noise. We found that 
training the systems with corrupted and uncorrupted images lead to improved 
classification. The improvement is attributed to two factors: 1.- there is a better
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representation of each individual in the feature space since there are more images in the 
training sets. And 2.- the training environment already contains distorted images which 
are similar to those in the testing sets. In this investigation we were able to report a low 
error rate of 1.5%, which to our knowledge is the lowest ever reported using the 
FERET database.

• An investigation on a modular approach to face recognition. The modular approach 
aims at overcoming the negative effects of illumination and facial expressions. The 
modular character of the approach allows a given method to focus in localized areas of 
the faces. In this investigation we consider Eigenfaces as a vehicle that leads to 
representative features. The behavior of the modular approach is compared to that of 
Eigenfaces. The investigation contemplates a various image partitions in order to reveal 
the behavior of the modular approach. Important comments relevant for system design 
are offered, particularly from the point of view of computational costs. The findings of 
this investigation suggest that the modular approach indeed overcomes problems of 
illumination and gesture. We reported an improvement of about 12% over Eigenfaces. 
As a general trend, the upper regions of the faces portray important discriminatory 
information compared to the bottom sections. It is possible that mouth gestures 
introduce high variances even for images of the same individual, hence making that 
area less relevant for classification. On the other hand, the modular approach comes 
with higher computational costs.

• A comprehensive study on the effect o f image resolution and image transformations in 
face recognition. The study contemplates various methods for constructing feature 
spaces capable of sound dimensionality reduction, such as Eigenfaces, Fisherfaces, 
Isomap, and kemel-PCA. A number of suitable parameters are explored in each 
method. In addition, some meaningful image transformations were included in the 
investigations, namely histogram equalization and edge detection. The findings portray 
important practical implications to systems’ design. This study revealed the tradeoff 
that exists between classifier performance vis-a-vis image resolutions and image 
transformations. The fact that this study takes into consideration several methods for 
dimensionality reduction, image transformations, and image resolutions makes this 
contribution unique. With respect to image resolution, we offer evidence suggesting 
that high-quality images do not necessarily lead to better recognition. In fact, a 
relatively small number of pixels are required to achieve acceptable performance. We 
also show that contrast enhancement and edge detection help improve accuracy. The 
improvements range from about 6% to 18% depending on the database, image 
resolution, image transformation, and feature space.

• An assessment o f  aggregation o f classifiers with respect image transformations. The 
feature spaces under consideration were constructed by means of Eigenfaces, 
Fisherfaces, kemel-PCA, and Isomap. Various parameters were explored in each 
method. The aggregation architecture took into consideration features constructed from 
contrast enhancement, edge detection, and images without manipulation. The 
aggregation methods include majority voting and Bayesian product mle. The 
performance of single classifiers is compared to that of combined architectures. Our 
previous research on the impact of image resolution helped us select and adequate 
image resolution without sacrificing accuracy. We support our findings with the 
statistical t-test. Useful findings and design recommendations are offered. In this
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investigation we achieved better performance by combining features via the Bayesian 
product rule. In general, the lowest error rates were delivered by kemel-PCA with 
polynomial kernel of second order, and by Fisher-Isomap. We were able to report an 
average error rate of about 4% with images of YALE, and about 7% with images of 
FERET. Overall, we have confirmed the hypothesis that contrast enhancement and 
edge detection provide additional discriminatory information useful for classification.

• An exploration on the importance o f the variables forming the feature vectors in a 
given space. This research is based on the hypothesis that the variables forming the 
feature vectors portray particular discriminatory information useful for classification. 
The variables are commonly selected by ranking them according to their particular 
variances. However, the variances may not reflect their true “importance” when it 
comes to distinguishing individuals. We presented a method that reveals the importance 
of each variable from the classification point of view. In addition, the presented method 
suggests a suitable similarity measure for differentiating individuals in a given feature 
space. The similarity models are derived from the Minkowski family of distances. This 
approach relays on Evolutionary optimization by Genetic Algorithms to accomplish the 
task. Experimental evidence supports the usefulness of this approach. The outcomes of 
this research are appealing. We were able to report an average error rate of 3.09% for 
the best case, which is the lowest we have achieved in our investigations without image 
distortions. In some cases this method achieved 0% error rate in some data splits. In 
general, the GA is able to suggest similar distance models and “importance” for each 
variable after many repetitions. Despite the encouraging results, the method portrays 
major drawbacks in terms of computational costs and susceptibility to dimensionality of 
feature space. In terms of computational costs, this method is much more expensive 
than any other reported in this thesis, in some cases the training phase lasted for about 
25 hours. With respect to size of feature space, if the feature space is too broad then this 
method fails to improve classification. However, it does not perform worst than nearest 
neighbor classifier using the same feature space.

This thesis has proposed and explored various approaches to face recognition. In each case 
the advantages and limitations of the designs have been highlighted. The success of a face 
recognition system depends greatly on the environmental conditions in which it is to 
operate. The contributions of this thesis include useful design recommendations and 
guidelines for a number of realistic scenarios. The research findings are sustained on an 
extensive suite of carefully designed experiments, on some useful methods for constructing 
feature spaces, and on meaningful face databases regarded as benchmarks.

For further work we suggest two main streams of research:
• Exploring other algorithms for classification. It would be important to explore the 

performance of the proposed architectures and feature spaces considering other 
algorithms of classification. So far we have investigated on the performance of face 
recognition taking into consideration the nearest neighbor classification rule, 
nonetheless other methods may decrees error rates. May we suggest non-linear 
classifiers such as Neural Networks (NN), or fuzzy classifiers such as Fuzzy C-Means 
(FCM), and perhaps even k-nearest neighbor with K> 1. The data we have presented in
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this thesis may serve as baseline for future work. An assessment of performance 
considering other classifiers may deliver important findings for face recognition.

• Exploring on other methods for constructing feature spaces. So far we have 
investigated extensively on Eigenfaces, Fisherfaces, Isomap, and kemel-PCA. It would 
be illustrative and useful to investigate on other alternatives for representing images. 
Based on our findings, we would recommend non-linear approaches, perhaps Local 
Linear Embedding (LLE) [85]or Curvilinear Distance Analysis (CDA) [54], to mention 
just a few.

Our experimentation provided encouraging results regarding the modular approach for face 
recognition. Further investigation on this approach may deliver important design 
recommendations. As starting point, we would suggest considering Fisherfaces, Isomap, 
and kemel-PCA as suitable feature spaces for the modular representation of the images. 
Surely we would also encourage involving other feature spaces in this investigation. In our 
investigations of the modular approach we divided the images into equal-sized sub-images. 
However, other sizes may be investigated.

In terms of image transformations, we have delivered interesting results taking into account 
contrast enhancement and edge detection. Some variations of these transformations may 
provide more distinctive information for classification, for instance edge detection with 
thresholding. Binary edge images may depict more robust distinctive information when 
dealing with lighting conditions.

Our research showed the benefits and drawbacks of Genetic Algorithms in face 
recognition. The most predominant negative issue is the time required for training, perhaps 
some variations in the presented method could deliver a faster architecture. We would 
suggest doing training in a series of successive steps. This is training with a small number 
of individuals at first, and once GA has proposed some weights we could include more 
images for training. The searching of the new weights would take less time since some 
approximations would have already been made during the previous training. The intention 
would be to reduce the overall training time. One possible complication is to fall into local 
minima. However, increasing the probability of mutation may reduce this effect. Other 
improvements can be made regarding software implementation. Our software was 
developed to run on single processors, it would be very beneficial to develop multi-thread 
applications for research on evolution-inspired methods. Computing time may be reduced 
up to 100 times by using the machines we have access to at the Intelligent System 
Laboratory (ISL).

This thesis reports on the impact of image deterioration on face classifiers, namely 
Eigenfaces and Fisherfaces. We included three distortion models, such as Gaussian, 
blurring, and salt and pepper noise. Our investigations can be extended to other classifiers, 
such as Isomap and kemel-PCA. At this point it may also be beneficial to include combined 
types of noise on the images. It would also be appealing to investigate on the behavior of 
the classifiers including images with different types and levels of distortions in the training 
sets. The expected effect would be to have a much better representation of each individual 
in the feature space. This would alleviate the effects of the small sample size problem. The
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second intrinsic consequence would be a more robust system given that the classifiers 
would train with corrupted images as well.
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A p p e n d i x  A

IMAGES OF THE FERET AND YALE DATABASES

This appendix shows the image databases used in our investigations. The following photos 
depict the images of the YALE database.
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The following photos depict the images of the FERET database.
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A p p e n d i x  B

PERFORMANCE OF CLASSIFIERS UNDER VARIOUS IMAGE RESOLUTIONS

This appendix presents a summary of the performance of various classifiers with respect to 
image resolution. The image distributions for the training, validation, and testing sets are 
presented in Table 1 located in section 3.1. The experimental results depicted in this 
appendix were computed taking into consideration the training and testing sets only, the 
validation sets were not required for this investigation.

The performance of the classifiers is portrayed in a variety of charts. They depict the 
performance of the classifiers taking into account images with no transformation, contrast- 
enhanced images, and edge images. The data is organized according to feature space and 
image quality (horizontal and vertical pixels). The error rates are depicted by bars in each 
instance. The standard deviations are portrayed as thin lines overlapped with the error rates. 
As for the experimentation with YALE, Figure 48 depicts the average error rates and 
standard deviations of the Eigenfaces and Fisherfaces classifiers. Figure 49 shows the 
performance of the Isomap approach, it includes Eigen-Isomap and Fisher-Isomap. Figure 
50 portrays the performance of kemel-PCA with three kernel models, namely polynomial, 
Gaussian, and sigmoid.
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Figure 48 Performance of Eigenfaces and Fisherfaces using images YALE
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Figure 49 Performance o f Eigen-Isomap and Fisher-Isomap using YALE
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Figure 50 Performance of kemel-PCA using YALE

In regard to the experimentation with FERET, Figure 51 presents the performance of 
Eigenfaces and Fisherfaces classifiers. Figure 52 depicts the average error rates of Eigen- 
Isomap and Fisher-Isomap. Lastly Figure 53 portrays the behavior of kemel-PCA with 
three kernel models. The plots include the performance of the classifiers taking into 
consideration images with no transformation, contrast-enhanced images, and edge images.
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Figure 51 Performance of Eigenfaces and Fisherfaces using FERET
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Figure 52 Performance of Eigen-Isomap and Fisher-Isomap FERET
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