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Preface

In this doctoral dissertation, the recognition methods for human face are
focused on in order to implement flexible and adaptable human interface.
It 1s clear that human face plays important roles in the face-to-face com-
munication among humans. Human performs smooth communication by
obtaining various kinds of information from face and utilizing them. The
face can not only represent psychological state such as emotion, inten-
tion and interest but also represent social state such as age, gender and
personality. The effective human interface can be implemented, if com-
puter can recognize or understand the information which face represents.
Therefore, it is required to develop effective recognition methods for the
information which face represents, i.e., face recognition methods.

The information represented by face has the features of subjectivity,
polysemy, ambiguity and condition dependence which are not treated in
conventional computer science. Therefore, in the face recognition meth-
ods, the coding which can consider these features is needed. Moreover,
in the face recognition, it is required to develop the recognition methods
which have the consistency with the face cognitive structure of human.
The recognition methods which can have the consistency with the face
cognitive structure of human and can flexibly recognize face can be im-
plemented by solving these problems.

This doctoral dissertation is related to a study on the face recogni-
tion methods to implement flexible and user-friendly human interface.
In the face recognition, facial expression recognition, face identification,
face cognitive model acquisition, face detection and so on are included
as typical problems. In this dissertation, especially, the face recognition
methods based on the Mahalanobis-Taguchi System (MTS) are applied
to facial expression recognition and face identification. The facial expres-
sion recognition is practical problem to assume the human psychological
state. The face identification is useful problem to identify the human
social state. The experimental results show the effectiveness of the pro-
posed methods for these problems. Moreover, in this dissertation, the
face cognitive model acquisition method based on the Interactive Genet-




.

ic Algorithm (IGA) is proposed. The face cognitive model of human must
be investigated in order to develop the face recognition methods which
have the consistency with the face cognitive structure of human. The face
cognitive acquisition method based on the IGA enables the computer to
acquire the accurate face cognitive model of human. The experimental
results reveal the effectiveness of the proposed face cognitive acquisition
method and the accuracy of face cognitive model which is acquired by
using the proposed method. This dissertation consists of 7 chapters. The
brief content of each chapter is as follows.

Chapter 1 is related to the face recognition and the recognition methods.
Some general problems in the face recognition are surveyed. Especially,
the background, issues and recent works are surveyed in the facial ex-
pression recognition, the face identification and the face cognitive model
acquisition which are taken up in this dissertation. Additionally, the M'T-
S and IGA which are fundamental techniques for the recognition methods
proposed in this dissertation are explained.

In chapter 2, I propose a facial expression recognition based on the
MTS. The MTS is a pattern recognition method which can reflect hu-
man sensuous knowledge for object recognition. However, the MTS is
a pattern recognition method for dividing data into two kinds. In the
facial expression recognition, some facial expressions have to be treated.
To apply the MTS to the facial expression recognition, I propose the
extension method of the MTS. Moreover, in the MTS, the extraction of
attributes which contribute to the recognition can be carried out. This
operation is called the optimization of attribute. However, in the conven-
tional optimization method, the relations among the attributes are not
considered. To solve this problem, I also propose an optimization method
which can consider the relations. Namely, the optimization method based
on the Genetic Algorithm is proposed. The experimental results using
some subjects show the effectiveness of this application and optimization
method. |

In chapter 3, I propose a face identification method based on the in-
sertion of artificial fluctuations. As one of important problems which
have to be solved in the face identification, there is the implementation
of robustness against fluctuations in face photography such as lighting
condition or face position. Many training facial images which are taken
In various environments are required for the implementation of the ro-
bustness. Moreover, many training facial images have to be collected for
implementing the recognition based on the MTS. It is burden for the user
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to take all training facial images in real environment. To reduce user’s
burden, in this proposed method, the implementation of the robustness is
performed by inserting artificial fluctuations to an original training facial
image. The experimental results show the robustness and effectiveness of
the proposed method.

In chapter 4, a face identification method based on the division of re-
gion on facial image is proposed. The photographic fluctuations which
inevitably occur in taking the facial image are treated in chapter 3. In
the face identification, the robustness against the appearance fluctua-
tions such as background and hairstyle also has to be implemented. The
implementation of the robustness against appearance fluctuations is hard-
er problem than the photographic fluctuations from pattern recognition
point of view. In the conventional face identification, the attributes used
for the identification are extracted from a whole of facial image and then
the identification is performed on the basis of an evaluation criterion
which is calculated by using these attributes. However, it is difficult
to implement the robustness against appearance fluctuations by using
the conventional method because the extracted attributes include a large
amount of noise. In the proposed method, the robustness against appear-
ance fluctuations is implemented by dividing a facial image into some
regions and then performing the identification based on the integration
of some evaluation criteria which are obtained on each region. Some
experimental results reveal that the proposed method is robust against
appearance fluctuations in comparison with the conventional method.

In chapter 5, I propose a face cognitive model acquisition method using
the IGA. The face cognitive model of human must be investigated in order
to develop the face recognition methods which have the consistency with
the face cognitive model of human. In this chapter, I attempt to acquire
face cognitive model of human on the basis of the facial image database
retrieval task method. Moreover, in the face cognitive model acquisition
based on the facial image database retrieval task method, more accurate
face cognitive model acquisition is performed by using the IGA which can
consider the cognitive feature of human. Experimental results reveal that
the proposed method can accurately acquire the face cognitive model of
human.

Chapter 6 is concerned with the prospect for the development of com-
prehensive face recognition system. The recognition methods for the
facial expression and the face identification are proposed in this disser-
tation. Moreover, the method to acquire the face cognitive model of
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human is proposed. The comprehensive face recognition system which
has the consistency with the face cognitive structure of human and can
flexibly recognize face can be implemented by combining these methods.
The prospect for the development of such face recognition system and
application fields in which the face recognition system can be utilized are
discussed.

Chapter 7 is general conclusion of this dissertation.




Chapter 1

Face Recognition and Recognition
Methods

1.1 Introduction

In face-to-face communication, human obtains the information about oth-
er person’s intention or state from face and decides own behavior on the
basis of the information. Therefore, the information which face repre-
sents is important element in the communication among humans and can
make the communication smooth. It is obvious that more flexible and
user-friendly human interface can be implemented if computer can flex-
ibly recognize or understand the information which face emits and then
can adaptably decide own behavior. From this background, recently,
the research on the recognition of the information which face represents
has been carried out, and it has been required to develop the effective
recognition methods for the information which face represents, i.e., face
recognition methods.

However, the information represented by face differs from the informa-
tion which is treated in the conventional computer science. For example,
1t is difficult to represent a face by using words or numerical values. The
impression of face is different on each person and can not be unique-
ly determined. In addition, the interpretation of the information which
face represents changes by the experience or situation of person. That
is, this information has the features of subjectivity, polysemy, ambiguity
and condition dependence. Therefore, in the face recognition, the coding
which can consider these features has to be employed. Moreover, it is
desirable that the recognition of face on computer is performed in the
same way as the face recognition structure of human. Thus, in the face
recognition, the recognition methods which have the consistency with the
face cognitive structure of human have to be developed. The effective face
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recognition methods can be implemented by solving these problems.

The purpose of this study is to develop effective face recognition meth-
ods for the implementation of flexible and adaptable human interface.
In this dissertation, facial expression recognition, face identification and
face cognitive model acquisition are treated as typical problems in the
face recognition. In addition, the Mahalanobis-Taguchi System (MTS)
and the Interactive Genetic Algorithm (IGA) are employed as fundamen-
tal techniques for the face recognition methods which are proposed for
these problems. '

In this chapter, at first, general problems in the face recognition are
introduced. Especially, backgrounds, issues, recent works and related
works are surveyed in the facial expression recognition, face identification
and face cognitive model acquisition. Furthermore, the detail of the MTS
and IGA used in the proposed face recognition methods are explained.

1.2 Face Recognition

This section is concerned with the introduction of face recognition. The
face recognition and some problems included in face recognition are briefly
introduced.

Recently, the research on the recognition of the information which face
represents has been carried out [1]. This subject is called face recognition.
The aim of face recognition is to implement effective human interfaces
based on the interaction between human and computer. Therefore, the
face recognition includes some problems for the implementation of such
human interface; i.e., facial expression recognition, face identification,
face cognitive model acquisition, face detection, facial image retrieval,
caricature face. The facial expression recognition is the problem related
to the presumption of emotion or psychological state of person. The face
1dentification is useful to identify social state of person, and it can be uti-
lized for security system or access control system. The researches on the |
face cognitive model acquisition and the face detection are carried out in :
order to support the development of effective methods for other problems.
The caricature face is used to implement the entertainment system or to
support the face cognitive model acquisition. These problems are related
to each other. The development of effective methods in one problem leads
to the improvement of the methods for other problems. For example, the
performance of facial expression recognition can be improved by intro-
ducing the face identification function. That is, the personalization of

13
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facial expression recognition can be performed. Therefore, the effective
face recognition can be implemented by developing the effective method
for each problem. The development of effective human interface based on
the interaction between human and computer can be supported by the
implementation of such face recognition. From this background, recently,
the development of effective face recognition methods for these problems
has been attempted. The brief explanation of each problem is indicated
below.

1. Facial expression recognition: It is obvious that effective hu-
man interfaces can be implemented if computers can assume the
user’s intention or psychological state and then can adaptably de-
cide own behavior. On the other hand, it has been reported that the
facial expressions of human reflect about 55 % of human emotion.
Thus, the user’s intention or psychological state can be assumed if
the facial expression which the user expresses can be correctly recog-
nized. From such background, the research on the facial expression
recognition has been carried out worldwide. In the facial expres-
sion recognition, the facial expressions of anger, disgust, surprise,
sadness, fear and happiness are frequently used in order to evaluate
the face recognition methods. These facial expressions are called six
basic facial expressions. It is reported that in the six basic facial
expressions, there is the facial expression pattern which does not
depend on race, age, sex, area and so on. Therefore, in the facial
expression recognition, it is important to find this facial expression
pattern and then perform the facial expression recognition based on
this facial expression pattern. The detail of the facial expression
recognition is described in Section 3 of Chapter 1.

2. Face Identification: Recently, the identification utilizing the hu-
man face has been focused on in order to implement advanced and
flexible security systems and access control systems. The identi-
fication using human face is called face identification. Comparing
with the identification based on other information such as finger-
print, eyeprint and so on, the face identification has the advantages
that it is natural for the user and it has efficiency of restraining
crime. The major problem in the face identification is the imple-
mentation of robustness against various fluctuations. The various
fluctuations such as the lighting, position and size fluctuations are
included in the facial image when the facial image used for the iden-
tification is taken. The robustness against these fluctuations has to

14




be implemented in the face identification because these fluctuations
inevitably occur when the facial image is taken. Moreover, in the
face identification, the robustness against appearance fluctuations
such as hairstyle, glasses and so on must be implemented in order
to perform practical face identification. Therefore, a lot of studies
on the face identification focus on the implementation of the robust-
ness against such fluctuations. The detail of the face identification
1s described in Section 4 of Chapter 1.

. Face Detection: The facial images which are used for the face
recognition include various objects except the target face such as
background. The face recognition can be performed by using such
facial images. However, the region which includes only face has to be
extracted from the facial image in order to improve the performance
of the face recognition. Therefore, the research on the extraction of
the region including target face, i.e., face detection, has been carried
out. In the face detection, there are the face detections for two kinds
of facial image. One is the face detection for stationary facial image,
and another is the face detection for facial image sequence. In these
types of facial image, the face detection is performed based on some
clues; i.e., motion, color and shape. There are strong point and weak
point in each clue. The clue which is used for the face detection is

properly chosen in accordance with the purpose and the kind of facial
image.

. Face cognitive model acquisition: In the face recognition, the
face recognition methods which have the consistency with the face
cognitive structure of human have to be developed in order to uti-
lize them for the implementation of the effective human interface.
Therefore, the research on the investigation of face cognitive model
which human has is busily carried out in engineering field. This sub-
Ject is called face cognitive model acquisition. In the conventional
face cognitive model acquisition, the face photograph is frequently
utilized as the stimulus. However, the face cognitive model acquisi-
tion using the facial image as the stimulus came to be performed by
the development of the computer graphics and animation technolo-
gles. Recently, various face cognitive models have been investigated
by using the facial image, and the development of face recognition
methods which have the consistency with the face cognitive struc-
ture of human has been attempted. The detail of the face cognitive
model acquisition is explained in Section 5 of Chapter 1.
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5. Facial image retrieval: The recent diversification of information
has brought it with the problem that the image data must be treated
in the information retrieval. However, the image data are sub jective
and ambiguous retrieval objects. That is, the impression received
from image datum is different on each person and it is hard to express
clearly the image data by verbal keywords. Therefore, it is difficult
to implement the image retrieval by using the conventional method
such as the retrieval method based on verbal keywords. Recently, the
research on the image retrieval in which the facial image is employed
as the retrieval object has been busily carried out because the facial
image is considerably subjective and ambiguous retrieval object. In
the facial image retrieval, the methods based on the contents of facial
image and on adjective keywords have been proposed.

6. Caricature face: Recently, the creation of caricature face from
facial image by computer has been attempted. The caricature face
1s drawn by emphasizing the characteristic feature on each person’s
face. Therefore, it is necessary to detect the characteristic feature
on face. The face recognition methods such as the average face, the
Karhunen-Loeve expansion (KL expansion) and so on which are u-
tilized in other problems are employed for the caricature face. The
development of face recognition techniques for other problems lead-
s to the improvement of caricature face. The effective caricature

face can allow the support of face cognitive model acquisition and
entertainment system.

The research on the face recognition which is mentioned above has been
carried out in U. S. since the 1990’s middle. This is concerned with the
development program called FERET (FacE REcognition Technology).
The FERET is the program started in 1993 to develop the technology
for the facial image retrieval which is used for criminal investigation and
to turn face recognition technology to practical use. Strictly speaking,
the purpose of FERET is the construction of facial image database which
is used to develop and evaluate the algorithm for face recognition, and
the subsidization of grant-in-aid and its evaluation through the contest
of algorithm. The laboratories such as the MIT, Rockefeller University
and so on which have excellent results for the face recognition participate
in the contest of FERET. Hence, it is clear that the research on the face
recognition will be carried out more busily and worldwide hereafter.

In this dissertation, especially, the facial expression recognition, the
face identification and the face cognitive model acquisition are treated.
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In the following section, the detail of each problem which are focused on
in this dissertation is described.

1.3 Facial Expression Recognition

Recently, it has been required to implement effective and interactive com-
munication between human and computer in order to develop natural and
user-friendly computer environment [2]. The information in the commu-
nication among humans does not only include logical information but also
include psychological information such as Kan-sei or emotion. Therefore,
in the communication between human and computer, such information
must be treated in the same way as the communication among humans.
On the other hand, it is obvious that the emotion or psychological state
of human is reflected to facial expression. Thus, the effective and interac-
tive communication between human and computer can be implemented if
computer can recognize or understand emotion or psychological state of
human on the basis of facial expression. Recently, the research on facial
expression recognition has been busily carried out in order to assume the
emotion or psychological state of human from facial expression. In this
section, the survey of facial expression recognition is described. First,
the research on the relation between facial expression and emotion is in-
troduced. Secondly, the Facial Action Cording System (FACS) which is
frequently used in the study on facial expression is explained. Finally,
the algorithms which are used for the facial expression recognition and
the related works are surveyed.

1.3.1 Relation between Facial Expression and Emotion

The purpose of facial expression recognition is to assume the emotion
or psychological state of human from facial expression. Therefore, the
relation between facial expression and emotion has been investigated.
The research on the investigation of the relation between facial expression
and emotion is introduced below.

In the research related to the investigation of the relation between fa-
cial expression and emotion, two-dimensional space model proposed by
Schlosberg is famous. The model proposed by Schlosberg is shown in
Figure 1.1. In this model, the horizontal axis means ”pleasant (P) - un-
pleasant (U)” and vertical axis means "attention (A) - rejection (R)”,
and six basic emotional categories are put in the periphery of circle. The
facial expression is put in this circle in accordance with the criteria of
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Figure 1.1: Relation model between facial expression and emotion

horizontal and vertical axes. The emotion corresponding to facial expres-
sion is assumed on the basis of the position where the facial expression
is put. That is, the line between the center of circle and the position
of facial expression is drawn, and then the emotion which is referred by
extending this line is the emotion corresponding to facial expression. In
Figure 1.1, the arrangement of the seventy-two facial expression images
which were used to evaluate this model by Schlosberg is indicated as the
numbers. Especially, the emotion for the facial expression image which is
expressed as 10 is indicated. This model indicates that when human rec-
ognizes other person’s facial expression, human evaluates it in these axes
and the emotion corresponding to it is classified on the basis of this eval-
uation. A lot of the studies on the investigation of the relation between
facial expression and emotion have been carried out after the proposal of
this model. However, as the result, those studies brought the adequacy
to this model.

On the other hand, the research on the basic emotion category which
1s recognized from facial expression has been energetically carried out
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by Ekman and Izard. Especially, Ekman investigated the universality of
six facial expressions, i.e., happiness, surprise, fear, sadness, anger and
disgust. As a result, Ekman confirmed that the common facial expression
pattern exists in these six facial expressions even if the culture background
of subject is different, and revealed that in the cognition of these six facial
expressions, the same judgment is performed in the case where these facial
expressions are observed as stimuli by subject. These facial expressions
were called six basic facial expressions, and came to be worldwide known
by this investigation.

The studies which are mentioned above focus on the framework for the
cognitive judgment for facial expression. That is, they are related to the
nvestigation of the dimension for evaluation and the emotional category
which are used when human recognizes facial expression. However, more
knowledge about facial expression is required in order to clarify the psy-
chological mechanism of human for facial expression. Therefore, recently,
various studies on the cognition of facial expression have been busily car-
ried out [3][4]. For example, the relation between facial expression and
angle [5], the roles of static pattern and motion for facial expression cog-
nition [6], the significance of changing speed of facial organs for facial
expression cognition [7] and so on were investigated. It is likely that the
1nvestigation of facial expression cognition will be busily performed in the
future because the investigation of facial expression cognition is needed
to develop effective facial expression recognition methods on computer.

1.3.2 Facial Action Coding System

In the research on facial expression, the Facial Action Coding System
(FACS) is frequently utilized. The FACS is a system to describe facial
expression, and which was proposed by Ekman and Friesen [8]. Basically,
in the FACS, facial expression is described by utilizing the movement
of the muscle on face. The muscles on face are divided into 44 parts,
and it is called Action Unit (AU). In each AU, the rule of change on
face is described. The arbitrary facial expression can be described by
using the combination of the AU and its strength which is the amount of
movement. An example of AUs is shown in Table 1.1. The name, number
and anatomical basis of each AU are described in Table 1.1. Most of AUs
involves a single muscle. The number is arbitrary and does not have any
significant except that 1 through 7 refer to brows, forehead or eyelids.

There are the facial expressions called six basic facial expressions. They
are anger, disgust, fear, happiness, sadness and surprise. It has been re-
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AU Number | FACS Name Muscular Basis

1 Inner Brow Raiser Frontalis, Pars Medialis

2 Outer Brow Raiser Frontalis, Pars Lateralis

4 Brow Lowerer Depressor Glabellae; Depressor Supercilli;
Corrugator

) Upper Lid Raiser Levator Palpebrae Superioris

6 Cheek Raiser Orbicularis Oculi, Pars Orbitalis

7 Lid Tightener Orbicularis Oculi, Pars Palebralis

8 Lip Toward Orbicularis Oris

Each Other

9 Nose Wrinkler Levator Labii Superioris, Alaeque Nasi

10 Upper Lip Raiser Levator Labii Superioris, Caput
Infraorbitalis

11 Nasolabial Furrow Zygomatic Minor

Deepener

12 Lip Corner Puller Zygomatic Major

13 Cheek Puffer Caninus

14 Dimpler Buccinnator

15 Lip Corner Depressor Triangularis

16 Lower Lip Depressor Depressor Labii

17 Chin Raiser Mentalis

18 Lip Puckerer Incisivii Labii Superioris; Incisivii
Labii Inferioris

20 Lip Stretcher Risorius

22 Lip Funneler Orbicularis Oris

23 Lip Tightner Orbicularis Oris

24 Lip Pressor Orbicularis Oris

25 Lips Part Depressor Labii, or Relaxation of
Mentalis or Orbicularis Oris

26 Jaw Drop Masetter; Temporal and Internal
Pterygoid Relaxed

27 Mouth Stretch Pterygoids; Digastric

28 Lip Suck Orbicularis Oris

38 Nostril Dilator Nasalis, Pars Alaris

39 Nostril Compressor Nasalis, Pars Transversa and
Depressor Septi Nasi

41 Lid Droop Relaxation of Levator
Palpebrae Superioris

42 Slit Orbicularis Oculi

43 Eyes Closed Relaxation of Lavator
Palpebrae Superioris

44 Squint Orbicularis Oculi, Pars
Palpebralis

45 Blink Relaxation of Levator Palpebrae and Con-
traction of Orbicularis

46 Wink Oculi, Pars Palpebralis Orbicularis Oculi

Table 1.1: An example of Action Units



| Basic Emotion Combination of AU parameters
| Surprise AU1-(40), 2-(30), 5-(60), 15-(20), 16-(25), 20-(10), 26-(60)
| Fear AU1-(50), 2-(10), 4-(80), 5-(60),15-(30), 20-(10), 26-(30)
Disgust AU2-(60), 4-(40), 9-(20), 15-(60), 17-(30)
Anger AU2-(30), 4-(60), 7-(50), 9-(20), 10-(10), 20-(15), 26-(30) |
Happiness AU1-(65), 6-(70), 12-(10), 14-(10)
| Sadness AU1-(40), 4-(50), 15-(40), 23-(20)

Table 1.2: Combination of AUs for six basic facial expressions
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Figure 1.2: Six basic facial expressions based on FACS
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ported that the six basic facial expressions have common facial expression
pattern which does not depend on culture, sex, age and so on. These six
basic facial expressions are often used for the studies on the facial expres-
sion recognition. The combination of AUs and the strength for each AU
for these six basic facial expressions are shown in Table 1.2. Moreover,
an example of six basic facial expressions based on FACS are illustrated
in Figure 1.2.

The FACS is used in the various fields; e.g., facial expression recogni-
tion, facial expression composition, facial expression cognition and so on.
However, human can recognize facial expression from the facial diagram
which are drawn by combining simple lines and curves, or from cartoon.
That is, human recognizes facial expression on the basis of the visual
state of face and the change of face. Therefore, there are some objections
which are raised against the FACS, and the improvement of FACS has
been recently performed. However, in recent research on facial expression
recognition method, the FACS is often employed.

1.3.3 Facial Expression Recognition Algorithm

In this subsection, the facial expression recognition algorithm and some
studies using each algorithm are introduced. The algorithms for the im-
plementation of the facial expression recognition are classified into the
following four types [9].

1. Type 1:  Facial expression recognition algorithm based on the
movement of the muscle on face corresponding to facial expression

2. Type 2: Facial expression recognition algorithm based on the
amount of the movement of the feature point pre-defined on face

3. Type 3:  Facial expression recognition algorithm based on the
global change of the internal feature on face

4. Type 4: Facial expression recognition algorithm utilizing time
series of facial expression

The detail of each algorithm and the related works in each algorithm
are as follows.

1.3.3.1 Type 1l

As the facial expression recognition algorithm based on the movement of
the muscle on face corresponding to facial expression, the facial expression
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recognition method using the optical-low has been proposed. Moreover,
there is the method based on the FACS as the facial expression recognition
using the algorithm of type 1. The facial expression recognition methods
using these algorithms are introduced below.

Mase et al. proposed a facial expression recognition method using the
optical-flow [10][11]. The optical-flow is one of analysis methods for mov-
ing object. The movement of object is analyzed by the optical-flow on
the basis of the information of luminance in image data. The movement
of object is represented as a vector. In the proposed method, the vector
on the region which includes the muscle for facial expression is calcu-
lated by performing the optical-flow analysis using two frames in facial
image sequence. The facial expression recognition is performed by the
nearest neighbor method based on these vectors calculated on some re-
gions. They designed the experiment to confirm the performance of the
proposed method. It was found from the experimental results that the
success rate for the facial expression recognition in the proposed method
was over 80 %.

Moreover, Prochazka et al. also proposed a facial expression recognition
method using the optical-flow [12]. However, in this method, the vectors
used for the facial expression recognition are extracted by the optical-flow,
and the Karhunen-Loeve expansion (KL expansion) is applied to these
vectors in order to decrease the number of dimension of vector. The facial
expression recognition is performed on the basis of the distance among
the vectors in the KL space. In addition, they also proposed a facial
expression recognition using the optical-flow and neural network.

In the FACS, the AUs which are used for each facial expression are
defined. Therefore, the facial expression recognition can be implemented
if the AUs which are used on facial expression image can be estimated.
Choi et al. proposed a facial expression analysis method based on the
FACS [13]. In the proposed method, two stationary facial images are
used for the presumption of facial expression. One is the facial image of
neutral face and another is the facial image in which an arbitrary facial
expression is expressed. As first step of the facial expression analysis, the
position of head in the facial image in which facial expression is expressed
1s adjusted to the position of head in the facial image of neutral face. The
movement of the internal feature on face such as eyes can be correctly
extracted by this operation. And then, the vector of the movement of
the feature points for the internal feature which is predefined on face
18 calculated on the basis of the difference among these facial images.



The AUs on the facial expression image are estimated on the basis of
the calculated vectors. This estimation is performed by utilizing tree
structure. They designed the experiments with some subjects in order
to confirm the effectiveness of the proposed method. The experimental
results revealed that the AUs which were estimated by using the proposed
method corresponded to the AUs judged by psychologist.

Moreover, several facial expression recognition methods based on the
FACS have been proposed [14][15][16]. In the facial expression recognition
method proposed by Otsuka et al., some feature points are put on the face
[14]. The triangular regions on face are calculated by connecting these
feature points. The node in each region is decided on the basis of feature
points on each region. The correspondences between the movement of the
nodes for these regions and the AU are calculated. The AUs used on the
facial expression image are estimated on the basis of the correspondences.
The facial expression recognition is performed by the AUs estimated.

In the facial expression recognition method proposed by Kawakami et
al, the movement amount of the feature points which are put on facial
organs 1s employed as the input data in neural network [15]. The AUs cor-
responding to the movement amount are obtained as the output of neural
network. The facial expression on facial expression image is decided by
the neural network which employs these AUs as the input data.

In the method proposed by Ando et al., seven parameters are used
for facial expression recognition [16]. They are the tilt and position of
eyebrow, the vertical length of eye, the position of upper lip and lower
lip, the position of mouth ends, and the width of mouth. The AUs are
decided by tree structure on the basis of the change of these parameters.
The facial expression recognition is performed by comparing these AUs
with the AUs for the six basic facial expressions.

1.3.3.2 Type 2

In the facial expression recognition method based on the amount of the
movement of the feature point pre-defined on face, it is assumed that
the feature points on face can be completely detected. In this method,
the changing amounts of the geometric data for the internal features on
face are employed as the parameters for the facial expression recognition.
These data are detected on the basis of the feature points which are put on
face in facial expression image. The facial expression recognition is carried
out by comparing the data for unknown facial expression image with
the data for each facial expression. An example of the facial expression
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recognition methods based on the amount of the movement of the feature
point predefined on face is introduced below.

Ishii et al. proposed a facial expression recognition method based on
the change of parameters for facial organs [17]. In this method, four
parameters for facial organs are employed; i.e., curvature of mouth, the
ratio of length and breadth of mouth, the degree of eye open, and the tilt
of eyebrow. The facial expression recognition is carried out on the basis
of these parameters for facial expressions and the modified Euclidean
distance. Through the experiment with some subjects, they confirmed
that the facial expression recognition can be implemented by the proposed
method.

Kobayashi et al. also proposed a facial expression recognition based on
the movement of facial organs [18]. In the proposed method, at first, the
contours of the facial organs in the facial image are automatically extract-
ed. In the contour extraction of facial organs, elastic contour model and
dynamic programming are employed. In the contour extraction based on
the elastic contour model, some control points are put on the facial or-
gans. These control points are connected to each other by spring model.
The contour of facial organ is decided by minimizing the elasticity ener-
gy of this model. This minimization of elasticity energy 1s performed by
using the dynamic programming. Moreover, the facial expression recog-
nition is implemented by using the Categorizing and Learning Module
(CALM) which is one of the self-organized neural networks. The amount
of movement of control points which are decided by elastic contour model
1s used as the input data for the CALM. They designed the experiment
with some subjects in order to confirm the effectiveness of the proposed
method. The experimental results revealed that it is required to improve
the proposed method because the success rate of facial expression recog-
nition for six basic facial expressions was 75 % at most.

1.3.3.3 Type 3

As the facial expression recognition based on the global change of the
internal feature of face, the facial expression recognition methods using
the Potential Net, the spatial frequency, and the template matching have
been proposed. In these methods, the facial expression recognition meth-
ods using the Potential Net are introduced below.

In the conventional facial expression recognition on computer, the shapes
and positions of the internal features on face such as eye Or nose are ex-
tracted from facial image and then the facial expression recognition is

25




e —

performed on the basis of this information. However, it is difficult to ex-
tract stably the shapes and positions of the internal features from various
facial images. Therefore, it is necessary to develop the facial expression
recognition method which can treat a facial expression image as a pat-
tern in order to implement robust facial expression recognition. Matsuno
et al. proposed a facial expression recognition method using the Poten-
tial Net and the KL expansion [19]. The Potential Net is the physical
model which can extract the characteristic of internal feature of face as a,
pattern from facial image. In the facial expression recognition using the
Potential Net, some nodes which are connected to each other by spring
model on two-dimensional grid are put on facial image. These nodes move
to the positions of internal features in facial image on the basis of the
external force and elastic force. The form of Potential Net considerably
reflects the characteristic of face because the Potential Net is transformed
by the movement of nodes. The vector which consists of the movement
amount of nodes is calculated in the transformed Potential Net. More-
over, the KL expansion is applied to the vector in order to compose the
low-dimensional space which is effective for the facial expression recogni-
tion. The facial expression recognition is performed on the basis of the
distance in this space between the inputted vector and the vector for each
facial expression. They made some experiments and revealed that in the
proposed method, the success rate for the facial expression recognition of
anger, happiness, surprise and sadness was over 90 %.

Bessho et al. also proposed facial expression recognition using the Po-
tential Net [20]. However, in this method, the face detection based on
the Potential Net in addition to the facial expression recognition based
on the Potential Net is employed in order to implement more effective
facial expression recognition. The face detection is performed by compar-
ing the template Potential Nets prepared previously with the Potential
Net which is calculated for the unknown facial image. They designed the
experiment to confirm the effectiveness of proposed method. From the
experimental results, they found that the proposed method could allow
the effective implementation of facial expression recognition in the case
where the facial images which involve background and are various sizes
were employed as the recognition target.

1.3.3.4 Type 4

In the facial expression recognition utilizing time series of facial expres-
sion, the facial expression recognition method using the Hidden Markov

26



Model (HMM) has been proposed. Moreover, there is the facial expres-
sion recognition method based on the Recurrent Neural Network. The
facial expression recognition method using the HMM is introduced below.

Facial expressions basically are related to the change of time. Therefore,
it is difficult to maintain the stability of performance for the facial expres-
sion recognition in the case where the stationary facial images are em-
ployed. Sakaguchi et al. proposed a facial expression recognition method
using the HMM in order to implement the facial expression recognition
which can consider the sequential change of face for facial expression [21].
In the proposed method, the Wavelet filtering process is applied to each
frame of the facial image sequence. The feature vectors are extracted on
the basis of the average power in each frequency band in the Wavelet
filtering. The vector quantization is performed in order to convert vector
into the symbol which is inputted to HMM. The vector quantization is
performed with the category-separated code book. The symbol sequence
1s inputted to the HMM, and the facial expression recognition is per-
formed on the basis of the category which has highest probability. They
designed the experiments with a specific person in order to confirm the
effectiveness of the proposed method. The experimental results indicat-
ed that the average success rate for four facial expressions of surprise,
sadness, smile and anger was 93.7 % in the facial expression recognition
using the proposed method.

1.4 Face Identification

So far, password and ID card have been generally used to identify a
person. However, there is the possibility that persons forget the password
or lose the ID card in the case where the identification is performed by
using them. To solve this problem, recently, the identification based
on human biometrics have been focused on in order to implement more
convenient and advanced person identification system. The biometrics
indicates the biometrical characteristics of human. This biometrics has
the following advantages for the identification.

e The biometrics is characteristic of each person.

e It does not change for a long time.

e It is difficult to fake or imitate it.



Some typical biometrics and its classification are shown in Table 1.3.
As shown in Table 1.3, there are fingerprint, iris, face and so on as typi-
cal biometrics. The fingerprint is famous biometrics because it has been
used for the criminal investigation from old times. Recently, in the i-
dentifications based on the biometrics, face identification is focused on
because it has more effective advantages for the identification over the
identification based on other biometrics [22][23]. The advantages in the
face identification are as follows.

o i e e

e When a person is identified by human, the identification is almost
performed by using face. Therefore, the face identification is natu-
ral for human, and the identification which does not make the user
uncomfortable can be implemented in comparison with other bio-
metrics. Namely, it is easy to be accepted by people.

e The user does not need to do special actions for the identification.
For example, in the identification using fingerprint, the user has to
touch the apparatus to take the fingerprint used for the identifica-

tion. In the face identification, the user has only to show own face
to a camera.

e The face identification does not need special apparatus and environ-
ment. The apparatus needed for the face identification is a camera

only. In addition, the face identification can be fundamentally per-
formed on any environment.

e The face identification has the effect for restraining crimes because
1t is unnatural that the user shows own face to the identification
system only and does not show it to people being around him/her.

|

\

| e It is difficult to imitate or fake other person’s face. Therefore, it is
| impossible to increase the success rate of funny business.

e The introduction cost is not so expensive because particular appa-
ratuses are not required for the face identification.

e The registration of the user into the system is easy because the user’s

facial image is only taken in the registration for the face identifica-
tion.

As described above, the development of effective face identification Sys-

tem is very useful for the progress of advanced security system or flexible
user interface.
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Classification Biometrics

Morphological biometrics | Face, Fingerprint, Eyeprint, Lip, Palm, Iris
Functional biometrics Voiceprint, Autography, Action
Biochemical biometrics | Blood, Saliva, DNA

Table 1.3: Typical biometrics and its classification

1.4.1 Face Identification Process

The process of face identification is illustrated in Figure 1.3. As shown
in Figure 1.3, at first, the type of target face has to be decided. That
is, the kind of the facial image employed for the face identification is de-
cided. After this decision, the facial images based on the decided type
are collected. The pre-processing is applied to the collected facial image
in order to promote the performance of face identification. And then, .
the attribute used for the identification is extracted from the facial im-
age. Finally, the identification is performed on the basis of the extracted
attribute. The detail of each step is described below.

1.4.2 Target Facial Image

At first, the type of facial image employed in the face identification has
to be decided. The following items must be judged for the decision of
type of facial image.

e Dimension: In the dimension of facial image, there are two types:;
1.e., two-dimensional facial image and three-dimensional facial im-
age. The face can be measured on three dimensions by using the
three-dimensional measurement apparatus and technique. There are
several studies on the implementation of face identification based on
three-dimensional facial image. The accurate face identification may
be able to be implemented by using three-dimensional facial image
because the three-dimensional facial image can have more informa-
tion about face than two-dimensional facial image. However, a three-
dimensional scanner is necessary to measure face on three dimension-
s, and data size is considerably large. Therefore, the environment to
install the face identification system is strongly restricted. In addi-
tion, there is the problem in terms of the computational cost. On
the other hand, in the two-dimensional facial image, the loss of face
information arises because face is originally three-dimensional objec-
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Figure 1.3: Process of face identification

t. However, two-dimensional facial image has enough information to
| perform the face identification, as human can identify a person in
i‘ the case where the two-dimensional facial image is used. Moreover,
| there are some advantages in two-dimensional facial image in com-
parison with three-dimensional facial 1mage; i.e., the computational
cost is low, the environment to install is not restricted, and the fa-
cial image can be easily taken by a camera. For these advantages,

two-dimensional facial image is frequently used in many studies on
the face identification.

e Angle: In the face identification, it is necessary to decide the
viewpoint for face; i.e., the angle of face. It makes hard the face
identification to allow the user to input his/her face in various angles.
Therefore, the research on the face identification is carried out on the
basis of the assumption that the user is allowed to input the face in a
particular angle. As the angle of face, there are frontal facial image,
profile image and oblique facial image. Several studies on the face
1dentification based on profile have been reported from latter half of
1970s. In addition, the studies on the face identification using the
combination of frontal face and profile for the face identification has
been reported. The facial image used in the recent face identification
1s almost frontal face although some studies on the face identification

based on profile are reported. The identification using the oblique
face has been not almost reported.

o Still/Motion: In the type of facial image, there are still and
motion. The stationary facial image is usually employed in the face
1dentification while the facial image sequence is frequently used in
the facial expression recognition. The face identification based on
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the facial image sequence is seldom implemented.

e B.W./Color: The facial image is represented as color image or
grayscale image. The color facial image has effective information
to identify person such as skin color. However, the amount of data
and computational cost considerably increase. The grayscale facial
image is often used in the face identification because it is reported
that the effective face identification can be performed by using the
grayscale facial image.

The type of facial image employed in the face identification is decided

by combining these items; e.g., two-dimensional, frontal, stationary and
grayscale facial image.

1.4.3 Pre-processing

The face identification can be accomplished by using the facial image
involving the objects except face such as background. However, pre-
processing is required to improve the performance of face identification.
The face detection, localization and normalization are employed as the
typical pre-processing for the face identification.

The face detection is the operation to find and extract the region of
face in the image. As clues to implement the face detection, there are
motion [24], color [25] and shape [26]. Table 1.4 indicates the strong and
weak points of each clue.

The motion is effective clue for the face detection in the Image sequence.
In addition, the face detection based on motion is useful in the case where
the real-time face detection is required. However, the accuracy for the
face detection is not so high. Therefore, the face detection based on the
motion is used to catch broadly the region in which the face exists.

It is known that the skin color is the effective clue for the detection
of face from the image in which the complicated background is involved.
Therefore, the face detection based on color is performed on the basis
of the skin color in the image. However, the performance of this face
detection depends on the state of background. Namely, the face detection
based on the color is hard when the color of background is similar to the
color of skin. Therefore, the face detection in which the relationship
between feature of background and feature of face can be considered has
to be employed.

As the approach which focuses on the shape of face, the methods which
utilize the symmetry of face, the circle model for contour of face and so
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Clue

Strong pint

Weak point

Motion

Motion is suitable for the
face detection in the image
sequence.

The face detection is hard
when there are several mov-
ing objects in the image
sequence.

Color

The face detection based on
color is robust against the
change of distance and an-
gle. The processing speed
is fast.

It is difficult to detect on-
ly a face from human body.
The accurate decision of
face position is difficult.

Shape

It is possible to decide cor-
rectly the face position on
the basis of the contour of
face or the internal features
on face.

The face detection based on
shape is often influenced by
the change of angle and dis-
tance. The computational
process is complicated.

Table 1.4: Strong and weak points of each clue for face detection

on have been proposed.

Moreover, several face detection methods based on other clues have
been proposed; e.g., combination of color and shape 127], luminance [28],
wavelet [29], pixel value [30][31] and so on.

The localization and normalization are also needed to improve the per-
formance of face identification. The performance of face identification
can be improved by adjusting the face size to same size of facial image
registered in facial image database. This operation is called the normal-
1zation. The normalization is performed on the basis of the position of
internal features on face such as eyes. Therefore, the operation to find the
internal features on face, i.e., localization, is needed. The more accurate
face identification can be implemented by adopting these pre-processing.

1.4.4 Attribute Extraction

The attributes used for the face identification are extracted from the
facial image after the pre-processing. The attributes used for the face
identification are classified into the following three types.

1. Geometric attribute

2. Attribute based on global pixel pattern
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3. Attribute based on statistical technique

In the geometric attribute, the internal features on face are extract-
ed by utilizing the knowledge about the structure of human face. The
shape and size of the extracted internal features are converted to numer-
ical data. The numerical data are employed as the attributes for the
face identification. For example, the edge extraction is applied to the
facial image and then the extracted shape and size of internal features on
face are used as the attributes for the face identification. This attribute
is often influenced by lighting condition because the accuracy of edge
extraction depends on the lighting condition.

On the other hand, in the attribute based on the global pixel pattern,
the gradation value on each pixel of the facial image is simply used as
the attributes for the face identification. This attribute has the weakness
| that the size of attribute is very large. For example, in the case where
the size of facial image is 128 x 128, the size of attributes is 16,384.
In addition, this attribute is often influenced by the fluctuations on the
environment where the facial image is taken. The mosaic attributes have
been proposed in order to decrease the size of attribute and implement
the robustness against the fluctuations on the environment. In the mosaic
attribute, the facial image is divided into some blocks. The average value
of pixels in each block is calculated. These average values are employed
as the attributes for the face identification.

Recently, the attributes based on the statistical technique have been fre-
quently utilized for the face identification. As the representative method
of the attributes based on the statistical technique, there is the eigenface
method. The eigenface method is introduced below.

In this method, the Principal Component Analysis is applied to a set of
pixel vectors which are extracted from many facial images, and then the
orthonormal basis called eigenface is calculated. The pattern in which
dimension is compressed is obtained by applying Karhunen-Loeve expan-
sion (KL expansion) based on this eigneface to the pixel vector of facial
images. This pattern is employed as the attributes for the face identifi-
cation. The above process is formalized as follows.

Suppose that a pixel vector of facial image is N dimensions and there are
M pixel vectors; X,,;; m = 1,2,---, M. These pixel vectors of facial image
are used as a sample set. The average vector p is calculated from this
set. And then, the covariance matrix R for the sample set is calculated
by the following formula.
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Suppose that in K large eigenvalues for this matrix, the eigenvectors
which satisfy the following formula (1.2) and (1.3) is 9 k = I e B

Rip, = Arpy (1.2)
b = 1 (1.3)
where,
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Using this orthonormal basis ¥k = 1,2, .- - , K, the result that an
arbitrary vector X is developed by the formula (1.4) is calculated. The
K dimensional vector Y which is obtained by using this result in formula
(1.5) is the pattern in which the dimension is compressed.

ylim) e (Xm . U)t¢k =T 2,--- K (14)

It is well known that in this method, the minimization of mean square

error in the formula (1.7) is attempted by the approximation of the for-
mula (1.6) for each vector on a sample set.
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The eigenvector 1), obtained from a sample facial image is N dimen-
sional vector, and it can be regarded as a facial image. Using the formula
(1.6), an arbitrary facial image is approximated by the linear association
of them. Therefore, the 1 is called eigneface because it is the basis of
facial image.

The type of attribute used for the face identification are decided, and
the attributes based on the decided type are extracted from the facial
image. Following the attribute extraction, the face identification is per-
formed on the basis of the matching process using these attributes. In
next subsection, the detail of identification method is described.

1.4.5 Person Identification

In the face identification, there are two types of person identification: 1e.,
verification and classification. In the verification, the user simultaneous-
ly presents a certificate to identify him /her and the face. The matching -
between the face corresponding to the certificate and his /her face is per-
formed. It is judged whether the user is owner of the certificate or not
by using the matching result. In the classification, the user presents
face only, and it is judged which person the user is in the facial image
database. The classification needs the face information of all users in the
facial image database when the identification is performed, while the face
information of one user only is needed in the verification. Therefore, the
verification can be regarded as a sub-problem of classification.

In the face identification, it is most desirable that the face on each
person completely separates in the attribute space. However, there is
the possibility that the erroneous identification occurs because the over-
lap among the users arises in the attribute space by various fluctuations
caused when the facial image is taken. Therefore, the development of the
face identification in which the rate of erroneous identification is low is
required.

1.4.6 Issues on Face Identification

There are many issues which have to be solved in order to implement
practical face identification systems. One of important issues is the im-
plementation of the robustness against various fluctuations. The example
of fluctuations is as follows.




1. Photographic fluctuation

e Lighting condition (Color of lighting, influence of daylight, etc.)

e Condition of background (Color of background, overlap with
other persouns, etc.)

e Photography condition (Angle of camera-work, object distance,
rotation of object, etc.)

e Posture condition
2. Appearance fluctuation

e Bangs and whiskers
e Glasses, cap/hat and apparel
e Change of face caused by suntan, injury, bruise and so on

e Change of face shape caused by growing older, putting on weight,
growing thin and so on

e Adornments (make-up, painting, etc.)

e Facial expressions

The fluctuations are classified into two types. One is the fluctuation
caused by change of environment where the facial image is taken, called
photographic fluctuation, and another is the fluctuation caused by change
of appearance, called appearance fluctuation. The former is the fluctua-
tions which inevitably occur when the facial image is taken. The latter
can be avoided by restricting the condition of user when the face iden-
tification is performed. The latter is harder problem than former in
the object recognition point of view. An example of the photographic
fluctuations is shown in Figure 1.4, and an example of the appearance
fluctuations is shown in Figure 1.5. Many studies on the implementation
of the robustness against these fluctuations have been carried out for the
face identification. In next subsection, several studies are introduced.

1.4.7 Related Works and Applications

There are numerous successful implementation of the face identification
and practical applications on the face identification are developed. Sever-
al related works and applications on the face identification are described
in Table 1.5. The major problem in the face identification is to imple-
ment the robustness against various fluctuations. In numerous studies
related to the face identification, the implementation of the robustness
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Distance fluctuation :

Figure 1.4: An example of photographic fluctuations (From MIT face database i




Facial expression fluctuation

Figure 1.5: An example of appearance fluctuations (From ORL face database and Purdue
University face database)




Fluctuation Author Attribute Recognition Main Year
extraction method reference
Posture Inakoshi et al. Principal compo- Euclidean [32] 1999
nent analysis distance
Imaoka et al. Luminance Correlation [33] 1999
Kuriyama et al. high order local Discriminant [34] 1999
auto-correlation analysis
of pixels
Lighting Sohma et al. Mosaic Mahalanobis [35] 1997
correlations
Doi et al. Pixel Correlation [36][37] 1998
Yamamoto et al. Pixel Virtual sub- [38] 2000
space method
Posture & Lighting Akamatsu et al. KL expansion of Euclidean [39] 1993
Fourier spectrum  distance
Angle Kurita et al. Principal compo- Neural [40] 1999
nent analysis network
based on gat-
ing network
Facial expression Kitada et al. Morphological Matching [41] 1998
analysis
Umeyama et al. Supervised inde- Correlation [42] 1999
pendent compo-
nent analysis
Hirayama et al. Isodensity maps  Template [43] 1999
matching :
Sakano et al. Mosaic Kernel mutu- [44] 1999
al subspace
method
Futamura et al. Independent Euclidean [45] 1999
Component distance
Analysis
Posture & Facial Pramadhanto et al. Gabor wavelet Dynamic link [46] 1997
expression architecture
Facial expression, Kosugi Mosaic Neural [47] 1993
Glasses & Age network

Table 1.5: List of studies on face identification

against various fluctuations is attempted. In the Table 1.5, they are clas-
sified by the fluctuation which is focused on, and the attribute and the
recognition method which are used for the identification are described.
Moreover, some related works and applications in which the fluctuations
are not treated in the experiment are described below.

It has been reported that the accuracy of identification is high in the
identification based on fingerprint and eyeprint, so that practical system-
s have been developed. In the identification based on fingerprint and
eyeprint, a particular action of the user is required in order to obtain
fingerprint or eyeprint when the identification is performed. However,
the user’s burden is large in such identification. Although the identifi-
cations based on face and voice in which a particular action of the user
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is not required have been proposed, the accuracy for the identification
is not enough at present. Maeda et al. proposed an identification Sys-
tem based on the integration of facial image, walking image and voice in
order to implement an identification in which a particular action is not
required and which has high accuracy for the identification [48]. The face
identification in this system is performed by using the Mosaic attributes.
The experimental results revealed that the accuracy for the identification
could be considerably improved by performing the identification based
on the integration of each identification result.

Hisatomi et al. proposed a multi-agent-based face identification system
[49]. This system consists of some agents in which different tasks are
assigned; e.g., extraction of attributes, template matching and so on.
The face identification is performed by the coordination among these
agents. It was found from the experimental results that the proposed
system could perform the accurate identification by cooperative behavior
among these agents in the case where the mis-identification occurred on
the one agent.

In conventional face identification, the identification has been performed
by using the stationary facial image. However, the impersonated problem
may arise because it is difficult to identify the similar facial images in the
case where the attributes used for the identification are extracted from
the stationary facial image. To solve this problem, Ito et al. proposed
a face identification based on the change of facial expression [50]. The
facial image sequence is employed in this face identification. The process
in which each user expresses a facial expression is recorded, and this pro-
cess 1s used as the password for the face identification. The possibility
of the face identification using the facial expression as a password was
confirmed through the identification experiment.

Tanaka et al. proposed a face identification using average cosine as the
attributes [51]. Moreover, the effective regions on the facial image for
the identification based on the average cosine attributes were searched.
It was found from experimental results that the searched regions did not
depend on the kind of facial image used for the identification.

Sukthankar et al. proposed a multi-agent-based face identification Sys-
tem for apartment complex [52]. This identification system consists of
some agents which a particular task is assigned, e.g., visitor identification,
interactive labeling of unknown visitor, evaluation of face recognition al-
gorithm and so on. The face identification for apartment complex is
implemented by the interaction among these agents. They confirmed the
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possibility of the face identification for apartment complex through the
experiment on the outdoor environment.

1.5 Face Cognitive Model Acquisition

As one of evaluation criteria for the face recognition methods, there is the
consistency with the face cognitive structure of human [53]. For example,
in the facial image retrieval, it is desirable that the facial images which
can be judged to be similar by human can be retrieved by computer.
Therefore, the research on how human processes face has been carried
out. Namely, the face cognitive model of human has been investigated.
This subject is called face cognitive model acquisition. In this section,
the research on the face cognitive model acquisition and the face cogni-

tive model acquisition based on the facial image database retrieval task
method are introduced.

1.5.1 Face Cognitive Model

The study on how human processes face is the interesting subject, and
it has been carried out of old. So far, the investigation of face cognitive
model of human has been mainly performed in the psychological field.
However, the research on the investigation of face cognitive model of
human has come to be busily carried out in the engineering field because
the knowledge about the face cognitive model of human is useful for the
face recognition which is utilized to implement effective human interface.
In the face recognition, the knowledge about the face cognitive model of
human is required in order to implement the face recognition methods
which have the consistency with the face cognitive structure of human.
This subject is called face cognitive model acquisition, and the various
face cognitive models have been recently investigated. An example of the
studies on the face cognitive model acquisition is shown in Table 1.6. As
shown in Table 1.6, the face cognitive models for similarity, age, sex and
so on have been investigated.

In the conventional face cognitive model acquisition, the face pho-
tographs are used as the stimuli. That is, the investigator presents the
face photographs to the subject, and then the sub ject evaluates the face
photographs. The face cognitive model of human is investigated on the
basis of the relation between the face photographs and the evaluations.
So far, the face cognitive model acquisition using the face photograph
stimuli has been often carried out, and significant knowledge has been
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Face Cognitive Model Authors Main Year
Reference

Similarity judgment among faces A. Morisaki et al. [55] 1995

Age and sex T. Takasaki et al. [56] 1996

False smile M. Nomura et al. [57] 1999

Average face M. Nishitani et al. (58] 1999

Attractive face T. Kato et al. [59] 1998

Childish, adult, manly and womanish M. Yamaguchi et al. [60] 1996

face

Relation between facial expressions T. Ogawa et al. [5] 1997

and viewpoint

Relation between configural processing T. Tujii [61] 1998

and surface-based processing of face

Relation between facial expressions R. Nagayama et al. [62] 1998

and face identification

Relation between facial expressions T. Kato et al. [63] 1998

and music & talk

Relation between facial expressions M. Miyoshi [64] 1998

and face Identification

Motion in facial expressions N. Matsuzaki et al. 6] 1999

Facial expressions M. Kamachi et al. (7] 1998
T. Kato et al. [65] 1998
S. Shibui et al. [66] 1998
M. Oda et al. [67] 1999
N. Wada et al. [68] 1999
S. Yoshikawa et al. [69] 1999
T. Kato et al. [70] 1999
N. Wada et al. [71] 1999
A. Miura et al. [72] 1999
M. Yamaguchi et al. (73] 1999
H. Umemura et al. [74] 1999

Table 1.6: List of face cognitive model acquisitions

obtained. However, in the face cognitive model acquisition using the face
photograph stimuli, the face photographs which are taken in the real en-
vironment are used. Namely, the investigator can not directly adjust the
face photograph stimuli. Moreover, in the face cognitive model for face
expressions, the accurate face cognitive model can be acquired by using
the image sequence because the facial expressions are mainly recognized
by human on the basis of the change of face. Therefore, it is difficult to
acquire more accurate face cognitive model of human in the case where
the face photograph stimuli are utilized.

To solve this problem, the face cognitive model acquisition has come to
be performed by using the image processing technology [54]. Namely, the
facial images are used as the stimuli for the face cognitive model acqui-
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sition. In the case where the facial images are utilized as the stimuli for
the face cognitive model acquisition, the investigator can directly adjust
or change the facial images. Moreover, the face cognitive model can be
acquired as numerical data without performing the direct measurement
of the stimuli because the facial images are created from the numerical
pixel values. The various and accurate face cognitive models can be ac-
quired by using the image processing technology in comparison with the
face cognitive model acquisition using the face photograph stimuli.

The image processing technology which is frequently used in the face
cognitive model acquisition is Morphing technology. The Morphing tech-
nology is often used for the face cognitive model acquisition for the aver-
age face and facial expressions. The different facial images can be com-
bined in arbitrary composition rate by using the Morphing technology.
Therefore, the facial images which do not actually exist can be created by
using the Morphing technology. The Morphing technology can increase
the kind of the face cognitive model which can be investigated in the face |
cognitive model acquisition.

Moreover, the face composition technology is also useful for the face
cognitive model acquisition in addition to the image processing technol-
ogy. It 1s possible to compose the true-to-life face by the development of
various methods in the computer graphics and animation technologies.
The face cognitive model acquisition can be also performed by using the
face which is composed by using the computer graphics and animation
technologies. In the face cognitive model acquisition using the face com-
position technology, it is easier to adjust or change the composed face
than the facial image based on the image processing because the com-
posed face is created on the basis of the numerical data on the computer.
Furthermore, the face image sequence can be created by using this face
composition technology. Thus, the face composition technology is effec-
tive for the face cognitive model acquisition for the face which does not
actually exist and the facial expressions.

As mentioned above, the development of the image processing and face
composition technologies is significant for the research on the face cog-
nitive model acquisition because it is possible to operate quantitatively
the face stimuli. That is, the relation between the features in the facial
image and the psychological behavior can be quantitatively investigated
by using the facial image or the composed face stimuli and operating
directly them. Therefore, the development of image processing and face
composition technologies yield the paradigm shift in the face cognitive




e ——

model acquisition. In next subsection, the computer-based face cognitive
model acquisition method using facial image stimuli which can adapt to
various face cognitive models is introduced.

1.5.2 Face Cognitive Model Acquisition based on Facial Image
Database Retrieval Task Method

In the conventional information retrieval, sentence or word data have
been frequently used as the retrieval target. However, the diversification
of information has brought with it the problem that it is necessary to
treat image data as the retrieval target. So far, in the image retrieval,
the image retrieval method based on the verbal keywords has been often
employed. In this method, the database manager attaches the verbal
labels to the image data which are stored in the image database. The
user inputs verbal keywords when the image retrieval is performed. The
matching processing between the keywords inputted by the user and the
labels which are attached to the image data is performed. The image
data having the labels which are similar to the inputted keywords are
retrieved. In this method, it is difficult to retrieve the image data which
are suitable for each user’s subjectivity because the database manager
attaches the labels on the basis of his/her subjectivity. That is, it is
difficult to adapt to each user’s subjectivity because the labels which are
attached to the image data reflect the database manager’s subjectivity.

To solve this problem, recently, the image retrieval method based on
the contents of image data has been proposed [75][76]. In this method,
the image data are retrieved based on the raw information such as pixel
values. Therefore, the user can perform the image retrieval which reflects
his/her subjectivity because the other person’s sub jectivity is not consid-
ered in the image data. The retrieval method based on the contents of
image data is often employed in the recent image retrieval because this
method can adapt to each person’s subjectivity and implement flexible
image retrieval. In this image retrieval method, the target image datum
1s needed when the image retrieval is started because the image data are
retrieved on the basis of the raw information which image data have.
Therefore, it is difficult to treat the ambiguous target in the user’s mind
as the retrieval target. However, it is obvious that there is the case where
the ambiguous target in the user’s mind such as the impression has to
be treated as the retrieval target. Thus, the image retrieval also must be
able to adapt to such retrieval target.

Oda proposed the image retrieval method which can perform the re-
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trieval in the case where the retrieval target is subjective and ambiguous
[77][78][79]. In the proposed method, the facial images are employed as
the retrieval object. The facial image is subjective and ambiguous re-
trieval target. The impression received from face is different on each
person. Moreover, it is difficult to represent face by verbal keywords and
perform the drawing. However, the user can judge whether the facial im-
ages which are presented to him/her are suitable for own retrieval target
or not. Therefore, in this method, the image retrieval is performed on
the basis of the user’s judgment for the facial images and the interaction
between the user and the computer. The retrieval process in this method
is shown in Figure 1.6. As shown in Figure 1.6, at first, some facial im-
ages which are randomly chosen from facial image database are presented
to the user. The user selects the facial images which are suitable for the
retrieval target in the presented facial images. The contents-based facial
image retrieval is performed on the basis of the selected facial images
by the user. That is, new facial images are retrieved from facial image
database by using the raw information such as pixel values in the facial
images selected by the user. The user concretes the retrieval target which
was ambiguous in the initial retrieval step through the interaction, and
retrieves the satisfying facial images for the retrieval target. Addition-
ally, in this method, the image retrieval based on the contents of facial
images is performed by using average face. The average values are cal-
culated from raw information which the user-selected facial images have,
and then the average face is created by combining these average values.
The facial images are retrieved from the facial image database on the
basis of this average face. Recently, this interactive contents-based image
retrieval method is often used in the image retrieval because the user can
retrieve subjective and ambiguous images. Furthermore, the retrieval
method in which other algorithm instead of the method based on the
average face is employed has been proposed [80].

This retrieval method has the advantage which can retrieve subjective
and ambiguous retrieval target in mind. In this type of image retrieval,
the user selects the facial image in accordance with the evaluation crite-
rion for the retrieval target. Therefore, it is clear that the user selects the
facial images on the basis of the face cognitive structure for the retrieval
target. Namely, the face cognitive model of the user can be acquired
by investigating the information which the selected facial images have.
Oda et al. proposed the facial image database retrieval task method for
the face cognitive model acquisition by utilizing this feature. In the face
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Figure 1.6: Retrieval process for the ambiguous retrieval target

cognitive model acquisition based on this method, various kinds of face
cognitive model can be easily acquired because the user only selects the
facial images which are suitable for the retrieval target. Oda et al. inves-
tigated some face cognitive models of human by utilizing the facial image
database retrieval task method. As first step, Oda et al. performed the
face cognitive model acquisition using line-draw facial image in order to
simplify the evaluation of performance of the proposed method and the
construction of facial image database. In the literatures of [81], [82] and
83], the face cognitive models for the favorite face and similar face were
investigated. The face cognitive model acquisitions of human for favorite.
distasteful, gentle and fierce face were attempted in the literature 84].
The face cognitive model for the forbidding face was investigated in the
literature [85]. Moreover, Oda et al. performed the face cognitive model
acquisition using the photographic facial images [86]. On the other hand,
the cognitive model acquisition for the diagram was also performed on
the basis of this method [87].

As mentioned above, the facial image database retrieval task method is
effective method for the face cognitive model acquisition. Moreover, var-
lous face cognitive models can be easily acquired by using this method.
Recently, the face cognitive acquisition using the image processing tech-

nology and the facial image database task method has often been carried
out.
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1.6 Mahalanobis-Taguchi System

This section is concerned with the Mahalanobis-Taguchi System (MTS)
which is one of basic techniques for the face recognition methods proposed
in this dissertation. In the beginning, the pattern recognition method
based on the MTS is explicated. Following this description, the opti-
mization method of attribute in the MTS is described. Finally, the detail
of the Mahalanobis-Taguchi-Gram-Schmidt (MTGS) which is an extend-
ed method of the MTS is explained.

1.6.1 Framework of MTS

Human can acquire excellent object recognition ability. It is clear that
an effective object recognition system can be constructed if object recog-
nition ability acquired by a human can be reflected to the recognition on
computer.

How does human acquire an excellent object recognition ability? As
shown in Figure 1.7, when a new object is given, a human recognizes
an object on the basis of all kinds of information which can be obtained
from it. This information includes characters such as shape, color, and
so on. Human accumulates the recognition experience for the object,
and gradually acquires sensuous knowledge of the effective recognition
for the object. This sensuous knowledge indicates the kinds of character
which are effective for the recognition, border value, relationship among
the characters and so on. Therefore, an effective recognition system can
be implemented if this sensuous knowledge which is acquired from the
experience can be reflected to the recognition on computer. However, it
is considerably difficult to represent the sensuous knowledge which human
has as rules or numerical values.

The MTS has been proposed by Taguchi in order to implement a pat-
tern recognition which can reflect human sensuous knowledge for object
recognition [88][89][90][91]. In the MTS, a human’s sensuous knowledge
for the object recognition is acquired by modeling the sensuous knowledge
acquisition process in object recognition. Moreover, in this modeling, the
human object recognition and the pattern recognition by computer are
combined. Therefore, the MTS has the following three features. First, a
set of training data for the recognition is collected by a human. A set of
training data consists of the objects which are considered to be correct as
the recognition target. In addition, this collection is performed by evalu-
ating the object itself. That is, a human does not evaluate the attributes
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Figure 1.7: Image of sensuous recognition ability acquisition process

which are extracted from the object. Secondly, the correlations among
the attributes are automatically extracted from the collected training da-
ta, and then the recognition based on these correlations is performed.
Finally, the effective attributes for the recognition can be re-extracted
by using recognition result. Namely, the optimization of attribute can
be carried out. From these features, recently, the MTS has been applied
to various problems. Especially, the applications for sensuous defects in-
spection in the industrial products are developed. Some applications and
related works using the MTS are described below.

As applications for industrial products, a defects detection system in
circuit pattern [92][93], an infrared absorption spectrum analysis system
for quality control of materia medica [94], a decision system of positions
and kinds of sensors in fire alarm system [95][96], a sensing system for pre-
vention of driving accidents [97], a recognition system for false banknote
98], a fault diagnosis system for sensors in future spacecraft [99][100][101],
a printed letter inspection system [102][103], a defects detection system
of clutch disk [104] and so on have been proposed.

Moreover, some applications have been proposed to analyze multi-
dimensional information. Suzuki et al. utilized the MTS to analyze
the relationship between the programmer’s programming ability and the
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questionnaire result [105]. Shibano analyzed corporate condition in man-
agement by using the MTS [106]. In addition, he attempted to predict
the business achievement in next year by using the MTS. As other case
studies, the researches such as an analysis of medical treatment for pa-
tients [107], an analysis of wearing comfort of clothes [108], an analysis
of health examination results [109][110] and so on have been performed.

Some prognostication systems based on the MTS have been developed.
Tanaka et al. proposed a prevalence prediction system for infectious
diseases [111]. Taguchi proposed applications of the MTS to weather
forecasting and earthquake prediction [112][113][114]. Nakajima proposed
a system which predicts future health from existing health examination
results [115].

The applications of the MTS to the information science have been also
started. In this field, the MTS has been applied to a handwritten word
recognition [116][117], a voice recognition [118], an image classification
[119] and so on.

On the other hand, some proposals have been made in order to improve
the performance of the MTS [120][121][122].

I explain the detail of pattern recognition based on the MTS in the
following subsection.

1.6.2 Pattern Recognition based on MTS

In the MTS, the pattern recognition based on the Mahalanobis space
and the Mahalanobis distance is performed. The pattern recognition
based on the MTS is illustrated in Figure 1.8. The Mahalanobis space
1s a space which can consider the correlations among the attributes in
multi-dimensional data. This Mahalanobis space is constructed from a
set of multi-dimensional training data. The Mahalanobis distance is one-
dimensional evaluation criterion which is calculated in the Mahalanobis
space. Strictly speaking, it indicates the distance between the origin
of the Mahalanobis space and an unknown datum. The MTS judges
whether the unknown datum belongs to the Mahalanobis space or not,
In accordance with the Mahalanobis distance. The threshold for this
Judgment is decided by a human as the high recognition performance can
be obtained. The recognition based on a human sensuous knowledge is
implemented by combining this pattern recognition and some operations.
The recognition process which is from the collection of training data to
the decision of threshold is as follows.
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Figure 1.8: Pattern recognition based on the MTS

1. Collection of training data
2. Extraction of attribute
3. Construction of Mahalanobis space

4. Calculation of Mahalanobis distance to unknown datum

5. Decision of threshold

Basically, the MTS is a pattern recognition method to divide data into
two kinds, namely normal data and abnormal data. The normal data,
indicate the correct data as the recognition target, and the abnormal da-
ta mean other data except normal data. For instance, in the case where
a particular person’s face is identified, the faces of a particular person
are normal data and all faces of other persons are abnormal data. As
known from this example, it is likely that the normal data have homoge-
neous distribution on the attribute space. On the other hand, it is likely
that the abnormal data have unknown distribution. In this case, we can
say with fair certainty that the recognition of the normal data is easier
than the recognition of the abnormal data because there are too many
kinds of abnormal data. Thus, the MTS implements dichotomy of data
by recognizing the normal data correctly and regarding the data except
the normal data as the abnormal data rather than recognizing both of
normal data and abnormal data. Furthermore, the concept of this recog-
nition is similar to the human recognition. That is, humans do the ob ject
recognition by judging whether the object is correct as the recognition
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target or not, in the case where there are too many other objects for
the comparison. Hence, in the MTS, a Mahalanobis space is constructed
from only normal data. In this Mahalanobis space, the Mahalanobis dis-
tances to unknown data are calculated, and the MTS judges whether the
unknown data belong to the Mahalanobis space or not, on the basis of
the Mahalanobis distance. The unknown datum is regarded as a normal
datum in the case where the unknown datum is judged to belong to the
Mahalanobis space, and it is regarded as an abnormal datum in other
cases. There are many theories and methods for pattern recognition. In
the recognition based on the neural network or the discriminant analy-
sis, the recognition is implemented by using both kinds of data as the
training data. The MTS has prominent feature that a recognition space
is constructed only by normal data.

Consequently, as a first step, a set of normal data is collected as training
data. These normal data are decided by a human sensuous judgment
in order to implement a pattern recognition which can reflect human
sensuous knowledge.

The attributes are extracted from these collected training data. It is
suggested that all kinds of attribute which can be extracted from the
object are used for the recognition in the MTS. For example, as the
attributes for recognition of image datum, the value on each pixel can be
taken. However, in the case where the size of image is large, too many
attributes are extracted.

In the case of image and wave form, Taguchi has proposed the attributes
based on differential characteristic and integral characteristic. The dif-
ferential characteristic indicates the changes of element in Image or wave
form, similar to the concept of frequency. The integral characteristic in-
dicates the distance of element in image or wave form. The extraction
method of the attributes based on these characteristics is illustrated in
Figure 1.9. As shown in Figure 1.9, in the differential characteristic, some
lines are drawn on image or wave form. The attribute based on the dif-
ferential characteristic indicates the number of the points that each line
intersects the pixel or wave form. In the integral characteristic, some lines
and center line are drawn. This center line means the line which halves
the image or wave form. The Euclidean distances between the center line
and the intersecting points on each line are calculated. On each line, the
sum of Euclidean distances is taken as the attribute based on the integral
characteristic. It is reported that the effective pattern recognition can be
performed by using the attributes based on these differential and integral
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Figure 1.9: Extraction method of the attribute based on differential and integral charac-
teristics

characteristics [102][103][104]. Moreover, the number of attributes can be
changed to an arbitrary number by using the attributes based on these
characteristics.

After the extraction of attributes, the Mahalanobis space is constructed

from the extracted attributes. The Mahalanobis space 1s constructed by
the following process.

1. Normalization of a set of training data: k denotes the ”dimen-
sion” of the datum (i.e., the number of attributes), and n denotes the
number of data in the set. The set of training data is transformed
by the average m; and the standard deviation d;, and then X ; is
calculated. This operation is called normalization, and the resultant
X ; is called the normalized data.

Tij — M

0;

2. Calculation of a correlation matrix: The following correlation
matrix R is calculated from a set of the normalized training data.
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3. Calculation of an inverse matrix: Using the correlation matrix
R, its inverse matrix, denoted by A, is calculated. This inverse
matrix 1s the Mahalanobis space.

| @11 @13 -+ arg
s a1 a2 - -+ Q2
A RO R N T (1.11)
| Gk,1 Qg2 -+ Qg |

The Mahalanobis distance is calculated by using this inverse matrix.
The datum z to be recognized is normalized by using the average m; and
the standard deviation d; of Equation (1.8) to obtain Z. The Mahalanobis
distance, denoted by D?, is calculated as

L B e N (1.12)
¢4

The Mahalanobis distance theoretically takes from zero to infinity.
When an unknown datum is very similar to the normal data pattern,
the Mahalanobis distance takes a value close to 1. When the unknown
datum differs from the normal data pattern, 1ts value rapidly increases.
Final recognition result is decided by using this Mahalanobis distance.
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Generally, the probability of a datum being similar to the normal data
pattern is very small if this value exceeds 4. However, it is recommended
that the threshold is properly decided by a human in accordance with the
purpose. For instance, in the case of defects inspection, the economic loss
is large when the products having defects are recognized as the normal
products which do not have defects. Therefore, it is desirable that the
threshold to recognize unknown data is changed on each application.

The pattern recognition can be implemented by above operations. Fur-
thermore, in the MTS, the optimization of attribute is provided in order
to model the re-extraction of effective characters in human recognition
process. The detail of this optimization method is described below.

1.6.3 Optimization of Attribute

In the MTS, the attributes that do not contribute to the recognition
can be screened out by performing the optimization of attribute. Fun-
damentally, this optimization is performed by using abnormal data, Sig-
nal/Noise ratio (SN ratio), orthogonal array and factorial effect. However,
there is a case where the normal data is used instead of abnormal data
in accordance with the SN ratio which is employed in the optimization.
This optimization process is as follows.

1. Collection of abnormal data: In the optimization process of
the MTS, abnormal data that do not belong to the Mahalanobis
space of the optimization target are needed because the aim of this
optimization is to search the combination of attributes which can
increase the Mahalanobis distances of abnormal data to decrease
erroneous recognition of abnormal data. Therefore, the Mahalanobis
distances between the Mahalanobis space which is the optimization
target and the abnormal data are utilized in this optimization as the
evaluation criterion for the Mahalanobis space.

2. Construction of Mahalanobis space using attributes based
on orthogonal array: The Mahalanobis space is constructed from
the attributes that correspond to the combinations in the orthogonal
array. The orthogonal array is a matrix consisting of the combina-
tions of attributes which is produced to reduce the experiment times
effectively. There are Lg, Lig, Lo, Le4, Lisg and so on. The ade-
quate orthogonal array is employed in accordance with the number
of attributes which are used before the optimization. That is, the or-
thogonal array Log is used for 120 attributes. Figure 1.10 shows the
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Figure 1.10: Orthogonal array L;s and SN ratio

Ligs orthogonal array. In the orthogonal array, Level 1 (1 in Figure
1.10) indicates that its attribute is used for constructing the Ma-
halanobis space. On the contrary, Level 2 (2 in Figure 1.10) shows
that its attribute is not used for constructing the Mahalanobis space.
Thus, in the Lisg, one hundred twenty-eight Mahalanobis spaces are
constructed for the optimization.

. Calculation of SN ratio: First, the Mahalanobis distances be-

tween the abnormal data and the Mahalanobis space which is con-
structed from the attributes based on the orthogonal array are cal-
culated. The SN ratio is computed by using these Mahalanobis dis-
tances. The SN ratio is one-dimensional evaluation criterion for a
set of the Mahalanobis distances. There are three types in the SN
ratio. The type of SN ratio which is employed for the optimization is
changed in accordance with the purpose. The detail and calculation
method of each type of SN ratio are as follows.

(a) Larger-the-better type: The larger-the-better type is em-
ployed to increase the Mahalanobis distances between the Ma-
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halanobis space which is the optimization target and abnormal
data. Since the SN ratio is an evaluation criterion which can
consider the distribution of the Mahalanobis distances, the in-
crease of the SN ratio in this type means that the Mahalanobis
distances between the abnormal data and the Mahalanobis s-
pace become large on the average. It is possible to increase the
degree of the separation between the target Mahalanobis space
and abnormal data by using this SN ratio, so that it is possible
to decrease the possibility that the erroneous recognition of ab-
normal data occurs. The SN ratio in the larger-the-better type
1s calculated by the following formula.

1.1 1 1
= —10log— R —— 1.14
n Ogd(D%+D%+ +Dc2l) ( )

where,

n : SN ratio (db)
d : The number of abnormal data

Smaller-the-better type: The smaller-the-better type is
used for the opposite purpose with the larger-the-better type.
This type is used in the purpose to decrease the separation be-
tween the Mahalanobis space and the data. Therefore, the nor-
mal data have to be employed for the optimization. Namely, this
type is utilized when the optimization is performed to construct
the Mahalanobis space which can ensure that the normal data
can be recognized correctly. The SN ratio in the smaller-the-
better type is calculated by the following formula.

1

Approximation type: The approximation type is used in the
case where there is a particular target value of the Mahalanobis
distance in abnormal datum. The calculation of this SN ratio is
carried out by the following formulas.

Syt =Di+D:+...4 D2 (1.16)
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In this type, the SN ratio will be large in the case where the
distribution of the Mahalanobis distances of abnormal data is s-
mall. Thus, the Mahalanobis distances become close to a partic-

ular target value by changing the combination of the attributes
which are used for the recognition.

4. Calculation of factorial effect: The factorial effect of each at-
tribute is calculated on the basis of SN ratio. The total of the SN
ratios of Level 1 and Level 2 is computed on each attribute. The fac-
torial effect of each attribute is calculated by subtracting the average
SN ratio of Level 2 from the average SN ratio of Level 1.

5. Decision of attributes used for the recognition: The at-
tributes which have a large positive factorial effect are the attributes
that significantly contribute to the recognition. It is generally es-
tablished that attributes having the factorial effect of over 3 db are
effective for the recognition. On the contrary, the attributes which
have a negative factorial effect are the attributes that include a large
amount of noise and reduce the performance of the recognition. Hu-
man selects the attributes used for the recognition on the basis of
these factorial effects. After the selection of attributes, the Maha-
lanobis space is constructed from the selected attributes. The at-
tributes used for the recognition are finally decided by confirming
the performance of the constructed Mahalanobis space.

As described above, in the MTS, the sensuous recognition which hu-
man can perform is implemented by combining three factors; i.e., the
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pattern recognition based on the Mahalanobis space and distance, the
optimization of attributes using SN ratio and the operation by a hu-
man. It is likely that although the introduction of human operation into
the system is effective, the system performance depends on the human
recognition ability and the human load is large. To solve these problems,
the research has been carried out on the improvement of the utility in
the MTS. Nakatsugawa et al. proposed a threshold decision algorithm
which is based on the distribution of normal data in order to implement
a threshold decision which does not depend on the application [123]. Tt
is obvious that the performance and utility in the MTS will be improved
by such study in the future.

1.6.4 Mahalanobis-Taguchi-Gram-Schmidt

In previous subsection, the recognition method and the optimization
method in the MTS were described. As described above, the calcula-
tion of an inverse matrix is required for the construction of a Maha-
lanobis space. Moreover, the construction of many Mahalanobis spaces
1s performed in the optimization of attribute. The calculation of inverse
matrix is time consuming, and its computational cost is high. In addi-
tion, there is the case where the inverse matrix can not be calculated.
That is, the Mahalanobis space can not be constructed. Recently, the
Mahalanobis-Taguchi-Gram-Schmidt (MTGS) has been proposed to re-
duce the computational cost and to avoid the inability to construct an
Mahalanobis space [124][125]. The MTGS is implemented by introducing
the Gram-Schmidt orthogonalization process into the construction of the
Mahalanobis space and the calculation of Mahalanobis distance. More-
over, in the MTGS, the optimization of attribute and the recognition can
be simultaneously carried out. The recognition method of the MTGS is
as follows.

k denotes the number of attributes, and n denotes the number of train-
ing data in the set. The set of training data is normalized by the average
m; and the standard deviation d;, and then X; ; is calculated.

o

Xij =1
J

(i=1,---,n;5=1,---,k) (1.21)

Here, the variables c;; is prepared instead of Xi ;. Moreover, the at-
tributes are arranged in the order which is considered to be effective for
the recognition by a human. The attribute which is considered to be most
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effective for the recognition is treated as Xi1. After this arrangement,
cij 1s calculated as follows.

4
1 = X
Cio = X;2—1721C1
{ G3 = Xiz—T31ci1 — 13269 (1.22)
[ Cik = Xik —Tk1Ci1 — Tk2Ci2 — -+ — Tk k_1Ci k-1
where,
1 n
rij = - 2. Xiicl (1.23)
nv;i=1
C v 142 2 2
Vi=us 771(01,12"” Cait Tt cng)
e 2 2
< Vo= = n_1(01,2+02,2+"‘+cn,2) (1.24)
Fa . on ik AN 2 2
\ Vk n—k+1 (Cl,k + Co k s et - cn,k)

The Mahalanobis distance is calculated by using V; and rij. First, the
datum 2 to be recognized is normalized by using the average m; and the
standard deviation J; of Equation (1.21) to obtain Z.

B i T i T (1.25)

The variable e; is prepared, and the e; is calculated on the basis of Z.

1 €1 = Zl
es = Zdy—Tyi€]
¢ B3 = Lg—Tpi€l ~rsaey (1.26)
| €k = Zk — TE1€1 — Tk2€2 — -+ — Tk h_1€k_1

y; 1s computed by using e; and V; of the formula (1.24).
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The calculation of the Mahalanobis distance and the optimization can
be simultaneously performed because the Mahalanobis distance of the
datum can be calculated by using the arbitrary number of attributes
without the reconstruction of the Mahalanobis space. In the MTGS, the
optimization of attribute is also performed by using the SN ratio. In
the optimization of the MTGS, the orthogonal array and factorial effect
are not used because the attributes are sorted in effective order for the
recognition which is decided by a human.

Furthermore, in the MTGS, the direction of abnormal data can be de-
cided. If the Mahalanobis space is constructed from the training data
which consists of standard normal data, the excellent normal datum may
take a large Mahalanobis distance. Namely, the normal datum is regard-
ed as an abnormal datum. To avoid this problem, Rajesh et al. have
proposed a method to distinguish excellent normal data from abnormal
datum by using the MTGS [126]. However, it is hard to perform this
method in the case where the datum has many attributes. The further
Improvement is expected.

1.7 Interactive Evolutionary Computing

What kind of impression do you receive when you look at a picture?
Probably, the impression which you receive may differ from the impres-
sions which other people receive, because each person has sub jectivity or
Kan-sei. However, in conventional system, it is assumed that the eval-
uation of person is unique. Namely, the subjectivity or Kan-sei is not
considered in the conventional system. Therefore, in conventional Sys-
tem, it is difficult to treat the problem such as creation or design based
on the user’s subjective preference.
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Recently, the paradigm called Interactive Evolutionary Computing (IEC)
has been proposed in order to implement the system which can consider
the subjectivity or Kan-sei on each person. This paradigm is employed
on various fields such as engineering, art, computer graphics, education
and so on, and many applications are developed. Moreover, the improve-
ment of the performance of the IEC is carried out. The IEC becomes
important technique in artificial intelligence.

In this section, the framework and feature of the IEC which is fun-
damental technique for the face recognition method in this dissertation
are explained and several applications using the IEC on some fields are

surveyed. In addition, some attempts to solve the problems in the IEC
are introduced.

1.7.1 Framework and Feature of IEC

Since the word of ”"Kan-sei” came to be used in the engineering field,
the research which focuses on human is carried out. As an example of
such research focusing on human, there is the problem such as creation,
adjustment or design which is based on subjective preference on each
person. To deal with the problem, the approach which constructs human
mental model instead of human is employed in conventional artificial
intelligence. However, it is considerably difficult to construct the human
mental model completely.

Recently, a new paradigm has been proposed to deal with this prob-
lem. This paradigm is called the Interactive Evolutionary Computing
(IEC) since this paradigm is implemented by combining the evolutionary
computing such as the Genetic Algorithm or the Genetic Programming
and the interaction between human and computer. Especially, it is called
the Interactive Genetic Algorithm (IGA) in the case where the Genetic
Algorithm (GA) is employed as the evolutionary computing, and it is
called the Interactive Genetic Programming (IGP) in the case where the
Genetic Programming (GP) is used, respectively. The IEC is utilized on
various fields because the IEC has the advantage that the user can obtain
the solution which reflects the subjective preference on each person [127].
The framework and feature of the IEC are described below.

The user’s operation and the internal behavior in the system based on
the TEC is shown in Figure 1.11. As shown in Figure 1.11, at first, the
evolutionary computing randomly generates a population which consists
of some individuals, namely genotype, because there is no information
about the user’s subjectivity. The individual consists of the parameters
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Figure 1.11: User’s operation and internal behavior in the system based on the IEC

which the image, sound and so on have. Next, the individuals in this
population are decoded. That is, images, sounds and so on are created.
These created objects are called candidates. These candidates are dis-
played on the interface. The user performs the evaluation of candidates
on the interface in accordance with the distance between the target in
his/her mind space and candidate. The evaluation is carried out by s-
calar value. That is, the user gives high evaluation value to the candidate
which is similar to the target on his/her mind space. The evaluation value
which is given by the user is treated as the fitness value on the evolution-
ary computing. The crossover operation and the mutation operation are
applied to a set of individuals on the basis of the fitness value. The candi-
dates which are more suitable for the user’s subjective preference can be
generated since the genetic operators are applied to based on the user’s
subjective evaluation. After the individuals are returned to the popu-
lation, the individuals are decoded and then they are presented to the
user. The user evaluates them again. The user can obtain the satisfiable
candidates by repeating this operation.

Although the evaluation is performed by giving evaluation value to the
candidates in the IEC, there is a case where the evaluation is performed
by binary value. Namely, it is the evaluation method that the user se-
lects the candidates only which are suitable for own preference. In this
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case, the IEC is called Simulated Breeding (SB) because the operation is
similar to the artificial breeding. Moreover, in the SB, the generation of
children, i.e., candidates, on next generation is carried out by using the
user-selected candidates only.

In the IEC, the user performs the evaluation based on the similarity
between the target in his/her mind space and the presented candidates.
The position of target and the evaluation measurement shake in the mind
space. That is, the user’s evaluation involves noise. It is difficult to
treat such problem in which the noise has to be considered. However,
1t 1s reported that the IEC is robust against noise. The main reason is
that the convergence point is not precise. Namely, the user may regard
different candidates as same candidates. T herefore, the performance of
the system based on the IEC is hardly influenced by noise.

As mentioned above, the IEC is effective for the system which has to
treat human subjectivity but it has some problems to implement practical
system. These problems are mainly related to the user’s fatigue. In
the system based on the IEC, The user has to evaluate the presented
candidates repeatedly. This is the backbreaking task for the user and
fatigues the user. Therefore, in the IEC, the following items have to be
considered. One is that the population size and the generation size have to
be small in comparison with the standard GA. The small population size
causes the problem of initial convergence. The high convergence speed
1s required in the case where the generation size is small. Another is
that the simple evaluation method is needed in order to reduce the user’s
fatigue. The evaluation method in the SB is easier for the user than
standard IEC. However, the evaluation method in the SB also causes the
initial convergence because new children are generated by the selected
candidates only. The detail of these problems and the improvement of
the IEC to solve these problems are described in next subsection.

1.7.2 Applications and Related Works

The studies on the IEC are classified into three types. One is applica-
tions of the IEC to art such as image or music creation. Another type
is an application in engineering. In engineering, sound processing, image
retrieval, image processing, knowledge acquisition and so on are involved
as the fields of application. Final one is the study to improve the perfor-
mance of the IEC. The brief introduction of the studies on each type is
described below.




1.7.2.1 Applications in Art

In initial research on the IEC, image creation was main application. As
first application of the IEC, R. Dwakins proposed the Biomorph [129].
Thereafter, K. Sims proposed a system which interactively generates CG
images. This CG image is drawn by mathematical formula, and this
formula is evolved by the IGP. Unemi proposed SBART for CG creation
by same way [130]. The Biomorph by R. Dawkins and the Genetic Images
by K. Sims are shown in Figure 1.12 and Figure 1.13, respectively. The
concern with the IEC has grown in the field of art after these proposals.
Several applications based on the IEC in art field are briefly introduced
below.

Aoki et al. proposed a design support system for lighting design in
computer graphic [131]. In the system, the decisions of the type, the
position, the ON/OFF and the strength for three lights are supported by
the IGA. They designed an experiment in order to compare the IEC with
trial and error. In this experiment, a design concept was given to the user,
and the user created CG image by each method. The user compared these
images which are created by both methods and then selected either CG
image which was more suitable for the design concept. The experimental
result statistically revealed that the proposed system was not effective
for expert CG designers but was effective for amateur CG designers. The
most important point to note is that the subjective evaluation test and
the statistical test were introduced into the experiment. The conventional
studies in the art have focused on the implementation of the system.
They explicated the effect of the system statistically. Their experiment
was meaningful in this respect.

Nakanishi proposed a fashion design aid system using the IEC [132]. In
this system, a ladies’ one-piece design is drawn in accordance with eight
parameters. The individuals are generated by taking one of eleven values
on each parameter. The decision of this value is performed on the basis of
probability which each value has. The user chooses a most favorite design
from the candidates which are created by decoding the individuals. The
probability for each value is changed on the basis of the chosen design.
The individual consisting of the values which have highest probability on
each parameter means most suitable design for the user. Moreover, this
System can obtain the Kan-sei information of a user by using the GP
and operation history. He made an experiment based on a simulation
'using the mathematical function obtained by the GP and indicated the
effectiveness of the proposed system.
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Figure 1.12: Biomorph by R. Dawkins

Figure 1.13: Genetic Images by K. Sims




Hee et al. proposed a 3D fashion design aid system using the IGA [133].
In this system, they improved the efficiency of the IGA by introducing
domain specific knowledge. In the fashion design, there exist impractical
designs. This system avoids generating such designs by using domain
specific knowledge. That is, some clothing parts which are treated in the
system are combined in advance so that impractical designs are not cre-
ated. They made the experiment using some subjects. The experimental
results revealed that the developed system was effective for the fashion
design aid. ‘

The IEC was applied to the melody creation for jazz session by Biles
[134]. This system is called GenJam. In this system, the user listens to
the generated melody, and evaluates it by pushing a good button or a
bad button at any time. Namely, the user can evaluate the melody at
any time while it is played because it is time consuming and increases the
user’s fatigue to evaluate the melody after the play is finished. Therefore,
the GenJam does not evolve the whole of music but it treats a phrase as
a unit and it evolves the melody on each phrase. This evaluation method

is effective for the IEC in the case where sequential signal is treated in
the system.

1.7.2.2 Applications in Engineering

Recently, the IEC has also come to be utilized in engineering. In engi-
neering, the following applications have been proposed.

Mutoh et al. applied the SB to the decision of the image filter processing
sequence [135]. The image data came to be frequently used by general
computer user in accordance with the development of digital camera,
scanner, personal computer and World Wide Web. The general user
uses a software which equips with several image filters to re-touch the
image data. Generally, the different processing effect can be obtained by
changing the sequence of these filters. The proposed system supports the
decision of the filter sequence because it is difficult for the general user
to decide the sequence.

The development of the hearing aid which is suitable for each senior is
needed in accordance with the increase of senior citizen. Recently, digital
hearing aid has been developed for such a demand. The digital hearing
ald can perform the signal processing which could not be performed in
conventional analogue hearing aid. In the digital hearing aid, the param-
eter tuning is required in order to make appropriate hearing aid for each
person. In conventional tuning, the doctor measures the hearing condi-
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tion of the user and then adjusts the parameter. However, it is difficult
to adjust to most appropriate parameter by the doctor because the per-
son which can evaluate goodness/badness of the hearing aid is the user
only. Therefore, the user has to tune the parameter in order to make
most appropriate digital hearing aid. This is hard task for the user who
is not expert. Takagi et al. proposed a system based on the IEC for the
parameter tuning of digital hearing aid [136]. In this system, the user
can obtain most appropriate parameter for the signal processing of dig-
ital hearing aid by evaluating the easiness to hear the sounds which are
presented by the system. Their experimental results statistically revealed
that the proposed system could effectively support the parameter tuning
for the digital hearing aid.

It is difficult to retrieve the image data which are suitable for each user’s
subjectivity from large-scale database or the internet. In the case where
image data are treated, it is difficult to implement the retrieval using the
verbal keywords because the user does not know the kinds of the images
which are stored in the database or the internet. Moreover, there is a
case where the subjectivity of the database manager who attaches the
keywords to the image data differs from the subjectivity of each user.
The IEC can be utilized to retrieve the image data which are suitable for
each user’s subjectivity. In the retrieval system based on the IEC, the
raw information such as pixel value which image datum has is used as
the parameter. The image data are retrieved by using this parameter.
The user evaluates the presented image data on the basis of own subjec-
tivity. This parameter is evolved by this evaluation and the parameter
to retrieve more appropriate image is generated by the EC. There are
some proposals for the image retrieval [137][138][139]. Cho implemented
an Image retrieval system using the wavelet and the IGA [137]. Kitamoto
et al. proposed an image retrieval system using the queue-based genetic
algorithm [138][139]. In the IEC, the user spends long time for the eval-
uation of candidates. Moreover, the GA operation is time consuming in
treating photographic image data because the amount of information in
photographic image data is considerably large. Kitamoto et al. improved
the speed of the system by overlapping the human evaluation time and
the GA operation time.

Caldwell proposed an application for tracking a criminal suspect, i.e., a
montage system [140]. At first, some photofit facial images are displayed
to the user in this system. The user evaluates all facial images which
are displayed on the interface and then gives the rating to all of them.




This rating is regarded as the fitness value of individual. The genetic
operations are applied to the facial images based on this value. The face
of criminal suspect emerges by repeating this process.

Isono et al. proposed a 3D facial image generating system using the
IGA [141]. In this system, the coding of individual is performed by using
the PCA. It has been reported that the PCA is effective method for face
recognition. The experimental results revealed that an effective facial
image generating can be implemented by combining the PCA and the
IGA.

Monmarche et al. proposed a HTML design support system by using
the IGA [142]. In this system, background style, link color, font style and
so on which are elements for designing HTML are coded as the individual.
Moreover, the vector of probability is used instead of the population
in this system. The individuals are generated in accordance with the
probability which each value on each locus has. The probabilities are
updated according to the values which the user-selected individuals have.

Kuriyama et al. proposed a composition support system for kids [143].
The decision of the contexture in composition is important and difficult
task for kids. In their system, twenty-four pictures are presented on a
display. The kid selects four pictures from the displayed pictures and then
aligns the pictures. The kid makes two sequences by this operation. This
sequence means the story of the composition. The selected sequences are
employed as the parents, and the GA operation is applied to the parents.
Some children are generated on the basis of the GA operation. The kid
newly selects two sequences from the presented sequences. The decision
of story in the composition is supported by repeating this operation.

To select preferable candidates is easier than to write program. The
selection in the IEC can be regarded as the reward in the reinforcement
learning. Therefore, the IEC can learn the rule or the mechanism for con-
trol as well as the reinforcement learning. As an application in this field,
Pagliarini et al. proposed a moving robot based on Neural Network and
the TEC [144]. The user selects robots which have preferable movement.
The evolutionary computing evolves the weights in the Neural Network.
The robot having the Neural Network which can perform the preferable
movement is created by repeating the selection.

Fujii et al. introduced the concept of evolution and interaction in the
IEC into a fuzzy classifier system [145]. They employed a robot control
problem as an example and attempted to generate interactively rules
which reflect the user’s subjectivity.




Tabuchi et al. applied the IEC to knowledge acquisition for classifying
eight kinds of defect data in stainless steel [146]. In this system, basically,
the search is automatically performed. The user performs the evaluation
at the interval of one hundred steps. It was found from the experimental
result that the rule was considerably changed when the user evaluated it,
and the robust rule could be obtained.

1.7.2.3 Improvement of the IEC

In the IEC, some technical problems have to be solved in order to im-
plement practical system. These problems and the attempts for solving
them are described below.

In the system based on the IEC, some candidates are presented on the
interface. The user evaluates candidates by comparing them. Therefore,
it is likely that the user’s fatigue for the evaluation can be reduced by
facilitating the comparison of candidates which are presented on the in-
terface. Ohsaki et al. proposed an interface which changes the order of
the presented candidates in order to facilitate the comparison [147][148].
This interface predicts the evaluation values of the candidates which will
be given by the user. The candidates are displayed on the interface in
accordance with the order of predicted evaluation value. As the predic-
tion method, Ohsaki et al. employed a neural network and Euclidean
distance. They designed some practical experiments in order to confirm
the effectiveness of the proposed interface. From the experimental result,
they concluded that the proposed interface was not effective statistically
but the direction of future research could be obtained from the opinion
of the subjects.

In the IEC, there is a problem of initial convergence. In the system
based on the IEC, the number of candidates displayed on the interface is
small because it makes the user’s evaluation difficult to present a large
number of candidates at the same time. This number of candidates means
the population size in GA. In the case where the population size is small,
the problem of initial convergence occurs. Namely, the individuals in the
population are similar to each other in the initial generation, and the
different kinds of individual are not generated. Therefore, the user can
not obtain optimal candidates. Moreover, this problem frequently occurs
in the system using the SB because the children of the next generation are
generated on the basis of the user-selected candidates only. To avoid this
problem, Unemi proposed a multi-field interface for the SB [149]. This
interface mimics the island-model GA. The interface has two fields for
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breeding the candidates. The user can breed different kinds of candidates
on each field. Moreover, the candidates which are bred on one field can
be transplanted into another field. The diversity can be increased by
hybridizing the different kinds of candidates which are bred on each field.

In the IEC, there are two kinds of user’s evaluation method for the can-
didates. Caldwell proposed the method that the user gives the evaluation
values to all presented candidates in nine grades [140]. This method is
called the rating-all method. On the other hand, the selective method
such as SB has been proposed. In the selective method, the user selects
one or some which is suitable for the purpose from the presented candi-
dates. Although the rating-all method is effective in terms of the search
performance because all individuals can get the fitness value, this task
1s backbreaking for the user and fatigues the user. On the other hand,
the user’s load is very light in the case of the selective method. However,
there is the problem of the initial convergence in the selective method.
The selective method is very useful evaluation method for the user if the
initial convergence problem can be solved. To implement such an eval-
uation method, Sugimoto et al. proposed fitness assignment methods;
1.e., bias method and fuzzy method [150]. In both methods, the user
selects one suitable candidate for the purpose. The fitness is given to
all candidates which are presented on the interface on the basis of the
user-selected candidate. In the bias method, large fitness value is given to
user-selected candidate and small fitness value is given to all candidates
which are not selected by the user. In the fuzzy method, the fitness value
1s decided by the fuzzy reasoning which is based on the generation, the
distance and the angle between the user-selected candidate and others.
They designed the experiment using some subjects in order to confirm
the effectiveness of their proposed methods. The experimental results
revealed that the proposed methods were effective evaluation method for
the reduction of user’s fatigue in comparison with the rating-all method.

In the TEC, the candidates which are randomly generated are presented
to the user in the first generation because the system does not have the
information of the user’s subjectivity or Kan-sei. The effectiveness of
the system will increase if the system can store the information of user’s
subjectivity or Kan-sei in previous task and can reflect it to the candidates
which are presented in the first generation. Kato et al. propose an image
retrieval system utilizing personal history reflecting user’s subjectivity
[151]. The system utilizes the personal history in previous retrieval to
generate the initial population. The experimental results revealed that




high evaluation values were given to the individuals in the initial step of
retrieval in comparison with the system without the personal history.

The purpose of the conventional IEC is to find the suitable candidates
for the user’s subjective preference. Namely, only a user evaluates the
candidates. This can be regarded as the optimization problem of an eval-
uation function which the user has. However, there are many problems
which have multiple evaluation function, i.e., multi-objective optimiza-
tion problem. Shibuya et al. proposed the extension of the IGA in
order to solve multi-objective optimization problem [152]. They took up
the motion animation design problem as the multi-objective optimization
problem. In this motion animation problem, the purpose is to make the
motion animation which is suitable for the user’s subjectivity. Howev-
er, there is the pre-defined evaluation for natural motion in the motion
animation. That is, in this problem, this pre-defined evaluation function
and the evaluation function which the user has must be optimized at
the same time. Additionally, this problem has some constraints which
must be satisfied. They introduced the concept of multi-objective GA
into the IGA so as to treat this multi-objective optimization problem.
The process of multi-objective interactive genetic algorithm is illustrated
in Figure 1.14. At first, the individuals in the population are randomly
generated. These individuals are divided into some groups on the basis
of the similarity among the individuals. In each group, Paleto optimal
sets are automatically found by the multi-objective GA. The groups are
merged into the population, and some individuals are presented to the
user for the evaluation. These individuals are sorted in accordance with
the user’s subjective preference. The crossover operator is applied to the
candidates which high evaluation is given. The problem is optimized by
repeating this process. They designed the experiment with some sub ject-
s. In the experimental results, it was shown that the proposed method
could generate high quality motion animations with less stress.

1.7.3 Future of IEC

In this section, the framework and feature of the IEC were explained,
and the applications on various fields were surveyed. In addition, some
technical problems in the IEC and the methods to solve them were in-
troduced. As mentioned above, the task domain which is suitable for
applying the IEC is expanding under the influence of the development
of Kan-sei engineering or human interface. It is likely that its domain is
extending hereafter.




ey L TR Sort individuals into order  Crossover using high
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evaluation by the user
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Expected behavior in fitness space

Figure 1.14: Multi-objective Interactive Genetic Algorithm

The paradigm of IEC is different from the approach of analysis type in
the conventional artificial intelligence that the human excellent evalua-
tion ability is replaced as a computing model. The IEC is an approach of
composition type which is implemented by introducing the human excel-
lent ability itself into the system. It is obvious that this approach which
esteems the human excellent ability is effective for the problems such as
the creation, adjustment or design based on human subjectivity or Kan-
sel. If the user’s fatigue problem which is one of important problems in
the IEC for the development practical system can be solved, the IEC will
become representative method in the artificial intelligence.

1.8 Conclusion

In this chapter, the face recognition and its recognition methods to im-
plement flexible and adaptable human interface were focused on. Human
face plays important roles in the face-to-face communication among hu-
mans. Humans can obtain from face various kinds of information such
as intention, emotion, state and so on. The effective and user-friendly
human interface can be implemented if computer can flexibly recognize
or understand the information which human face represents. Therefore,
recently, the research on the recognition of the information which face
represents has been carried out, and this subject is called the face recog-
nition. In this chapter, the survey on the face recognition was described.
The face recognition consists of several problems such as the face expres-
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sion recognition, face identification, face cognitive model acquisition, face
detection and so on. In this dissertation, especially, the facial expression
recognition, face identification and face cognitive model acquisition are
taken up as typical problems in the face recognition, and the face recog-
nition methods for these problems are proposed. Thus, the details and
the related works of these problems were described in this chapter. In
addition, the details of MTS and IGA which are utilized for the face
recognition methods proposed in this study were described, and their
recent works and related works were surveyed.
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Chapter 2

Facial Expression Recognition based
‘on Mahalanobis-Taguchi System

2.1 Introduction

Facial expression of human is a medium to communicate with other per-
son smoothly and an indicator to represent psychological state [1][2].
Human adaptably changes own behavior by inferring other person’s psy-
chological state from facial expression. In addition, human sends own
information to other person by using facial expression. It is obvious that
flexible and adaptable computer environment can be implemented if fa-
cial expressions can be used in the communication between computer and
human.

From such a background, the research to implement effective commu-
nication between computer and human by providing computer with the
function which can recognize facial expression of human has been world-
wide carried out [3][4][5]. However, the high recognition performance
in facial expression recognition is not achieved because ambiguity and
personal equation have to be considered in facial expression recognition.
Therefore, it is required to establish effective method for facial expression
recognition.

On the other hand, human has the ability which can flexibly recognize
facial expression. For this fact, the research that clarifies human’s cog-
nitive structure for facial expression is carried out in order to develop
effective facial expression recognition method [6][7]. As indicated by this
research, it is quite likely that an effective method for facial expression
recognition can be implemented if the excellent ability of human for facial
expression recognition can be reflected to the recognition on computer.

Recently, the Mahalanobis-Taguchi System (MTS) has been proposed
by Taguchi [8]. The MTS is one of statistical pattern recognition methods




developed to implement the pattern recognition which can reflect human’s
sensuous knowledge for object recognition. The MTS has the following
features to implement the pattern recognition which can reflect human’s
sensuous knowledge. The multi-dimensional training data for the pat-
tern recognition are collected by a human. The correlations among the
attributes which are common in a set of the collected multi-dimensional
training data are automatically extracted. The Mahalanobis space which
can consider the extracted correlations is constructed. The pattern recog-
nition of unknown datum is performed by using the Mahalanobis distance
which is one-dimensional evaluation criterion calculated on the basis of
the Mahalanobis space. That is, the pattern recognition which can reflect
human’s sensuous knowledge is implemented by combining the pattern
recognition on computer with the sensuous object recognition which is
performed by a human. Moreover, in the MTS, the effective attributes for
the recognition can be re-extracted by using recognition result. Namely,
the optimization of attributes can be performed. For this effectiveness,
recently, the MTS has been applied to handwritten word recognition and
voice recognition on unspecified user [9][10][11].

In this chapter, I propose a facial expression recognition based on the
MTS. Especially, I treat the facial expression recognition in the station-
ary facial image. The facial expression is not expressed by one internal
feature on face such as eyes, nose and mouth but is expressed by the
relation of some internal features. It is likely that the MTS is effective
for the facial expression recognition because the MTS can consider the
correlation among the attributes of the multi-dimensional data. In a fa-
cial expression, there exists difference on each person. However, it is
reported that there exists a common facial expression pattern on a fa-
cial expression. The MTS can perform the recognition considering this
common facial expression pattern because the MTS can automatically
find the correlations among the attributes which are common in a set
of multi-dimensional data. Moreover, this facial expression pattern can
be confirmed because the MTS can re-extract effective attributes for the
recognition. The optimization of attributes can also reduce the comput-
Ing cost.

In the conventional MTS, the optimization of the attributes using the
orthogonal array is performed. The orthogonal array is the combinations
of attributes to decrease the number of experiments. The optimization
based on main effects, i.e., the average of simple effects, is performed
when the optimization is performed by using orthogonal array. That




is, the optimization which does not consider the relation among the at-
tributes in the multi-dimensional data is performed. To solve this prob-
lem, in this chapter, I also propose an optimization method based on the
Genetic Algorithm. Finally, I confirm the effectiveness of the proposed
facial expression recognition and optimization method through practical
experiment using some subjects.

This chapter is organized as follows: In Section 2, the facial image and
the image processing used in my study will be explained. In Section
3, I will propose a facial expression recognition based on the MTS. I
will describe the experimental method using some subjects in Section 4.
The experimental result will be mentioned in Section 5. In Section 6, I
will propose an optimization method based on the Genetic Algorithm.
Finally, I will finish this chapter with the conclusions.

2.2 Facial Image Processing

2.2.1 Facial Image

In this study, I employ the stationary facial image as the recognition
target. The studies on the facial expression recognition using the facial
image sequence are carried out [12][13]. However, I use the stationary
facial image because a large amount of image processing time and the
special device are needed to use the facial image sequence. The facial
image used in this study is the frontal facial image taken by a monochrome
camera. The detail of facial image is as follows.

e The size of facial image is 300 x 300 pixels.
e The gradation of pixel is 256.
e The background color is white.

e It does not include hair and glasses.

Figure 2.1 shows an example of facial image used in my study. The facial
images are taken in my laboratory with special lighting device. Moreover,
the facial images are taken by using the baselines for the position of eyes,
nose and mouth (white lines in Figure 2.1). These facial images include
a little fluctuation of face size and position. The MTS can implement
robust pattern recognition by giving noise to the training data because
the pattern recognition based on the MTS is performed on the basis of
the correlations which are common in a set of multi-dimensional training
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Figure 2.1: An example of facial image

data. Thus, I do not carry out the perfect normalization of the size and
position of facial image in order to implement the robustness against the
fluctuations on the size and position.

The facial expressions treated in this study are 7 facial expressions;
anger, disgust, fear, happiness, neutral, sadness and surprise. It has
been reported that each of six facial expressions (anger, disgust, fear,
happiness, sadness and surprise) has a common facial expression pattern.
In addition, these are used frequently in the facial expression recognition.

I employ the Facial Action Cording System (FACS), which is used in the
psychological field, when I take the facial image on each facial expression
[14]. The FACS has been proposed by Ekman. The FACS is a system to
describe facial expression by combining the movement of muscles on face.
In the FACS, the muscles on the surface of the face are divided into 44
parts called Action Unit (AU). An arbitrary facial expression is described
by combining some AUs. I use it to express the facial expressions but do
not treat it as the attribute for the recognition, since facial expression
in the FACS is expressed based on the amount of movement of muscle,
1.e., AU. The FACS can make it easy to express the facial expressions,
and each person can express the similar facial expression on each facial

expression. That is, the difference of facial expression on each person can
be reduced.

2.2.2 Edge Extraction

It seems reasonable to suppose that the size and position of the internal
features on the face are effective for the facial expression recognition. I

extract the edge in the facial image to obtain the information of these
sizes and positions.




I adopt the Global Range Edge Detection Method in the edge extraction
[15]. This method decides the edge in the image data on the basis of
the deviation of gradation value in pixel. The edge extraction using
the Global Range Edge Detection Method is performed by the following

formulas.

JE
ailj = A Di-15-1 4 Pij-1 + Piv11) —
| 15| 3

(Pi-1,j41 + Pij+1 + Dit+1,+1)}

ks
(97;23' - TPt Bt i b Pl i) ~
13| 3

(Pi+1,j-1 + Pit1 + Dit1+1) }

g |
| 1351 3

(Pit1j + Dij+1 + Di+1,j+1) }

1

s g
8;1]- = m‘é{(pi,j—1 + Dit1j—1+ Dit1j) —

(Pi-1j + Pi—14+1 + ittt

1 i+l 4l
15| = y o el B R

r=i—1s=j—1

'BZJI s ma’w(lailj'v gk lafjl)

(2.1)

(2.2)

(2.3)

(2.4)

(2.5)

(2.6)

(2.7)



Neighboring Neighboring Neighboring Neighboring
Pattern 1 Pattern 2 Pattern 3 Pattern 4

B Pixel (i)

Figure 2.2: Neighboring patterns

1

= o bipeier o b e (2.9)
"T\MNi 5 L ey g |

pi; : The gradation value at pixel (1, j)

I;; : The average of gradation value in the neighborhood at pixel
(5,5)

0;; : The deviation of the gradation value in the neighboring
pattern of pixel (i,j)

p @ The average of the deviation in the neighboring pattern at
all pixels of the image

o : The standard deviation of the deviation in the neighboring

pattern at all pixels of the image
M : The width of the image

N : The height of the image

The Global Range Edge Detection Method investigates the deviations
at four neighboring patterns of a certain pixel, which are described in
formula (2.1) - (2.4) and are shown in Figure 2.2. If the maximum value
of the deviation at a certain pixel exceeds the sum of the average and
the standard deviation of the deviation in the neighboring pattern at all
pixels of the image, this method judges the pixel as the edge. Figure 2.3
shows an example of the edge extracted facial image.




2.3

Original Facial Image Edge Extracted
Facial Image

Figure 2.3: An example of the edge extracted facial image

Facial Expression Recognition based on the MT-
S

The detail of facial expression recognition based on the MTS is described
below.

2.3.1 Recognition Process

The

lows:

6.

As

process of facial expression recognition based on the MTS is as fol-

Collection of the facial images on each facial expression

Edge extraction of the collected facial images

. Extraction of attributes from the edge extracted facial images
. Construction of the Mahalanobis space on each facial expression

. Facial expression recognition of unknown facial images based on the

Mahalanobis distance

Optimization of attributes based on the recognition result

mentioned in Section 2, the facial images are collected on each fa-

cial expression. The edge extraction is performed on the collected fa-
cial images by using the Global Range Edge Detection Method. Then,
the attributes are extracted from the edge extracted facial images. The
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Mahalanobis space is constructed on each facial expression from these
extracted attributes. The facial expression recognition of unknown facial
image is performed by using the Mahalanobis distance between the Maha-
lanobis spaces and unknown facial image. Finally, the effective attributes
for recognizing each facial expression are re-extracted on the basis of the
recognition result. The detail of each step is shown below.

2.3.2 Extraction of Attribute

The attributes used for the recognition are extracted from the edge ex-
tracted facial images. In the case where binary image datum or wave
form is employed as the recognition target, the attributes based on dif-
ferential characteristic and integral characteristic are frequently utilized
in the recognition based on the MTS. The differential characteristic in-
dicates the changes of element in the data, similar to the concept of
frequency. The integral characteristic indicates the distance of element
in the data. It is reported that the effective pattern recognition can be
implemented by using the attributes based on these characteristics [16].
The extraction methods of the attributes based on these characteristics
for the facial image are shown below.

1. Differential characteristic: In the extraction of the attributes
based on the differential characteristic, h equally spaced parallel lines
are drawn on the facial image, which is shown in Figure 2.4. The
number of changes in pixel value along each line is taken as the
attribute based on the differential characteristic. If the facial image
1s a complete line-draw image as shown in Figure 2.4, the attribute
equals the number of the intersecting points on each line. Figure
2.4 shows the extraction method of this attribute along the row of
facial image. The attributes based on this characteristic are also
calculated down the columns on the facial image. It is ideal that the
lines are drawn on each row and column of pixels in the facial image.
However, the number of lines can be modified in order to reduce
the computational cost. The attributes based on the differential
characteristic along the rows are calculated by the following formula.

M—1
2 ey
&
DF, = -

(2.10)
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A 4
N

h-1

center

Figure 2.4: An example of the attributes based on the differential characteristic and the
integral characteristic

e = 31 1P #Fpijn
¥ 0 otherwise

DF} : The attribute based on the differential character-
istic on the line A

c;j : The variable to investigate the change of the pixel
value on the facial image.

pij : The value of pixel (7,7) on the line h in the edge
extracted facial image

M : The width of the facial image

2. Integral characteristic:

As shown in Figure 2.4, h parallel lines and a center line are drawn
for the extraction of the attributes based on the integral character-
istic. The center line is a line to halve the facial image along the
rows or down the columns. The Euclidean distances between the
edges on line h and the center line are computed. The sum of these
Euclidean distances is taken as the attribute based on the integral
characteristic. The attributes based on the integral characteristic
along the rows are calculated by using the following formula.




M
IV, = \J > €ij(i —cn)? (2l

_ ) 1 1if the pixel p; ; is edge
| 0 otherwise

IN;, : The attribute based on the integral characteristic
on the line h

eij + The variable to investigate whether the pixel p; ;
is edge or not,
cn : The center line on the facial image (cn = M/2)

The attribute based on these characteristics are much easier to collect
and deal with than KL expansion which is frequently used in face recog-

nition [17]. Moreover, the amount of calculation is much smaller than
KL expansion.

2.3.3 Construction of Mahalanobis Space

The Mahalanobis space is constructed from the attributes extracted with
the differential and the integral characteristics. The Mahalanobis space
18 a space which can consider the correlations among the attributes in
multi-dimensional data. The recognition based on the MTS is performed
by judging whether unknown datum belongs to the Mahalanobis space
or not. The Mahalanobis distance between the unknown datum and
the Mahalanobis space, and a threshold are employed in order to make
this judgment. The construction method of the Mahalanobis space from
training data and the calculation method of the Mahalanobis distance
between unknown datum and the Mahalanobis space are omitted here
because they are described in Section 6 of Chapter 1.

The Mahalanobis distance takes a value close to 1 or smaller than 1,
when the datum to recognize is very similar to the average of the training
data which are used to construct the Mahalanobis space. On the other
hand, its value rapidly increases when the datum differs from the average
of the training data which are used to construct the Mahalanobis space.
Generally, the probability of belonging to the Mahalanobis space is very
small if this value exceeds 4.

As mentioned above, the MTS is a pattern recognition method to divide
the data into two kinds which are the data which belong to the Maha-
lanobis space and the data which does not belong to the Mahalanobis
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space. However, seven Mahalanobis spaces have to be treated in this s-
tudy because there are 7 facial expressions. There is the possibility that
the Mahalanobis space which the unknown datum belongs to can not be
decided, if the threshold is employed in order to recognize the unknown
datum. Therefore, the method based on minimum Mahalanobis distance
is employed in this study instead of the threshold. Namely, The Ma-
halanobis distance between each Mahalanobis space and unknown facial
image is calculated and then the unknown facial image is judged to belong
to the Mahalanobis space which has shortest Mahalanobis distance.

2.4 Experimental Method

[ designed the experiment to confirm the effectiveness of the proposed
facial expression recognition. In this experiment, ten students were re-
cruited from Hokkaido University. The subjects were divided into two |
groups. The facial images for the training data were taken from one
group. The facial images taken from another group were used as the
unknown facial images.

First of all, I asked the subjects to express a facial expression. Next, I
showed the photograph on the facial expression which is inserted in the
Ekman’s literature to the subject. Following this, I explained the AUs
and the change of face on the facial expression. After this explanation,
the subject practiced expressing the facial expression with a mirror. The
subject continued the practice until the subject could express the facial
expression based on the FACS. I started to take the facial images on the
facial expression after this practice. The subjects did not use a mirror in
taking the facial images. However, I gave the explanation to the subjects
again if the facial expression which the subject expressed considerably
differed from the facial expression based on the FACS. I restarted to
take the facial image after the subject practiced expressing the facial
expression again.

I took 20 facial images from a subject on each facial expression. The
reason why I took 20 facial images from a subject is that many training
data are required for the construction of a Mahalanobis space. Moreover,
the robustness against difference on facial expression can be implement-
ed by taking various facial images on a facial expression. Therefore, a
Mahalanobis space on each facial expression is constructed from 100 fa-
cial images. In addition, I used 700 facial images as the unknown facial
images, which are taken from other 5 subjects. Figure 2.5 shows an ex-
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Disgust Fear Happiness

Neutral Sadness Surprise

Figure 2.5: An example of the facial image on each facial expression

ample of the facial image used as the training facial image on each facial
expression.

I set the lines at intervals of 12 pixels for the extraction of the attributes
based on the differential and integral characteristics. The number of
attributes along the rows was 48 and that down the columns was also 48.
Therefore, I constructed the Mahalanobis space from 96 attributes.

Moreover, I designed two kinds of experiment in order to compare with

the proposed facial expression recognition. These experiments are as
follows.

1. Facial expression recognition using Euclidean distance and
Mosaic attribute (MOSAIC): The facial images on each facial
expression were converted into 100 x 100 mosaic facial images. The
average of gradation value was calculated in each region of training
facial images on each facial expression. The average of this average
on each facial expression is calculated on each region. The Euclidean
distance between the unknown datum and the average of each fa-
cial expression was calculated. The unknown datum was judged to

belong to the facial expression which had the smallest Euclidean
distance.

2. Facial expression recognition with Euclidean distance and
the attributes based on the differential and integral char-
acteristics (D&I): The attributes based on the differential and
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integral characteristics were extracted on each facial expression. The
averages of these attributes in the training facial images on each fa-
cial expression were calculated. The Euclidean distances between
the attributes based on the differential and integral characteristics
which are extracted from the unknown facial image and the averages
of the attributes on the training facial images of each facial expres-
sion were calculated. The unknown facial image was judged to be
facial expression which had shortest Euclidean distance. I designed
this experiment in order to confirm the effectiveness of considering
the correlations among the attributes in multi-dimensional data on

the MTS.

2.5 Experimental Result

The experimental results are shown in Table 2.1 and Figure 2.6.

Table 2.1 indicates the rate which unknown facial images on each facial
expression were correctly recognized. In MOSAIC, the recognition rate
was low excluding Happiness and Surprise. The position and shape of the
internal features on face considerably change in Happiness and Surprise.
That is, it is easy to distinguish the facial expression of Happiness and
Surprise from other facial expressions. Therefore, it is likely that the high
recognition performance could be implemented in Happiness and Surprise
of MOSAIC. However, the rate was low in Anger, Disgust, Fear, Neutral
and Sadness. The shape and position of one or some internal features on
face are similar to them on other facial expressions. Therefore, it might
be difficult to recognize these facial expressions by using the Euclidean
distance which could not consider the relations among the internal fea-
tures on face. On the other hand, the results on MTS revealed that the
proposed facial expression recognition could correctly recognize the fa-
cial images on 7 facial expressions. From the results of 1&D, it seemed
that the feature of considering the correlations among the attributes in
multi-dimensional data was main cause of high recognition performance.

The rate of correct recognition in MOSAIC is higher than 1&D. There-
fore, it may be that the facial expression recognition based on the com-
bination of the MTS and the Mosaic attribute is effective in comparison
with the recognition based on the combination of the MTS and I&D.
However, ten thousand attributes are required for the construction of a
Mahalanobis space in the case of 100 x 100 Mosaic image. This number
of attributes is too many to construct the Mahalanobis space. Thus, it is
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Anger | Disgust | Fear | Happiness | Neutral | Sadness | Surprise
MOSAIC 52 38 5%5) i 43 65 81
D&I 70 53 10 82 42 48 59
MTS 100 100 100 100 100 100 100

Table 2.1: Recognition result (%)
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Figure 2.6: Mahalanobis and Euclidean distances of unknown facial images

likely that more effective facial expression recognition can be implement-
ed by combining some Mosaic attributes with some attributes based on
the differential and integral characteristics.

Moreover, Figure 2.6 shows the Mahalanobis distances and Euclidean
distances of the unknown facial image which were correctly recognized
in MTS and MOSAIC, respectively. In MOSAIC, the wide distribution
of Euclidean distances on each facial expression was indicated. On the
other hand, I found that the Mahalanobis distances of all unknown facial
images were smaller than 1.1 in MTS. Judging from this result, it is likely
that facial expression using threshold might be able to be implemented
in the facial expression recognition based on the MTS.

2.6 Optimization of Attributes

I used 96 attributes for the recognition in the above experiment based on
the MTS. In this Section, I attempt to re-extract the attributes which
significantly contribute to recognition on each facial expression. This op-
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timization can reduce the computational cost. In the conventional MTS,
the optimization of attribute is performed by using orthogonal array,
Signal/Noise ratio (SN ratio) and factorial effect. In the optimization
using them, the effectiveness of attribute for the recognition is estimated
based on the main effect; i.e., the average of simple effect. Thus, the
relation among attributes is not considered in the estimation of the effec-
tiveness. To solve this problem, I propose an optimization method using

the Genetic Algorithm [18]. The optimization process of this method is
as follows.

1. Collection of abnormal data: The aim of this optimization is
to construct new Mahalanobis space which can increase the Maha-
lanobis distance of the facial images which do not belong to the Ma-
halanobis space by changing the combination of the attributes which
are used for the construction of the Mahalanobis space. Therefore,
the facial images which does not belong to the Mahalanobis space of
the optimization target are needed. These facial images which do not
belong to the target Mahalanobis space are called abnormal data. I
collect the facial images used to construct the Mahalanobis spaces
except the optimization target Mahalanobis space and the facial im-
ages judged to belong to the Mahalanobis space except optimization
target as the abnormal data. For example, the facial images which
are used to construct the Mahalanobis spaces of Anger, Disgust,
Fear, Neutral, Sadness and Surprise and the facial images judged to
belong to these Mahalanobis spaces are treated as the abnormal data
when the optimization target is the Mahalanobis space of Happiness.
Thus, the total number of abnormal data is 1200.

2. Creation of the population: In this optimization, the combi-
nation of the attributes is searched in order to construct the effec-
tive Mahalanobis space. Therefore, the combination of attributes to
construct the Mahalanobis space is coded to an individual. In the
individual, O represents that its attribute is not used to construct the
Mahalanobis space and 1 represents that its attribute is used, respec-
tively. Therefore, the length of the individual is 96. The population
which consists of 50 individuals is created in this optimization.

3. Reconstruction of the Mahalanobis space based on each in-
dividual: New Mahalanobis spaces are constructed by using the
attributes corresponding to the individuals in the population. There-
fore, fifty Mahalanobis spaces are reconstructed for a population.
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4. Calculation of the fitness on the individual: The SN ratio
is employed to evaluate the effectiveness of the Mahalanobis spaces
which are constructed in accordance with the individuals. Namely,
I use the SN ratio as the fitness value on the individual. There are
three kinds of SN ratio. The different kind of SN ratio is properly
used in accordance with the purpose. The larger-the-better type of
SN ratio is used in the case where the abnormal data are used in
the optimization (cf. Section 6 of Chapter 1). The larger-the-better
type of the SN ratio is calculated on the basis of the Mahalanobis
distances of the abnormal data. The larger-the-better type of SN
ratio is the criterion which represents the disjunction between the
abnormal data and the Mahalanobis space. Therefore, the increase
of this SN ratio indicates that the abnormal data does not belong
the Mahalanobis space. That is, the correct recognition of abnormal
data can be performed. The SN ratio is calculated by the following

formula.
[ 1 1
= 1 Dlgas o 430 50 .
n SN ratio
n : The number of the abnormal data collected in the process 1

5. Selection: The individuals which become the parents in next gen-
eration are decided on the basis of its fitness. I employ the roulette
strategy and allow the duplication. In the roulette strategy, the indi-
viduals are stochastically selected as the parents in accordance with
its fitness value. '

6. Crossover: In the crossover operation, new two individuals are
generated from the parents. I use one point crossover as the crossover
operator in order to promote the convergence speed. The crossover
rate is 0.1.

7. Mutation: The mutation operation inverts stochastically the value
on the locus of the individual. I employ 0.01 as the mutation rate.

This process is repeated until 50 generations. The individual which has
largest fitness, namely the SN ratio, is treated as the optimized attributes.
Table 2.2 shows the number of the optimized attributes on each facial
expression. This result indicated that the number of attributes can be
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Anger | Disgust | Fear | Happiness | Neutral | Sadness | Surprise
59 54 49 53 51 52 51

Table 2.2: The number of the optimized attributes
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Figure 2.7: Optimization result

reduced to about 50 from 96. Moreover, I found from Figure 2.7 that the
effective attributes for each facial expression were different from other
facial expressions.

2.7 Conclusion

In this chapter, I proposed a facial expression recognition based on the
MTS and confirmed the effectiveness of the proposed facial expression
recognition through the practical experiment with some subjects. From
the experimental results, I found that the MTS was effective for facial
expression recognition in comparison with facial expression recognition
based on the Euclidean distance. It is likely that the consideration of
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the correlations among the attributes in multi-dimensional data was ef-
fective for the facial expression recognition. Moreover, I proposed an
optimization method using the Genetic Algorithm. The optimization re-
sult revealed that the proposed optimization method could reduce the
number of attributes to about half. However, the computational cost
is high in the proposed optimization method because many Mahalanobis
spaces have to be constructed. This problem may be improved by combin-
ing the Genetic Algorithm with conventional optimization method using
orthogonal array. This is one of my feature works.

The facial expressions used in this study were based on FACS. The
preliminary experiments made it clear that there were considerable d-
ifferences among the subjects on a facial expression in the case where
FACS was not used. For this fact, it is important to implement the fa-
cial expression recognition which is not based on FACS. Therefore, it is
necessary to confirm the effectiveness of the proposed facial expression
recognition with the facial images which are not based on the framework -
of FACS.

I treated 7 facial expressions in this study. However, human expresses
many facial expressions. They include delicate facial expressions, the
facial expression which is expressed by combining some facial expressions
and so on. I have to improve the proposed facial expression recognition
to adapt to such facial expressions.

Finally, I treated the facial expression recognition with the frontal facial
images. If the profile can be treated in the facial expression recognition,
more effective facial expression recognition can be implemented. The
development of such a facial expression recognition is the aim of my
future work.
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Chapter 3

A Robust Face Identification

against Lighting and Face Position
Fluctuations

3.1 Introduction

Recently, the research on identification using human biometrics has been
carried out in order to develop convenient and advanced security systems
or access control systems [1]. The biometrics is human features such as
fingerprint, iris and so on which do not change during lifetime and are
different among each person. Comparing with the conventional identi-
fication using password or card, effective identification systems can be
implemented by using the biometrics because there is not a possibility
that it is lost and forgotten. In the identification using human biomet-
rics, the identification based on human face has been focused on because
this type of identification has the advantage that it can inhibit crime and
does not require special device for the identification in comparison with
the identification using other biometrics.

In the face identification, the robustness against various fluctuations
must be implemented in order to develop practical identification system.
These fluctuations include photographic fluctuations such as lighting fluc-
tuation, pose fluctuation and so on which necessarily arise when facial im-
age 1s taken and appearance fluctuations such as glasses, hairstyle, facial
expressions and so on. Many studies to implement robustness against the
photographic fluctuations are carried out in recent research on the face
identification because the implementation of robustness against appear-
ance fluctuations is more difficult problem than photographic fluctuations
in object recognition point of view [2][3][4][5].

One of methods to implement the robustness against photographic fluc-
tuations is the identification based in many facial images involving various
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photographic fluctuations which are taken on real environment. However,
it is burden for the user to take many facial images in real environment.
Moreover, the convenience which is one of advantages in the identification
using human biometrics is impaired.

In this chapter, I propose a robust face identification against lighting
and face position fluctuations. In the proposed face identification, a few
facial images of the user are taken. The robustness against lighting and
face position fluctuations in real environment can be implemented by in-
serting artificial fluctuations into the facial images taken. Moreover, the
edge extraction which is not influenced much by lighting fluctuation is
employed in the pre-processing of facial image. On the other hand, I
use the Mahalanobis-Taguchi System (MTS) as the pattern recognition
method for the identification [6]. The MTS is one of statistical pattern
recognition methods which was proposed by Taguchi. The MTS can
perform robust pattern recognition by giving noise to the training data
because the recognition in the MTS is carried out based on the correla-
tions among attributes which is common in a set of training data [7]. In
addition, the MTS can reduce attributes to only those that significantly
contribute to recognition by using orthogonal array, Signal/Noise ratio
(SN ratio) and factorial effect. Therefore, the time required for identi-
fication can be decreased, and the amount of data in the facial image
database can be reduced. I confirmed that an effective facial expression
recognition could be implemented by using the MTS [8][9]. Therefore, it
1s quite likely that the MTS is an effective method for the proposed face
identification. I confirm the effectiveness of the proposed face identifica-
tion method through practical experiment with some subjects.

This chapter is organized as follows: In Section 2, I will propose a
robust face identification against lighting and face position fluctuations.
The experimental method using some subjects will be described in Section
3. In Section 4, the experimental result will be mentioned. Finally, I will
finish this chapter with the conclusions.

3.2 Robust Face Identification against Lighting and
Face Position Fluctuations

The detail of the proposed face identification is described below.

3.2.1 Face Identification Process

The identification process of the proposed face identification is as follows.
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1. Collection of facial images on each person
2. Insertion of artificial fluctuations into the collected facial images

3. Extraction of attributes from the facial images involving the artificial
fluctuations

4. Comnstruction of Mahalanobis space on each person from the extract-
ed attributes

5. Face identification of unknown facial image based on the Maha-
lanobis distance

6. Optimization of attributes using orthogonal array, SN ratio and fac-
torial effect

First, the facial images are collected on each person. The artificial fluc-
tuations of lighting and face position are inserted into the facial images
collected. Then, the attributes based on differential and integral charac-
teristics are extracted from the facial images involving artificial fluctua-
tions. The Mahalanobis space is constructed on each person from these
attributes. The face identification of unknown facial image is performed
by using the Mahalanobis distances between the Mahalanobis spaces and
unknown facial image. Finally, the effective attributes to recognize each
person are re-extracted based on orthogonal array, SN ratio and factorial
effect. The detail of each step is shown below.

3.2.2 Facial Image

In this study, I take facial images by using a monochrome camera. The
facial image is 300 x 300 pixels. The gradation value of pixel is 256. The
background color is white. It does not include hair, glasses and facial
expression. The facial images are taken in my laboratory with special
lighting device. Moreover, the facial images are taken by using baselines
for the position of eyes, nose and mouth. Therefore, these facial images
include a little photographic fluctuation.

3.2.3 Artificial Fluctuations

The lighting and face position fluctuations which are artificially created
are inserted into the facial image on each person in order to implemen-
t the robustness against lighting and face position fluctuations in real
environment. The details of these artificial fluctuations are as follows.
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1. Lighting fluctuation: In this study, the edge extraction is em-
ployed as the pre-processing of facial image. The extraction state of
edge changes in accordance with lighting fluctuation. That is, the
edge can be clearly extracted when the lighting condition is good.
On the contrary, it is difficult to extract clearly the edge when the
lighting condition is bad. Therefore, I create the artificial lighting
fluctuations by changing the strength of edge extraction. In the edge
extraction, I use the Global Range Edge Detection Method [10]. The
detail of the edge extraction based on this method is described in

Section 2 of Chapter 2. I change a formula (2.7) in this method to
the following formula.

10ij| > a(p + o) (3.1)

In the Global Range Edge Detection Method, the edge is judged
on the basis of the deviation of gradation value in pixel. Basically,
the threshold to judge the edge in the image data is decided by the
deviation of gradation value in the whole of image. I add a constant
a to formula (2.7) in order to change the extraction state of edge
purposely. The extraction state of edge can be changed by varying
this a. Figure 3.1 shows an example of the edge extracted facial
image for each value of a. As shown in Figure 3.1, the edge can be
clearly extracted when the value of « is small, and the accuracy of
edge extraction is lost when the value of « is large.

2. Face position fluctuation: The artificial face position fluctua-
tion 1s produced by moving the edge extracted facial image in four
directions. The directions are up, down, left and right. An example
of face position fluctuation is illustrated in Figure 3.2.

The face identification is performed on the basis of the facial images
involving these artificial fluctuations.

3.2.4 Face Identification based on MTS

After the insertion of artificial fluctuations, the attributes based on dif-
ferential and integral characteristics are extracted from the facial images
involving the artificial lighting and face position fluctuations [11][12]. The
Mahalanobis space on each person is constructed from the extracted at-
tributes. In the face identification, there is two types of identification.
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Figure 3.1: An example of the edge extracted facial image for each value of o

Figure 3.2: An example of face position fluctuations




One is the face identification which judges whether unknown facial im-
age 1s a specified person or not. Another is the face identification that
determines which person in a face database the unknown facial image is.
In this study, latter identification is employed. Therefore, the unknown
facial image is judged to belong to the Mahalanobis space which has
shortest Mahalanobis distance. Following the identification of unknown
facial images, the optimization of attributes based on orthogonal array,
SN ration and factorial effect is performed. The detail of each operation is
described in the earlier chapters. The detail of extraction method based
on the differential and integral characteristics are described in Section 6
of Chapter 1 and Section 3 of Chapter 2. The details of the construction
method of Mahalanobis space, the calculation method of the Mahalanobis
distance and the optimization of attributes based on orthogonal array, SN
ratio and factorial effect are described in Section 6 of Chapter 1.

3.3 Experimental Method

I designed the following experiments in order to confirm the effectiveness
of the proposed face identification. In this experiment, ten students were
recruited as subjects from Hokkaido University. I took four facial images
of each subject. I employed three facial images of each subject as the
original training facial images, and used one facial image as the original
unknown facial image. In this experiment, I constructed three kinds of
Mahalanobis spaces from different training facial images involving the
following artificial fluctuations.

1. Lighting fluctuation (L): The Mahalanobis space for each sub-
ject was constructed from the training facial images involving the
artificial lighting fluctuation only. The artificial lighting fluctuation
was produced by changing the value of . The a was changed from
1.2 to 0.6 at intervals of 0.01. Therefore, the total number of the
created facial images was 60. This operation was applied to all three
original training facial images taken. Thus, one hundred eighty fa-
cial images were created, and which were employed as the training
facial images for each subject.

2. Face position fluctuation (P): The edge extraction in o = 1.0
was applied to the facial image. The edge extracted facial image
was moved 15 pixels at intervals of 1 pixel in four directions (up,
down, left and right). This operation was performed on three origi-
nal training facial images for each subject. Therefore, one hundred
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Figure 3.3: An example of training facial images in LP

seventy-one training facial images involving face position fluctuation
were created.

3. Lighting and face position fluctuations (LP): The combi-
nation of the lighting fluctuation and the face position fluctuation
described above was applied to the original training facial image.
This operation was performed on only 1 original training facial im-
age for each subject. Therefore, three thousand four hundred twenty
training facial images involving the lighting and face position fluctu-
ations were created for each subject. Figure 3.3 shows an example
of training facial images in LP.

Moreover, I applied two kinds of fluctuation to the original unknown
facial image taken.

1. Lighting fluctuation (S): These unknown facial images included
lighting fluctuation only, which were created by varying the value of
a between 1.1 and 0.7 at intervals of 0.01. Therefore, forty unknown
facial images involving the artificial lighting fluctuation were created
for each subject.

2. Lighting and face position fluctuation (B): The lighting and
face position fluctuations were applied to the original unknown facial
image taken. The lighting fluctuation was created by shifting the
value of a between 1.1 and 0.7 at intervals of 0.01. Moreover, the
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face position fluctuation was created by shifting the position of the
edge extracted facial image by 5 pixels in 4 directions at intervals of
1 pixel. This combination of lighting and face position fluctuations
was applied to the original unknown facial image, and six hundred
eighty facial images were created for each subject.

I drew the parallel lines on each facial image at intervals of 10 pixels
for the extraction of attributes and then the attributes used in this ex-
periment were extracted. The number of attributes along the rows was
60 and that down the columns was also 60. Therefore, I constructed the
Mahalanobis space from 120 attributes for each subject.

I used the orthogonal array Lisg for the optimization of attributes. In
addition, I used the unknown facial images, except those that belonged to

the Mahalanobis space that was the optimization target, as the abnormal
data.

3.4 Experimental Result

3.4.1 Identification Result

The identification results are shown in Table 3.1, Table 3.2, Figure 3.4,
Figure 3.5, Figure 3.6, Figure 3.7, Figure 3.8, Figure 3.9 and Figure 3.10.
Table 3.1 shows the rates which the correct identification was made. In
Table 3.1, s1 - s10 represent the subject number, and L_S, L_B, P_S, P_B,
LP_S and LP_B represent each experiment. The left side of each combi-
nation of letters represents the kind of the training facial images used and
the right side represents the kind of the unknown facial images used. In
all experiments, effective face identification was achieved in spite of the
use of the unknown facial images that included lighting and face position
fluctuations. The results of L and P revealed that the effective Maha-
lanobis space differed on each subject. I think that this occurred by the
photographic fluctuations which might have occurred during the initial
photography. However, the rate of correct identification was highest in
LP. Therefore, I found that the Mahalanobis space constructed from the
training facial images which included both of artificial fluctuations was
more effective in the implementation of robust face identification than
the Mahalanobis space constructed using one artificial fluctuation.
Three different original training facial images were used for constructing
the Mahalanobis space in L and P, and only one facial image was used
as the training facial image in LP. In the face identification system, it
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sl 82 | 83 4 | 85 | 56 s7 S8 s9 | s10 | Total
LS | 100 [{97.5(100| 30 | 100 | 100 | 62.5| 100 | 100 | 100 | 89.0
LB |96.0|70.7|100|37.6 100 | 100 | 37.8 | 100 | 100 | 93.0 | 83.7
PS5 75 | 100 {100 | 77.51100| 95 | 20 | 100 |{ 100 | 100 | 86.8
PB |73.7] 100 | 100 | 76.3 | 100 | 92.5 | 27.5 | 96.5 | 96.6 | 100 | 86.3
LP_.S | 100 | 100 {100 | 90 | 100 | 100 | 100 | 100 | 100 | 100 | 99.0
LP_B | 100 | 100 | 100 | 88.5 | 100 | 100 | 100 | 100 | 100 | 100 | 98.9

Table 3.1: Identification result (%)

is unusual to repeatedly photograph a user in order to implement the
robustness against various fluctuations, because such photography is a
burden to the user. With this in mind, it is likely that the inclusion of
the artificial fluctuations in the training facial images can be employed
effectively in the face identification.

The total rate of correct identification was 89.0% in L_S, and it was
99.0 % in LP_S, respectively. The rate of identification using LP was
higher than that using L facial images. In these experiments, the un-
known facial images did not include artificial face position fluctuation.
Therefore, these unknown facial images included only the natural fluctu-
ation of the face position that occurred during the initial photographing
of the subjects. This result indicated that the Mahalanobis space created
from the training facial images which included the artificial fluctuation
of the face position was also effective in the identification of facial im-
ages which included natural face position fluctuation which might have
occurred during the initial photography.

In the identification using L of s4 and the identification using P of
s7, the rate of correct identification using B unknown facial images was
higher than S. Normally, the rate of correct identification will decrease
in B unknown facial images in comparison with S unknown facial images
because L and P include only either artificial fluctuation. This may be due
to the initial face position. That is, the unknown facial image was moved
to the appropriate position for the identification by artificial face position
fluctuation. Therefore, accurate face identification might be achieved by
identifying the person from various unknown facial images in which the
artificial fluctuations of lighting and face position are included.

Moreover, in order to confirm the effectiveness of identification based
on the correlations among attributes in the multi-dimensional training
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sl s2 sy | s4 | s5 s6 | s7 | s8 s9 | s10 | Total
LP B |100[60.7]46.40.4|80.6 |100|2.5(123.4 (100|100 | 61.4

Table 3.2: Identification result based on Euclidean distance (%)

data in the MTS, I performed face identification based on the Euclidean
distance and the average of the attributes extracted on the basis of dif-
ferential and integral characteristics. The results of this experiment are
shown in Table 3.2. Compared with the result obtained using the MTS,
the rate of identification in the LP_B experiment was poor (98.9% vs.
61.4%). From this result, I can be fairly certain that the MTS, which
is based on consideration of the correlations among the attributes in the
multi-dimensional data, is effective for the face identification.

Figure 3.4 and Figure 3.5 illustrate the correlation matrix on each sub-
ject. In these figures, the correlation pattern among the attributes on
each subject was similar to each other. Basically, face resembles other’s
face in terms of the shape and position of internal facial features. How-
ever, there is a little difference among each person, namely individuality.
Therefore, it is likely that the basic state of the correlations was similar
to each other but had a little difference among each subject.

Figure 3.6, Figure 3.7, Figure 3.8 and Figure 3.9 represent the Maha-
lanobis distances between the unknown facial images which were created
from original unknown facial image on each subject and the Mahalanobis
spaces on all subjects in LP_B experiment. These Mahalanobis distances
to each Mahalanobis space are sorted in the order of small Mahalanobis
distances between the unknown facial images and the Mahalanobis space
which these unknown facial images should belong to. In these figures,
the Mahalanobis distances between the Mahalanobis space which these
unknown facial images should belong to and the unknown facial images
were very short in comparison with the Mahalanobis distance between
the other’s Mahalanobis space and these unknown facial images. These
results suggest that the face identification based on the MTS has high
classification ability. |

However, the rate of the correct identification of s4 was lower than
other subjects in spite of the use of training facial images that included
the lighting and face position fluctuations. Figure 3.10 shows the result
that the correct identification was not achieved. In Figure 3.10, the facial
images on the top side of this figure indicate the original edge extracted
facial images. The facial images on the down side show the facial images
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Figure 3.9: Mahalanobis distances between each Mahalanobis space and the unknown

images (D)
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based on the lines which were used to extract the attributes based on the
differential and integral characteristics. The proposed face identification
incorrectly identified the unknown facial images of s4 with the two per-
sons shown in Figure 3.10. There may be two reasons for this incorrect
identification. One is that the attributes extracted based on the differ-
ential and integral characteristics on each subject were similar to each
other. Another reason is that the Mahalanobis distances between the
Mahalanobis space on s4 and the s4’s unknown facial images increased
since the s4’s original unknown facial image included the face size fluc-
tuation. Therefore, it is likely that this problem can be solved by the
inclusion of face size fluctuation into the training facial image and by
increasing the number of attributes.

It follows from what has been said thus far that the proposed face
1dentification based on the artificial fluctuations is thought to be effective
for implementing a robust face identification.

3.4.2 Optimization Result

Table 3.3, Table 3.4, Table 3.5, Figure 3.11, Figure 3.12, Figure 3.13,
Figure 3.14, Figure 3.15, Figure 3.16, Figure 3.17 and Figure 3.18 show
the optimization results. Table 3.3 shows the number of attributes after
optimization on each subject. The attributes that significantly contribut-
ed to the identification were decided on the basis of the factorial effects.
That is, I selected the attributes which have a positive factorial effect as
the attributes that significantly contributed to the identification. By this
optimization, the final number of attributes used for the identification
could be reduced to about half of the initial number of attributes in the
average. Moreover, from the factorial effects which is shown in Figure
3.11 - Figure 3.15, I found that the attributes based on the integral char-
acteristic were more effective for the identification than the attributes
based on the differential characteristic.

[ performed the identification using the optimized attributes in order to
confirm the effectiveness of this optimization. This identification result
using the attributes after the optimization is shown in Table 3.4. This re-
sult indicated that there was slight decrease in the correct identification
rate of s4 in comparison with the identification result before the opti-
mization. In order to investigate the reason of this decrease, I calculated
the SN ratio before and after the optimization between the Mahalanobis
space which was constructed based on the optimized attributes and the
abnormal facial images which were used for the optimization on each sub-
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sl |s2|s3|s4d|sHh|s6]|s7]|s8]|s9|sl0
The number of attributes | 76 |68 [65 |71 | 7516916976 | 68| 70

Table 3.3: Results of optimization

Ject. This result is shown in Table 3.5. The SN ratio of the Mahalanobis
space which is constructed using the optimized attributes increased on
the subjects except sl, s5 and s8. This result indicates that the pos-
sibility of incorrect identification for abnormal facial images decreases.
The increase of the Mahalanobis distance after the optimization on the
abnormal facial images is also shown in Figure 3.16. Therefore, the de-
crease of correct identification rate in s4 is not due to the Mahalanobis
distance of abnormal facial images. On the contrary, I calculated the
Mahalanobis distances of the unknown facial images which should belong
to the optimized Mahalanobis space. Figure 3.17 shows the Mahalanobis
distances before and after the optimization between the Mahalanobis s-
pace which is optimization target and the unknown facial images which
should belong to this Mahalanobis space on some subjects. This result
indicated that there is the case where the Mahalanobis distances of un-
known facial images which should belong to the Mahalanobis space which
1s the optimization target increase although the Mahalanobis distances of
abnormal facial images decrease. Figure 3.18 indicates the Mahalanobis
distances before and after the optimization between the unknown facial
images which are created from the original s4’s unknown facial image and
the Mahalanobis space on each subject. From this result, I found that
the decrease of the correct identification rate in s4 was caused by the
increase of the Mahalanobis distance of the unknown facial images that
should belong to the Mahalanobis space which is the optimization target.

The above optimization results revealed that there were the following
two problems in the optimization based on the orthogonal array, SN ratio
and factorial effect. There is the case where the SN ratio for the Maha-
lanobis space after optimization decreases. In the optimization based on
the orthogonal array and factorial effect, the effectiveness of the attributes
18 calculated based on main effect of SN ratio. That is, the optimization
which does not consider the correlations among the attributes is per-
formed. Moreover, there is a case where the correct identification rate
decrease by the increase of the Mahalanobis distance of the unknown fa-
cial image which should belong to the optimization target Mahalanobis
space even if the possibility that abnormal facial images are incorrect-
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sl | s2 | s3 | s4 | s5 | S6 | s7 | s8 | s9 |s10
100 | 100 | 100 | 75.7 | 100 | 100 | 100 | 100 | 100 | 100
Table 3.4: Identification result after the optimization
sl s2 s3 s4 s5 S6 s7 s8 s9 s10
Before | 38.86 | 39.96 | 38.89 | 40.91 | 42.26 | 39.09 | 39.13 | 38.49 43.23 | 38.88
After | 36.61 | 40.20 | 39.75 | 40.98 | 42.21 | 39.50 | 39.80 38.37 | 44.20 | 39.34

Table 3.5: SN ratio before and after the optimization

ly identified decreases. Therefore, the optimization method which can
consider the correlations among the attributes and can focus on both
of the Mahalanobis distances of abnormal data and the unknown data
which belong to the optimization target Mahalanobis space 1s needed.
The proposal for such optimization method is one of my future works.

These optimization results demonstrated that effective optimization
could be achieved by using the orthogonal array, the SN ratio and facto-
rial effect although it had some problems.

3.5 Conclusion

In this chapter, I proposed a robust face identification against lighting
and face position fluctuations on the basis of the artificial fluctuations.
Moreover, I confirmed the effectiveness of the proposed face identification
through the practical experiments with some subjects. The experimental
results revealed that the proposed face identification was robust against
lighting and the face position fluctuations. I also found that the num-
ber of attributes could be reduced using the optimization, to only those
that significantly contributed to identification although some problems
were found. However, in this experiment, the lighting fluctuations in the
unknown facial image were artificially created. Therefore, my first fu-
ture work is to confirm the robustness of the proposed face identification
against natural lighting fluctuations.

In this chapter, I employed one hundred twenty attributes on a facial
image. It is likely that the correct identification rate can be improved
by concentrating the lines for the extraction of attributes to the effec-
tive region for the identification which was obtained by the optimization.
In addition, the robustness against face size fluctuation has to be im-
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plemented in the face identification. A more effective face identification
system could be designed by taking this fluctuation into account. The
development of such a face identification is the aim of my future work.
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Figure 3.16: Mahalanobis distances before and after the optimization between abnormal
facial images and the optimization target Mahalanobis space
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Figure 3.17: Mahalanobis distances before and after the optimization of unknown facial

images which should belong to the optimization target Mahalanobis space
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Chapter 4

Face Identification based on
Division of Facial Image

4.1 Introduction

Recently, the research on face identification has been carried out in order
to develop convenient security systems or access control systems [1][2][3].
In the face identification system, one of important problems is the imple-
mentation of robustness against various fluctuations. These fluctuations
are classified into two kinds, and which are photographic fluctuations
such as lighting, pose and so on, and appearance fluctuations such as
hairstyle, glasses and so on. The implementation of robustness against
photographic fluctuations is frequently attempted in the recent studies on
the face identification because the implementation of robustness against
appearance fluctuations is more difficult problem than the photographic
fluctuations in terms of object recognition. However, the problem of the
robustness against appearance fluctuations has to be solved in order to
develop practical face identification systems. The purpose of my study is
to implement a robust face identification against appearance fluctuations.

In conventional face identification, the attributes used for the identifica-
tion are extracted from a whole of a facial image. The pattern recognition
to measure the similarity between these extracted attributes and the at-
tributes which are extracted from unknown facial image is performed.
The identification result is decided on the basis of the pattern recogni-
tion result. However, it is difficult to implement robust face identification
against appearance fluctuations because the attributes extracted from a
whole of a facial image include a large quantity of noise which is caused
by glasses, hairstyle, background and so on.

In order to solve this problem, a face identification based on the internal
features on face such as mouth, nose and eye has been proposed [4][5].
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In this method, the internal features on face are extracted from a facial
image. The pattern recognition is performed for each internal feature.
The 1dentification is carried out on the basis of the pattern recognition
result of each internal feature. However, it is difficult to extract stably the
internal features from face, and the identification result may be influenced
by the accuracy of extraction of internal features on face. Moreover, it
1s ineffective for the face identification systems which require real-time
processing in terms of computational cost.

In this chapter, I propose a face identification method based on the
division of facial image in order to implement the robustness against ap-
pearance fluctuations. In the proposed method, the internal features are
not extracted but facial image is divided into some simple regions. The
pattern recognition is performed on each region. The identification is
performed by integrating the recognition result obtained on each region.
It is likely that the proposed face identification method can implement
the robustness against appearance fluctuations because facial image can
be divided into the regions which include a large quantity of noise and
the regions which do not include so much noise. That is, the face iden-
tification based on the accurate information which does not include so
much noise can be carried out.

Moreover, in the proposed method, I employ the Mahalanobis-Taguchi
System (MTS) as the pattern recognition method [6]. The MTS is one of
statistical pattern recognition methods which can perform the recognition
based on the correlations among the attributes in the multi-dimensional
data. In addition, the robustness against noises in unknown datum can
be implemented by giving artificial noises to the training data. It is
likely that these advantages are effective for the face identification which
requires the consideration of relations among the internal features on face
and the robustness against the fluctuations in real environment. Further-
more, I confirmed that the MTS could allow the effective implementation
of the robust face identification against lighting fluctuation and face po-
sition fluctuation [7][8]. Therefore, it is likely that the MTS will be ef-
fective for this proposed method. Finally, in this chapter, I confirm the
effectiveness of the proposed face identification method through practical
experiment with some subjects.

This chapter is organized as follows: In Section 2, I will propose a face
identification method based on the division of facial image. In this sec-
tion, facial image used in this study, artificial photographic fluctuations
for the implementation of robustness, identification process based on the
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division of facial image, pattern recognition on each region and identifica-
tion method based on the integration of some pattern recognition results
will be explained. The experimental method will be described in Section
3. In Section 4, the experimental result will be discussed. In Section
5, I will mention the features and future works of the proposed method.
Finally, I will finish this chapter with the conclusions.

4.2 Face Identification Method based on Division of
Facial Image

4.2.1 Facial Image

The facial images used in this study are the frontal and stationary facial

images taken by a monochrome camera. The details of the facial images
are as follows.

e The size of facial images is 300 x 300 pixels.
e The gradation of images is 256 gray scale.

e The background color is white.

e The images include hair and glasses.

e The images do not express any facial expressions.

Figure 4.1 shows an example of facial images used in this study. These
facial images are taken in my laboratory without special lighting devices.
Moreover, these facial images are taken by using baselines for the position
of eyes, nose and mouth (white lines in Figure 4.1). However, these
facial images include the fluctuations of face size and position as shown

in Figure 4.1 because the accuracy of photography is different on each
person.

4.2.2 Identification Process based on Division of Facial Image

The identification process based on the division of facial image is illus-
trated in Figure 4.2. First of all, the facial images are collected on each
person. Secondly, the artificial photographic fluctuations are inserted in-
to the facial image collected so as to implement the robustness against
photographic fluctuations in real environment. The artificial photograph-
ic fluctuations are lighting, face position and face size fluctuations. The
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Figure 4.1: An example of facial images
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Figure 4.2: Identification process based on the division of facial image




facial image which includes the artificial photographic fluctuations is di-
vided into some regions, and then the attributes for the identification are
extracted on each region. The pattern recognition based on the MTS is
carried out by using the Mahalanobis space which is constructed from the
multi-dimensional training data and the Mahalanobis distance which is
the evaluation criterion of similarity. Therefore, the Mahalanobis space
1s constructed from the attributes on each region of each person. The
pattern recognition of unknown facial image is executed on each region
of each person. The method judges which person the unknown facial im-
age belongs to on the basis of the Mahalanobis distance on each region
of each person. The detail of each step is shown below.

4.2.3 Artificial Fluctuation

In the pattern recognition based on the MTS, the robustness against
noises can be implemented by giving artificial noises to the training data
because the MTS performs the pattern recognition based on the correla-
tions among attributes which is common in the multi-dimensional train-
ing data. In this study, the robustness against photographic fluctuations
in real environment is implemented by inserting artificial photographic
fluctuations into training facial image. The details of the fluctuations
used in this study are as follows.

1. Lighting fluctuation: The lighting fluctuation is inserted into the
facial image by varying the value of a for determining the strength
of edge extraction in the Global Range Edge Detection Method [9].
The detail of the Global Rage Edge Detection is described in Section
2 of Chapter 2 and Section 2 of Chapter 3. In addition, an example
of artificial lighting fluctuations based on the Global Rage Edge De-
tection Method is shown in Figure 3.1. This parameter is changed
from 1.1 to 0.7 at intervals of 0.05. Thus, nine kinds of artificial
lighting fluctuation are created.

2. Face position fluctuation: The face position fluctuation is pro-
duced by moving the edge extracted facial image in four directions;
l.e., up, down, right and left. The edge extracted facial image is
moved to 6 pixels at intervals of 2 pixels. Therefore, thirteen kinds
of face position fluctuation are produced.

3. Face size fluctuation: The edge extracted facial image is expand-
ed and shrunk [10]. The parameter for expansion is varied between
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Figure 4.3: An example of artificial face size fluctuations

1.1 and 0.9 at intervals of 0.05. Thus, five kinds of face size fluctu-

ation are created. An example of face size fluctuations is shown in
Figure 4.3.

The combination of these fluctuations is applied to one original train-
ing facial image. Therefore, five hundred eighty-five training facial images
involving the artificial photographic fluctuations are created from an o-
riginal training facial image. An example of training facial images which
include the combination of these artificial photographic fluctuations is
shown in Figure 4.4.

4.2.4 Pattern Recognition based on MTS

The training facial images which include the artificial photographic fluc-
tuations are divided into some regions. After the division, the attributes
used for the pattern recognition are extracted on each region of the train-
ing facial images. In this study, the attributes based on differential char-
acteristic and integral characteristic are employed. The Mahalanobis s-
pace is constructed on each region from these attributes extracted. And
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Figure 4.4: An example of training facial images involving the combination of three
artificial photographic fluctuations

then, unknown facial image is divided into same region as the training
facial image. The pattern recognition based on the MTS is performed on
each region of each person. Therefore, Mahalanobis distance is obtained
on each region of each person as the result of pattern recognition for an
unknown facial image. It is judged which person in facial image database
the unknown facial image is by integrating some Mahalanobis distances
for each person. The detail of each operation is described in the earli-
er chapters. The detail of extraction method based on the differential
and integral characteristics are described in Section 6 of Chapter 1 and
Section 3 of Chapter 2. The details of the construction method of Ma-
halanobis space and the calculation method of the Mahalanobis distance
are described in Section 6 of Chapter 1.




4.2.5 Identification based on Integration of Mahalanobis dis-
tances

In the proposed face identification method, the Mahalanobis distance is
calculated on each region of each person. The identification of unknown
facial image is performed by integrating some Mahalanobis distances for
each person. In this study, two methods are employed in order to inte-
grate some Mahalanobis distances. The details of these methods are as
follows.

1. PROP(SUM): The Mahalanobis distance between the unknown
facial image and the Mahalanobis space is calculated on each region
of each person. The sum of Mahalanobis distance on each region is
calculated for each person. The unknown facial image is judged to
belong to the person which has the minimum total of these Maha-
lanobis distances. This process represented by formula is as follows.

®) _ S~ s 40
=1 7=1
min(DW, ... D) (4.2)
D® . Sum of Mahalanobis distance on each region for
person p
dz(-f) : Mahalanobis distance on region (i, 7) of person p
P : The number of persons in facial image database

M,N : The number of division (M x N)

2. PROP(MIN): The person which has the minimum Mahalanobis
distance between the unknown facial image and the Mahalanobis
space 1s determined on each region. The number of region which
has the minimum Mahalanobis distance is counted on each person.
The unknown facial image is judged to belong to the person which
has the maximum number of the regions that have the minimum
Mahalanobis distance. This process is formulated as follows.

(el 43
s I (4:3)




maX(R(l), o R(p)) (4.4)

l { 17" dz(j-) — min(d} oo dP)

Pt =22 1y 7 7'.7
# 0 : otherwise
R® . The number of region which has the minimum Maha-
lanobis distance for person p
r,g-) : The variable to find the region which has minimum

Mahalanobis distance

4.3 Experimental Method

I designed the following experiments with some subjects in order to con-
firm the effectiveness of the proposed method. The detail of experimental
method is described below.

In this experiment, twenty-six students were recruited from Hokkaido
University. I took two facial images on each subject. One facial image
was used as the original training facial image, and another was used as the
original unknown facial image. I took the original unknown facial image
at intervals of several days after having taken the original training facial
image in order to take the original unknown facial image involving natural
appearance fluctuations. Figure 4.5 shows an example of original training
facial images and original unknown facial images on some subjects. As
shown in Figure 4.5, the original unknown facial images have a little
difference from the original training facial images in terms of photography
and appearance.

Five hundred eighty-five training facial images were created on each
subject by inserting the artificial photographic fluctuations, described in
Section 2, into one original training facial image. The Mahalanobis space
on each subject was constructed on the basis of these training facial
images involving the artificial photographic fluctuations.

In this experiment, I divided the facial image into 4 x 4 regions (16
regions). It is likely that the noises can be removed from the effective
region for the identification in the case where facial image is divided
into many regions. However, the division of facial image into too many
regions produces the region which does not include any edges, which has
bad effect upon the identification. Therefore, I employed 4 x 4 as the
number of division so that such region is not created.
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Figure 4.5: An example of original training facial images and original unknown facial
1mages

I drew the parallel lines on each region of the facial image at intervals
of 5 pixels for the extraction of attributes based on the differential and
integral characteristics. Therefore, the number of attributes along the
rows was 30 and that down the columns was also 30 on each region. I
constructed the Mahalanobis space from 60 attributes for each region.

Moreover, in this experiment, I used the facial images which includ-
ed the artificial photographic fluctuations as the unknown facial images,
which are created by inserting the artificial photographic fluctuations in-
to the original unknown facial image. These artificial fluctuations are
described in Section 2. However, the amount of face position fluctuation
was changed to 4 pixels from 6 pixels. Therefore, the number of unknown
facial images for the identification was 10530 (26 personsx405 unknown
facial images).

In the proposed method, the Mahalanobis distance which was calcu-
lated on each region was treated as 1000 if the Mahalanobis distance
exceeds 1000 because too large Mahalanobis distance is ineffective for
PROP(SUM).

Moreover, I designed two experiments using the conventional method
in order to compare with the proposed face identification method.




1. CNV(120): In this method, the same training facial images in-
volving the artificial photographic fluctuations that were used in the
proposed method were employed. In this experiment, I drew the par-
allel lines on a whole of the facial image at intervals of 10 pixels, and
the attributes based on the differential and integral characteristics
were extracted. Therefore, the number of attributes along the rows
was 60 and that down the columns was also 60. The Mahalanobis
space on each subject was constructed on the basis of these 120 at-
tributes. The identification of unknown facial image was performed
on the basis of the Mahalanobis distance between the unknown fa-
cial image and the Mahalanobis space on each person. Thus, the
unknown facial image was judged to belong to the Mahalanobis s-
pace having the shortest Mahalanobis distance.

2. CNV(240): In the same training facial images as CNV(120), I
drew the parallel lines on a whole of facial image at intervals of 5
pixels. Thus, in this experiment, the number of attributes was 240.
The identification method was equal with CNV(120).

4.4 Experimental Result

The experimental results are shown in Table 4.1 and Figure 4.6. Table
4.1 shows the rate of correct identification on each method. In table 4.5
the results of conventional system were 51.0 % in CNV(120) and 59.0 %
in CNV(240), respectively. On the other hand, the rate was 61.1 % in
PROP(SUM) and 65.1 % in PROP(MIN). Especially, the identification
rate of CNV(240) was lower than PROP(MIN) by 6.1 % though the lines
for the extraction of attributes were drawn on same positions of facial
image as PROP(MIN). This result revealed that the division of facial
image could allow effective implementation of robust face identification.

Moreover, PROP(MIN) was superior to PROP(SUM) for the proposed
method. In the pattern recognition based on the MTS, the Mahalanobis
distance rapidly increases when the unknown datum differs from the
training data which are used to construct the Mahalanobis space. Name-
ly, the sum of Mahalanobis distance will become considerably large when
the region in unknown datum differs from the region in the training da-
ta. Therefore, it is likely that PROP(MIN) could get high rate of correct
identification in comparison with PROP(SUM).

Furthermore, I investigated the position of the region which had short-
est Mahalanobis distance in unknown facial images which were correctly
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CNV(120) [ CNV(240) | PROP(SUM) | PROP(MIN)
51.0 59.0 61.1 65.1

Table 4.1: Identification rate (%)

V3

V4

Figure 4.6: Frequency of shortest Mahalanobis distance on each region of unknown facial
images which were correctly identified

identified. Figure 4.6 indicates the number of times that shortest Maha-
lanobis distance was indicated on each region of unknown facial images
which were correctly identified. In Figure 4.6, the frequency on the re-
gions of H2 and H1 was larger than other regions. It is likely that the
frequency on these regions became large because these regions included
the eyes and eyebrows which were effective information for the face iden-
tification. However, the frequency on the regions of H1 was lower than
the regions of H2. It is reasonable to suppose that the frequency on the
regions of H1 was small in comparison with the regions of H2 because
there were many cases where the hair, i.e., noise, were included in the
regions of H1. In addition, the average number of the regions which had
the shortest Mahalanobis distance in an unknown facial image which was
identified correctly was 4.9.

These results revealed that the proposed method could implement ef-
fective face identification by performing the correct recognition on the
regions which did not include so much noise.




4.5 Discussion

In the previous experiment, I designed the experiment with the facial
images which did not include background. However, it is likely that the
proposed method is also effective in the case where the facial lmage in-
volving background is used for the identification. Therefore, I designed
a face identification experiment using the facial image involving back-
ground in order to confirm it. Furthermore, I investigated the relation
between the number of division and the identification rate by changing
the number of division. The experimental method except the number
of division was same as the previous experiment using the facial image
which did not include background. The experimental results are shown
in Table 4.2, Figure 4.7, Figure 4.8 and Figure 4.9.

In Table 4.2, the rate of correct identification was 7.0 % in CNV(120)
and 5.5 % in CNV(240), respectively. This result revealed that the in-
crease of the number of attributes might decrease the rate of correct
identification in the case where the facial image which included a large
quantity of noise such as background was used as the identification target
in the face identification using the conventional method. On the other
hand, the rates of correct identification in the proposed method were
higher than the conventional method. Therefore, it is obvious that the
proposed method is more effective than the conventional method in the
case where the facial images which include background are used for the
identification. Moreover, the rate of correct identification increased in
accordance with the increase of the number of division, and the highest
rate of correct identification was indicated in the case of the division of
6x6. What this result makes clear is that the noises were removed from
the region which included the internal features by increasing the number
of division. Namely, the internal features on face could be effectively used
for the identification.

Figure 4.7, Figure 4.8 and Figure 4.9 illustrate the number of times
that shortest Mahalanobis distance was indicated on each region of un-
known facial images which were correctly identified on each number of
division. From these figures, I found that the frequency on the regions
which included eyes and eyebrows was large in comparison with other
regions. Therefore, it is likely that eyes and eyebrows were important
internal features to identify person. Moreover, in these figures, the fre-
quency on the regions which included face was large in comparison with
the regions which included background. This result revealed that the
proposed method avoided using the regions including background and
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Conventional Method Division 2x2
CNV(120) CNV(240) PROP(SUM) | PROP(MIN)
7.0 5.0 7.9 8.0
Division 4 x4 Division 6x6
PROP(SUM) PROP(MIN) PROP(SUM) PROP(MIN)
12.8 18.1 11.0 26.5

Table 4.2: Identification rate (%)
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Figure 4.7: Frequency of shortest Mahalanobis distance on each region of unknown facial
images which were correctly identified (2x2)

used effectively the region including face for the identification when the
correct identification was performed.

In the case where the facial image including background was used, the
highest rate was indicated in the division of 6x6. However, the regions
which do not include any edges will be produced when the facial image
will be divided into more regions. The region which does not include any
edges is ineffective for the identification, so that may decrease the rate of
correct identification. Furthermore, the region which includes only one
internal feature will be also produced. The MTS is the pattern recogni-
tion method which can consider the correlations among the attributes.
Therefore, it is likely that the identification which considers the relation-
s among the internal features on face can not be performed when such
regions are produced. In addition, the computational cost is high when
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Figure 4.8: Frequency of shortest Mahalanobis distance on each region of unknown facial
images which were correctly identified (4x4)
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Figure 4.9: Frequency of shortest Mahalanobis distance on each region of unknown facial
images which were correctly identified (6x6)




the number of regions is large. Therefore, appropriate number of division
has to be decided in accordance with the purpose.

Although the rate of correct identification was higher than the conven-
tional method, it was low in terms of the development of practical face
identification system. Therefore, I have to improve the performance of
the proposed method. In this study, the facial image was divided into
some simple regions. These regions were same shape and the overlap was
not allowed. However, the rate of correct identification changed in accor-
dance with the number of regions, i.e., the size of region. Therefore, it is
likely that the performance of the proposed method can be improved by
changing the shape of region, by allowing the overlap or by searching the
effective position of region.

In the proposed method, two simple methods to integrate some Maha-
lanobis distances were employed. The more effective face identification
may be able to be implemented by employing other methods such as
weighted Mahalanobis distances or considering the relation among these
Mahalanobis distances. These are my future works.

4.6 Conclusion

In this chapter, I proposed a face identification method based on the
division of facial image in order to implement robust face identification
against appearance fluctuations. Moreover, I confirmed the effective-
ness of the proposed method through the practical experiment with some
subjects. The experimental results revealed that the proposed method
could allow effective implementation of robust face identification against
appearance fluctuations in comparison with the conventional method.
Moreover, I found that the proposed method was more robust against
background in comparison with the conventional method. However, in
the face identification using the facial image which included background,
the rate of correct identification was low in terms of the development of
practical face identification system although it was higher than the con-
ventional method. Therefore, I have to improve the performance of the
proposed method. In the experiment, the facial image was divided into
simple region. In addition, the integration method of the Mahalanobis
distances which were calculated on these regions was simple. Therefore,
it 1s likely that the performance of the proposed method can be improved
by employing effective method for the division and the integration. These
are my future works.
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Chapter 5

Face Cognitive Model Acquisition
using Interactive Genetic Algorithm

5.1 Introduction

As a research theme of the engineering, human face has been focused on
in order to develop effective and user-friendly human interfaces [1][2]. Es-
pecially, the development of the face recognition methods to recognize or
understand the information which face represents in the face-to-face com-
munication is required. As one of evaluation of face recognition methods,
the development of face recognition methods which have the consisten-
cy with human cognitive structure of face is taken up. Therefore, it is
necessary to acquire the scientific knowledge about face cognitive mod-
el of human and reflect the acquired knowledge to the face recognition
methods. Namely, the structure to recognize face which human has must
be acquired. From this background, the research on the face cognitive
model acquisition of human has been carried out.

Oda et al. proposed a facial image database retrieval task method as
a computer-based method to acquire the face cognitive model of human
3][4]. In this method, some facial images stored in a facial image database
are simultaneously presented to a subject. The subject is asked to select
many facial images which are suitable for a particular retrieval goal from
the presented facial images. The subject evaluates the presented facial
images and then selects the facial images which satisfy the retrieval cri-
terion. The set of facial images judged to satisfy the retrieval criterion
by the subject is retrieved by repeating this operation. The retrieved
facial images reflect the face cognitive model of the subject because the
facial images are retrieved on the basis of the face cognitive model for
a particular retrieval goal. Therefore, the face cognitive model can be
acquired by investigating the factors which are common in these facial




images retrieved. In this method, the subject only selects the suitable
face images for a particular retrieval goal. Thus, this method has the
advantage that it is easy to acquire the accurate face cognitive model for
various face impressions or targets by its indirect or implicit approach to
the acquisition of face cognitive model.

In this method, it is ideal that the subject decides the suitable facial
1mages for the retrieval goal after evaluating all facial images which are
stored in the facial image database in order to implement the acquisition
of accurate face cognitive model because the subject does not know the
kinds of facial images stored in the facial image database. However, it is
considerably difficult to evaluate all facial images stored in the facial im-
age database. Therefore, if the subject evaluates the facial images stored
in a part of the facial image database with compromise, it is difficult to
acquire the accurate face cognitive model. Moreover, in the case where
the subject does not know the facial images stored in the facial image
database, it is likely that the subject gradually forms a new face cogni-
tive model which is suitable for the facial images stored in facial image
database during the retrieval task. Therefore, the function to assume the
face cognitive model of the subject on each step and to present appro-
priate facial images for the recent face cognitive model of the subject is
required in order to acquire more accurate face cognitive model of the
subject in the face cognitive model acquisition based on the facial image
database retrieval task method.

In this chapter, I propose a face cognitive model acquisition method us-
ing the Interactive Genetic Algorithm (IGA) in order to acquire accurate
face cognitive model in the facial image database retrieval task method.
The IGA is a method to generate the individuals which reflect human
subjectivity or Kan-sei by introducing the artificial selection by a human
instead of the natural selection in the conventional Genetic Algorithm
(GA). The IGA is focused on the recent development of Kan-sei engi-
neering or human interface, and it is applied to various fields [5][6]. In
addition, the research on the facial image retrieval based on the IGA is
also carried out and it is reported that the facial images reflecting human
subjectivity or Kan-sei can be retrieved by using the IGA [7]. However, in
the facial image retrieval using the conventional IGA, only facial images
selected by the user in each evaluation step are employed as the parents
in next generation. The children are generated by applying the genetic
operators to these parents and then the facial images are retrieved on
the basis of these children generated. In this case, it is likely that the




facial images presented to the user may be limited in the facial image
database. Namely, the initial convergence problem in the search problem
based on the GA may arise. Therefore, it is difficult to acquire accurate
face cognitive model in the case where the conventional IGA is merely
applied to the problem of the face cognitive model acquisition. In the
proposed method, I improve the conventional IGA so that the facial im-
ages which reflect the face cognitive model of the subject and have the
diversity can be presented to the subject. In the face cognitive mod-
el acquisition based on facial image database retrieval task method, the
subject gradually forms an appropriate face cognitive model for the facial
images stored in the facial image database through the evaluation of the
facial images. It has been reported that the context of stimuli in succes-
sive presentation influences the cognitive model formation process in the
human brain. Therefore, in the proposed method, the fitness function in
which the retrieval history can be considered is used to assume appropri-
ate face cognitive model of the subject on each step. Moreover, in the
proposed method, the natural selection based on this fitness function is
employed in order to maintain the diversity of facial images. It is likely
that the accurate face cognitive model of the subject can be acquired
by using the combination of the retrieval history, natural selection and
artificial selection. Finally, I confirm the effectiveness of the proposed
method through the retrieval experiment using some subjects.

This chapter is organized as follows: In Section 2, the facial image
database retrieval in this study will be explained. In Section 3, I will
propose a face cognitive model acquisition method using the IGA. The
experimental method using some subjects will be described in Section 4.
In Section 5, the experimental result will be mentioned. In Section 6, the
features of the proposed method and future works are discussed. F inally,
I will finish this chapter with the conclusions.

9.2 Facial Image Database Retrieval

The facial image database retrieval used in this study is described below.

9.2.1 Facial Image

In this study, I employ a line-draw facial image as the retrieval object.
The purpose of this study is to acquire the face cognitive model of hu-
man. It is clear that human receives various impressions from a line-draw
facial image and has the face cognitive model for a line-draw facial image.
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Figure 5.1: An example of facial image

Therefore, T use the line-draw facial image as a toy problem in the face
cognitive model acquisition in order to simplify the construction of facial
image database and the experiment to confirm the effectiveness of the
proposed method.

The facial image database in this study contains nearly 60,000 line-draw
facial images, each of choosing particular values for 10 facial features.
The facial features used are face shape (FS), eyebrow tilt (BT), eyebrow
position (BP), eye shape (ES), eye position (EP), nose length (NL), nose
position (NP), mouth length (ML), mouth position (MP) and ear position
(RP). There are three possible values {-1,0,1} for each facial feature, thus
producing 59,049 (i.e., 3'%) possible faces. However, it is supposed that
the subject does not know that the facial image is created by combining
the value on each facial feature when the subject performs the facial
image database retrieval task. An example of the facial image used in
this study is shown in Figure 5.1.

It is desirable that the photographic facial image is used as the re-
trieval object to acquire the face cognitive model which is utilized for the
practical face recognition. However, it has been reported that the face
cognitive model acquisition using the photographic facial image can be
implemented by using the features based on the KL expansion instead
of the shape features on face which are difficult to extract [8]. That is,
the photographic facial image can be treated as the combination of the




numerical datum in the same way as the line-draw facial i 1mage. There-
fore, the proposed face cognitive model acquisition method can be used in

the case where the photographic facial image is employed as the retrieval
object.

9.2.2 Facial Image Retrieval Process

The facial image retrieval process in the facial i Image da,tabase retrieval
task method is as follows.

1. N facial images randomly chosen from the facial image database are
presented to the subject.

2. The subject selects one or some facial images which are suitable for
the retrieval goal.

3. New facial images are retrieved from the facial image database on
the basis of the presumption of the subject’s face cognitive model
and then they are presented to the subject.

4. The subject repeats this process when the requirement to finish the
retrieval task is not satisfied.

When the subject starts a retrieval task, ten line-drawn facial images
randomly chosen from the facial image database are simultaneously pre-
sented on a computer display because there is no information to assume
the face cognitive model of the subject. The subject evaluates them and
selects face or faces which meet his or her selection criterion of the re-
trieval goal. The subject is allowed to select as many facial images as
he or she wishes, so long as they meet his or her selection criteria. The
facial images selected by the subject are stored in the background buffer.
The facial images presented to the subject in next step are decided on
the basis of the presumption of the subject’s face cognitive model. The
suitable facial images for the retrieval goal are retrieved by repeating this
operation.

The background buffer can hold up to 10 of the most recently selected
facial images. The subject can at any time call up and re-evaluate the
currently-held facial images and can decide whether to retain or discard
any of them. Moreover, when the number of the currently-held facial
1mages exceeds ten, the facial image is automatically discarded in the old
order of subject’s selection. Figure 5.2 shows the interface for the facial
image database retrieval task method.
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Figure 5.2: Interface for the facial image database retrieve task method

9.3 Face Cognitive Model Acquisition Method us-
ing IGA

The detail of the face cognitive model acquisition method using the IGA
is described below.

9.3.1 Cording

Basically, in the proposed method, the facial images presented to the
subject are retrieved from facial image database on the basis of the indi-
viduals generated by the GA. Therefore, the facial image must be encoded
into the individual treated in the GA. In the coding of each individual,
the values of the facial features in the facial image are encoded into the
individual. The facial image used in this study consists of ten facial fea-
tures, and each facial feature takes a particular value from three kinds
of value. Therefore, the length of individual is ten, and each locus takes
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Figure 5.3: An example of the coding

a value on each facial feature. In the case where the photographic fa-
cial image is used, it may occur that the facial image corresponding with
the individual does not exist in the facial image database. However, in
this study, the individual perfectly corresponds with a particular facial
image in the facial image database because the line-draw facial image is
employed. Figure 5.3 shows an example of the coding.

5.3.2 Presumption Method of Face Cognitive Model based on
IGA

In the proposed method, the face cognitive model of the subject on each
step i1s presumed on the basis of the fitness function in which the retrieval
history is considered. The presumption process in this study is as follows.

1. The fitness value for each individual is calculated on the basis of

the facial images stored in the background buffer, i.e., the retrieval
history.

2. The natural selection is performed by using the calculated fitness
values of individuals, and the individuals employed as the parents in
next generation are decided.




3. The children are generated by applying the genetic operators to the
parents.

4. The fitness values of the generated children are calculated by using
same fitness function.

5. Ten children having large fitness value are selected.

6. The facial images corresponding with the ten children are retrieved
from the facial image database.

7. The retrieved facial images are presented to the subject.

Carrying out above process, the face cognitive model of the subject
1s presumed and the suitable facial images for the face cognitive model
on each step are presented to the subject. The detail of each genetic
operation in this process is described below.

5.3.3 Genetic Operation

5.3.3.1 Fitness Function

The subject forms a new face cognitive model which is suitable for the
facial images stored in the facial image database during the retrieval task
in the face cognitive model acquisition based on the facial image database
retrieval task method. It has been reported that the context of stimuli
In successive presentation influences the cognitive model formation pro-
cess in the human brain. Thus, it is likely that more appropriate face
cognitive model of the subject can be presumed by considering the con-
text of stimuli, namely, the retrieval history, so that the effective face
cognitive model acquisition can be implemented. In this fitness function,
the fitness value of the individual is calculated by considering not only
the information of the facial images selected on each step but also the
retrieval history. The fitness function employed in this study is described
below and illustrated in Figure 5.4.

m
Fitness( zp) = Y. wi(B— Y |zij — z1y) (5.1)
i€B(k) =]
xp : The facial image x; in which the fitness value is calculated
zp; @ The value of the facial feature j on the facial image




Weight: Large «— —» Small
Selection: New «— —» Old

Fitness: Large Small

Figure 5.4: Calculation method of the fitness value

&g : The value of the facial feature j on the facial image
x; which is stored in the background buffer

w; = a®*T) . Weight for the facial image x;

a : Attenuation rate (o < 1)

k : Current generation number

T; : The generation in which the facial image x; s-
tored in the background buffer was selected by the
subject

B(k) : A set of the facial images which are stored in the
background buffer in the generation k

m : The number of facial features on the facial image

¢ : Constant (5>20)

In this fitness function, the Euclidean distance between the facial image
for calculating the fitness value and each facial image stored in the back-
ground buffer is calculated. The difference between 3 and the Euclidean
distance is calculated in order to give the large fitness value to the facial
images which are similar to the facial images stored in the background
buffer. This difference is multiplied by the weight w; based on the re-
trieval history. The weight is determined on the basis of the generation
T; in which the facial image @x; stored in the background buffer was select-
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ed by the subject. The sum of the values is treated as the fitness value of
each individual. In this fitness function, the information of the facial im-
age selected in the recent generation is emphasized and the information
of the facial images selected in the initial generation is de-emphasized by
using the weight w;. It is likely that the facial images selected in the
recent step remarkably reflect the recent face cognitive model of the sub-
ject. Therefore, the large fitness value is given to the facial image which is
similar to the facial image selected in the recent step by using this fitness
function. The facial images which reflect much information on the facial
images which are selected in recent step are presented to the subject by
using this assignment method of the fitness value.

The calculation of the fitness value is performed on the past facial
images evaluated by the subject until the current generation. All facial
images stored in the facial image database can be employed as the target
facial images in which the fitness value is calculated. However, it is time
consuming because there are a large number of facial images in the facial
image database. Therefore, the facial images presented to the subject in
past generation are used as the target facial images in which the fitness
value is calculated.

In this fitness function, the fitness value for each individual is calculated
on the basis of the Euclidean distance. It has been reported that the sim-
ilarity among facial images corresponds with the Euclidean distance 9].
Therefore, in this study, the Euclidean distance is employed to measure
the similarity among the facial images.

Moreover, the natural selection based on the calculated fitness value is
performed. The kind of facial images presented in the next generation is
limited in the case where the parents in the next generation are decided
only by the artificial selection. Therefore, the diversity of individuals
which is the advantage in the GA is lost, and the problem of initial
convergence in the search problem may occur. The diversity of the facial
images can be maintained by performing the natural selection in the
large population. In addition, the fitness values of the children generated
by applying the genetic operators to the parents are calculated with this
fitness function. The facial images corresponding to the individuals which
have the large fitness value are presented to the subject. It is likely that
the facial images which have the diversity and are suitable for the face
cognitive model of the subject can be presented to the subject by this
operation.




5.3.3.2 Natural Selection

[ use the roulette strategy for the natural selection. In the natural s-
election based on the roulette strategy, the individual is stochastically
chosen as the parent in the next generation in accordance with its fitness
value. In this natural selection, the number of individuals selected as the
parents 1s p, and the duplication is allowed.

5.3.3.3 Crossover

The children which inherit the features of the parents are generated by
the crossover operator. In this crossover, I use the uniform crossover op-
erator. The uniform crossover operator can generate the children which
are not influenced by the sequence of the features of parents. The gener-
ation method of the children based on the uniform crossover operator is
illustrated in Figure 5.5. As shown in Figure 5.5, a mask is prepared in
order to generate two children from two parents. The mask takes either 1
or 0 on each feature. If the value of mask is 1 on each feature, the feature
of parent x; is inherited to the child #’; and the feature of parent P58
inherited to the child ;. Conversely, if the value of mask is 0, the feature
of parent @; is inherited to the child =’ j and the feature of the parent x;
1s inherited to the child @';. In the GA, various crossover operators have
been proposed, e.g., one point crossover operator, two point crossover
operator and so on. The one point crossover operator is superior to the
uniform crossover operator in terms of the convergence speed. In the
case where the uniform crossover operator is employed, the performance
in the convergence speed will decay [10]. However, the uniform crossover
operator can present the facial images having the diversity to the subject.

5.3.3.4 Mutation

The mutation operator stochastically converts a value on each locus of
the individual. In this study, 1/m is employed as the mutation rate.

5.4 Experimental Method

I designed the experiments with some subjects in order to confirm the
effectiveness of the proposed method. The experimental method is de-
scribed below.

In this experiment, six subjects were recruited from Hokkaido Univer-
sity. The subjects received the instruction of the facial image database
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Figure 5.5: An example of uniform crossover

retrieval and then the retrieval practice was given to the subjects in order
to familiarize themselves with the facial image database retrieval and the
mouse operation. After the instruction and the practice retrieval, the
facial image retrieval experiment was started.

In this experiment, two different methods were employed in order to
compare with the proposed method (IGA method). One is the RN
method which presents the facial images chosen randomly from the facial
image database to the subject. Another is the AS method which decides
the parents in next generation by the artificial selection, which is used in
the conventional IGA. In the AS method, the facial images selected on
each step by the subject were employed as the parents in next generation,
and the children were generated by applying the genetic operator or op-
erators to these parents. That is, the children were generated only by the
mutation operator when the subject selected one facial image, and they
were generated by the crossover and mutation operators when the subject
selected some facial images. Moreover, the application of the crossover
and mutation operators to the facial image or facial images which were
selected by the subject was continued until the facial images which were
different from the facial images presented already were generated. I em-
ployed the uniform crossover as the crossover operator in the AS method.
In the conventional IGA, the user has to select one individual at least on
each step. However, in the face cognitive model acquisition based on the
facial image database retrieval task method, there may be the case where

171




the selection by the subject is not performed when the suitable facial im-
ages for the retrieval goal are not presented. Therefore, in the AS method,
the facial images chosen randomly from the facial image database were p-
resented to the subject when the selection was not performed. Moreover,
I assigned six experiment sequences to each subject in order to remove
the influence of experiment sequence from the experimental result.

In this experiment, there were five different retrieval tasks: l.e., "fa-
vorite face”, "nervous face”, ”childish face”, ”serious face” and ”similar
face”. In the similar face retrieval task, a particular target face such as
Figure 5.1 was given to the subjects and then the subjects were asked to
retrieve the facial images that they judge are most similar to a particular
target face. In other retrieval tasks, called the face impression retrieval
task, the subjects were asked to retrieve the facial images in which a
particular target impression was most received. The face impressions re-
trieval task was the experiments to confirm the basic performance for
the face cognitive model acquisition. On the other hand, the similar face
retrieval task was the experiment to evaluate the proposed method in the
convergence performance point of view. In addition, in these retrieval
tasks, the subjects were asked to continue the retrieval task until they
were satisfied with ten facial images in the background buffer.

The parameter setting used in the IGA method is as follows.

e Population size: 200
e Crossover rate: 0.3
e Mutation rate: 0.1
o a: 0.9

o 3: 20

These parameters were employed in order to prevent the initial conver-
gence and to maintain the diversity of facial images.

5.5 Experimental Result

The experimental results of the face impression retrieval task and the
similar face retrieval task are described below.




5.9.1 Experimental Result of Face Impression Retrieval Task

The experimental results are shown in Table 5.1, Figure 5.6 and Figure
5.7. In Table 5.1, Step and Time are the number of steps and the time
which the subjects took to complete the face impression retrieval task,
respectively. These results are the average of 24 experiments; i.e., 4
face impression retrieval tasks x 6 subjects. In the face cognitive model
acquisition based on the facial image database retrieval task method, it
is employed as a measurement criterion to evaluate its effectiveness that
the subjects can retrieve appropriate facial images in a small number of
steps and in a short time.

In Table 5.1, the number of steps was 27.5 for IGA, 30.5 for AS and
34.0 for RN. In addition, to complete the face impression retrieval task,
the subjects took 5 minutes 35 seconds for IGA, 7 minutes 37 seconds
for AS and 5 minutes 35 seconds for RN. I found from these results that
the subjects could complete the retrieval task with IGA in the smallest
number of steps. However, the subject could complete the retrieval task
with RN in the shortest time. I calculated the evaluation time for the
one step in order to investigate this cause, which is calculated by dividing
the retrieval time by the number of steps. The result was 10 seconds for
RN, 13 seconds for IGA and 15 seconds for AS. This result suggests that
in RN, the total time taken to complete the retrieval task was shortest
in three methods because the subjects encountered many faces that they
were able to quickly discount as unsuitable for their face cognitive model.
In AS, the subjects took long evaluation time for the one step. I could
obtain from a subject the verbal report that it is difficult to recognize the
difference among the facial images presented on the display because the
similar faces to each other were presented. Therefore, it is likely that the
total time taken to complete the retrieval task was long in AS. On the
other hand, it seems to be that in IGA, the result of total time which was
shorter than AS and was longer than RN was indicated because the facial
images which reflected the face cognitive model of the subjects and which
had the diversity were presented to the subject. Moreover, the analysis
of variance was applied to these results of Step and Time. However, the
statistically significant result was not indicated. In the result of the face
impression retrieval task, its difference among the subjects was large. In
addition, the number of subjects was small. Therefore, it is likely that
this result is caused by the number of the subjects and the kind of the
retrieval task.

The most important criterion to evaluate the performance of the face

173




Step Time

RN | 34.0 | 5 min. 35 sec.
AS | 30.5 | 7 min. 37 sec.
IGA | 27.5 | 5 min. 53 sec.

Table 5.1: Experimental results of face impression retrieval task

cognitive model acquisition based on the facial image database retrieval
task method is the quality of the facial images retrieved by the subjects.
The quality evaluation of the facial images was performed in the nervous
face retrieval task by using the Analytic Hierarchy Process (AHP) [11].
The AHP is the method to decide the priority for the evaluation ob jects
by performing pairwise comparison among the evaluation objects. In
order to evaluate the quality of the facial images, there is a method that
the subjects select most appropriate facial image from the facial 1mages
which were retrieved by using each method. However, more accurate
quality evaluation can be implemented by using the AHP.

In the quality evaluation of the facial images based on the AHP, at
first, the subjects were asked to select two facial images which were most
suitable for the retrieval goal in the facial images retrieved by using each
method. The pairwise comparison among these six facial images chosen
was performed. In the AHP, the pairwise comparison is difficult when
the number of evaluation objects exceeds seven. T herefore, two most
appropriate facial images retrieved by each method were chosen, and the
pairwise comparison was performed by using these six facial images. The
pairwise comparison among the facial images was performed by using
the table such as Figure 5.6 (the name of method was not described in
the table). In this pairwise comparison, nine grade evaluation criteria
including ”Same” was employed. For example, as shown in F igure 5.6,
the subjects inserted 9 into the corresponding position if the facial image
on the right hand side was absolutely more suitable for the retrieval goal
than the facial image on the left hand side, or the subjects inserted 1 /3
into the corresponding position if the facial image on the left hand side
was weakly more suitable for the retrieval goal than the facial image on
the right hand side. The priorities of the facial images were determined by
performing this pairwise comparison. In the AHP, it is necessary to check
the consistency in the pairwise comparison performed by the subject.
The consistency is around 0.1 when the correct pairwise comparison was
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Figure 5.7: Quality of the retrieved facial images




performed. However, there is the case where the consistency of around
0.15 is employed according to the purpose. In the comparison of face,
there may be the case where the consistency is not kept. Therefore, in this
method, the consistency under 0.15 was allowed. When the consistency
exceeded 0.15, the subjects re-performed the pairwise comparison.

Figure 5.7 shows the result of the quality evaluation. The Highest and
Lowest in Figure 5.7 indicate the number of times that the facial Images
which were retrieved by each method had the highest priority and the
lowest priority, respectively. In addition, this is authentic result because
the mean consistency of the pairwise comparison was 0.0869.

As shown in Figure 5.7, in IGA, the number of Highest was largest
and the number of Lowest was smallest. This result suggests that the
subject could retrieve the most appropriate facial images for the retrieval
goal with IGA. That is, the effective face cognitive model acquisition can
be implemented by using the proposed method. On the other hand, the
number of Lowest was largest in AS. It is inferred from this result that
the initial convergence might occur in AS.

It was found from these results that the more satisfactory facial images
as retrieval goal could be retrieved in the small number of steps and
in the short time by using the proposed method than the conventional
method although the statistically significant result could not be obtained.
Namely, these results revealed that the proposed method can implement
effective face cognitive model acquisition.

5.5.2 Experimental Result of Similar Face Retrieval Task

The experimental results of the similar face retrieval task are shown in
Table 5.2, Figure 5.8 and Figure 5.9. In the same way as the result of the
face impression retrieval task, Step and Time in Table 5.2 mean the num-
ber of steps and the time which the subjects took to complete the similar
face retrieval task, respectively. The Distance in Table 5.2 indicates the
sum of the Euclidean distances between the facial images retrieved by
the subjects and the target face. These results are the averages of the
retrieval experiments on six subjects.

As shown in Table 5.2, the number of steps was 36.3 for IGA, 63.3
for AS and 77.1 for RN, respectively. Moreover, the result of the time
which the subject took to complete the similar face retrieval task was 6
minutes 9 seconds for IGA, 8 minutes 49 seconds for AS and 8 minutes 9
seconds for RN. I found from these results that in IGA, the subject could
complete the similar face retrieval task in the smallest number of steps
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Step Time Distance
RN | 77.1 | 8 min. 9 sec. 8N
AS | 63.3 |8 min. 49 sec. | 54.6
IGA | 36.3 | 6 min. 9 sec. 62.6

Table 5.2: Experimental results of similar face retrieval task

and the shortest time. In this experiment, the analysis of variance was
also applied to these results of Step and Time. Although the statistically
significant result could not be obtained in these results, there is a high
possibility that the statistically significant result can be obtained in the
similar face retrieval task by increasing the number of subjects because
the difference among the subjects was not so large.

The result of the sum of the Euclidean distances between the target
face and the facial images retrieved was 62.6 for IGA, 54.6 for AS and
65.7 for RN. Moreover, the sum of the Euclidean distances between the
target face and the facial images presented on each step is shown in
Figure 5.8. These results suggest that in the case of RN, the result of the
Euclidean distance to the target face was large because the similar facial
images to the target face were not frequently presented to the subjects.
In AS, the facial images which had the shortest Euclidean distance to
the target face in three methods were retrieved. The AS has superior
performance to retrieve similar facial images because the parents in next
generation are decided only on the basis of the facial images selected
by the subjects. However, as shown in Figure 5.9, the variance of the
facial images presented on each step rapidly decreased in the initial step.
That is, it is likely that the initial convergence problem arose in AS.
Therefore, it is reasonable to suppose that the number of steps and the
time were large and long, although the Euclidean distance between the
target face and the facial images retrieved was small. On the other hand,
in IGA, the sum of the Euclidean distances between the target face and
the facial images retrieved was larger than AS. As shown in Figure 5.8, in
IGA, the convergence speed was slow. Therefore, it is likely that in IGA,
the subject could not retrieve similar facial images to the target face in
the small number of steps and the short time. The convergence speed
can be improved by adjusting the parameter settings. However, too fast
convergence speed may prevent the acquisition of accurate face cognitive
model. Thus, the appropriate parameter settings must be performed so
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that the performance of the acquisition of face cognitive model does not
decreased.

5.6 Discussion

In this chapter, I proposed a face cognitive model acquisition method
using the IGA, and confirmed its effectiveness through the retrieval ex-
periment with some subjects. The experimental results revealed that the
subject could retrieve the facial images which were more suitable for the
retrieval goal by using the proposed method in the small number of steps
and the short time than the method using the conventional IGA. This
result makes it clear that more accurate face cognitive model can be ac-
quired by the proposed method. It is likely that the employment of the
combination of retrieval history, natural selection and artificial selection
was effective for the face cognitive model acquisition based on the facial
image database retrieval task method. However, the statistical signifi-
cance result could not be obtained in the number of steps and the time
that the subjects took to complete the retrieval task. To demonstrate the
statistically significance result, it is necessary to design the retrieval ex-
periments with many subjects because the number of subjects was small
in this experiment.

In the proposed method, the retrieval history was utilized in the cal-
culation of the fitness value for the individual. In the case where the
conventional IGA is used for the face cognitive model acquisition based
on the facial image database retrieval task method, there is a possibility
that the evolution proceeds into undesirable direction. In the proposed
method, the high weight is given to the facial image which is newly select-
ed, i.e., the facial image which is newly stored in the background buffer.
In addition, the subject can re-evaluate and discard at any time the facial
images stored in the background buffer. Therefore, the subject may be
able to change the evolution direction by re-evaluating and discarding the
facial images stored in the background buffer. The investigation for the
adjustment of the evolution direction is one of my future works.

Moreover, in the proposed method, the information of the facial images
stored in the background buffer was used in the calculation of the fitness
value as the retrieval history. Namely, the information of the facial images
selected by the subject only was considered in order to presume the face
cognitive model. However, the facial images which are not selected by
the subject may also contain the information for the face cognitive model
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of the subject. Therefore, it is likely that more effective method can be
implemented by considering both.

In this method, the facial images evaluated once were not presented to
the subject again. However, in the face cognitive model acquisition based
on the facial image database retrieval task method, the face cognitive
model of the subject may change. That is, the facial 1mages judged to be
not suitable for the face cognitive model once may change to the suitable
facial images for the face cognitive model in the future step. Therefore,
1t is necessary to examine whether the facial images evaluated once by
the subject should be presented to the subjects or not.

Finally, the facial image used in this study was the line-draw facial
image and the number of attributes was ten. It is difficult to obtain
the large difference among the methods in the case where the number of
attributes is small. Therefore, the effectiveness of the proposed method
should be also confirmed in the photographic facial image database.

5.7 Conclusion

In this chapter, I proposed a face cognitive model acquisition method
using the IGA in order to implement the acquisition of accurate face cog-
nitive model in the facial image database retrieval task method. More-
over, I confirmed the effectiveness of the proposed method through the
retrieval experiment with some subjects. The experimental results re-
vealed that the effective face cognitive model acquisition based on the
facial image database retrieval task method could be implemented by us-
ing the proposed method. However, it is likely that the efficiency of the
proposed method can be promoted by finding more appropriate fitness
function and parameter settings. Furthermore, in this study, I used the
line-draw facial image in order to simplify the construction of the facial
image database and the evaluation of the proposed method. However,
the face cognitive acquisition with photographic facial image should be
implemented to acquire the face cognitive model which is utilized for the
face recognition methods. These are my future works.
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Chapter 6

Prospect for Development of
Comprehensive Face Recognition
System

This chapter is concerned with the future works in my study. The
prospect for the development of comprehensive face recognition system
which can be constructed by using the face recognition methods proposed
in this dissertation is described, and several application fields in which
such face recognition system can be utilized are discussed.

In this doctoral dissertation, a facial expression recognition method
based on the MTS, a robust face identification method against the light-
ing and face position fluctuations and a robust face identification method
against the appearance fluctuations were proposed. One of further di-
rections of this study will be to combine these proposed methods. As a
beginning, in the facial expression recognition, the facial expression recog-
nition method which is robust against the photographic fluctuations and
appearance fluctuations will be implemented by combining these meth-
ods. Moreover, the performance of facial expression recognition will be
improved by introducing the function of face identification into the facial
expression recognition. That is, the personalization in the facial expres-
sion recognition can be performed. On the other hand, needless to say,
the robust face identification against the photographic and the appear-
ance fluctuations can be realized. The robust face identification against
facial expressions will be also carried out.

Furthermore, in this dissertation, the face cognitive model acquisition
method using the IGA was proposed in order to implement the face recog-
nition methods which have the consistency with the face cognitive struc-
ture of human. Therefore, it is obvious that the facial expression recog-
nition and face identification which have the consistency with the face
cognitive structure of human will be implemented. The comprehensive
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face recognition system which is robust against various fluctuations and
has the consistency with the face cognitive structure of human will be
realized by combining the advantages of the proposed face recognition
methods.

In addition, the knowledge about the face cognitive structure of human
which is obtained by using the face cognitive model acquisition method
can be not only used for the face recognition but also be utilized for the
face composition. Recently, the research on the face which is composed
by using computer graphics and animation technologies has been carried
out in order to implement user-friendly man-machine interfaces. This
subject is called the face composition. The considerably true-to-life com-
position of virtual human has come to be able to be accomplished by the
development of various techniques in computer graphics and animation
field. However, the purpose of the face composition is the implementa-
tion of the interface to support the communication based on face between
human and computer or among humans. Therefore, the face composed
by computer must be able to give to the user the information which
human face can impart. The face composition which can give such in-
formation to the user can be fulfilled by the knowledge about the face
cognitive structure of human which is obtained by utilizing the face cog-
nitive model acquisition method. What is more, the system which can
perform the communication based on face between human and computer
can be carried out by introducing the face composition function into the
face recognition system. If such system can be realized, more effective
and interactive computer environment can be constructed. The appli-
cation fields in which the comprehensive face recognition system or the
face recognition system with face composition function can be utilized
are described below.

Recently, the research on the communication among humans utilizing
the computer network environment has been carried out. The compre-
hensive face recognition system or the face recognition system with face
composition function can be utilized for the communication through the
computer network. The computer supported cooperative work and the
virtual reality are taken up as the representative studies of the communi-

cation using the computer network. These studies are briefly introduced
below.

1. Computer Supported Cooperative Work (CSCW): With the
spread of computer network, the research on the system to support
the cooperative work in a group through the computer network en-
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vironment is carried out. This subject is called Groupware or Com-
puter Supported Cooperative Work (CSCW). In the CSCW, some
users perform the interaction with each other and cooperatively work
through the computer network environment. Each user has a com-
mon display to do work. The figure of each user is shown in this
display. The group accomplishes an arbitrary task through the dia-
logue concerning the task. The information such as facial expression,
line of sight and so on is very important element in the communica-
tion based on the CSCW. That is, in the communication based on
the CSCW, it is required to recognize other user’s facial expressions,
to assume the direction of the line of sight and to join line of sight

together. The face recognition system can be used to solve such
problems

2. Virtual Reality (VR): In the Virtual Reality (VR) environment,
the figure of user which is composed by computer graphics technique
is shown in the display. In the communication among the users on
the VR environment, the facial expressions are important element.
Moreover, it is required to identify the person who communicates
with oneself. Therefore, the face recognition system can be utilized
in order to satisfy these requirements.

It is clear that the face recognition system can not only assist the com-
munication among humans through the computer network but can also
support the communication between human and computer. The appli-
cation fields on the support of the communication between human and
computer are briefly introduced below.

1. Multi-modal Interface: Recently, various computers and electric
appliances have been developed. They have many buttons to oper-
ate them. The user has to read a thick manual in order to master
its operation. It is difficult to learn the operation of computers or
electric appliances, and it is burden for the user. From this back-
ground, the research on the user interface which can operate the
computers or electric appliances by using facial expression, speech,
gesture and line of sight and so on is carried out. This interface
is called multi-modal interface. In this multi-modal interface, the
functions to recognize the facial expression and to identify the user
are needed. Therefore, the face recognition system is also effective
for this multi-modal interface.
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2. Interface Agent: The paradigm called agent has been proposed
in terms of the development of more user-friendly and useful com-
puter environment. In this paradigm, the software is regarded as a
faithful and dependable servant, and the software performs the task
for the user instead of him/her. This software is called agent. It is
assumed that agent has various kinds of function. The agent having
the function for the intermediation between human and computer is
called interface agent. Recently, the development of the interface a-
gent with face called the humanized agent has been attempted. The
humanized agent has to obtain the information about the user from
face, e.g., facial expression, personal data and so on. Moreover, the
agent must give various kinds of information to the user by using
own face composed by computer graphics. Therefore, it is obvious
that the agent must have the face recognition function which can
flexibly recognize the user’s face and the face composition function
which can give the various kinds of the information to the user. The
face recognition system with face composition function is useful for
this agent paradigm.

As mentioned above, the comprehensive face recognition system is ef-
fective for the support of the communication among humans or between
human and computer. However, each technology in the face recognition
can be utilized in various fields. Therefore, it is very significant studies
in the engineering to develop the effective face recognition methods.




Chapter 7

Summary

In this doctoral dissertation, face recognition and recognition methods
were focused on for the implementation of flexible and adaptable human
interface. Human face plays very important roles in the face-to-face com-
munication among humans because humans can obtain various kinds of
the information such as intention, emotion, state and so on from face. It
is clear that the effective human interface can be implemented if com-
puter can recognize or understand the information which face represents.
Therefore, it is required to develop the effective recognition methods for
the information which face represents, i.e., face recognition methods. The
face recognition contains facial expression recognition, facial identifica-
tion, facial image retrieval, face cognitive model acquisition and so on.
In this dissertation, especially, the facial expression recognition, face i-
dentification and face cognitive model acquisition were taken up as the
typical problems in the face recognition, and the face recognition methods
for these problems were proposed. |

Chapter 1 was concerned with the face recognition and recognition
methods. The typical problems in the face recognition were introduced.
In particular, the facial expression recognition, face identification and
face cognitive model acquisition which were treated in this dissertation
were surveyed. Moreover, the MTS and IGA which were used for the face
recognition methods proposed in this dissertation were explained, and the
recent works and the related works in these methods were surveyed.

In chapter 2, a facial expression recognition based on the MTS was
proposed. In the facial expression recognition, it is important to find a
common facial expression pattern on each facial expression and then per-
form the recognition based on this pattern. The MTS is one of statistical
pattern recognition methods, which has been proposed by Taguchi. In
the pattern recognition based on the MTS, the correlations among the
attributes which are common in a set of multi-dimensional training data
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are automatically extracted and then the pattern recognition is performed
on the basis of these correlations. Therefore, the MTS can allow the im-
plementation of the facial expression recognition based on the common
facial expression pattern on each facial expression. The experiment with
some subjects was designed in order to confirm the effectiveness of the
proposed facial expression recognition. The experimental results revealed
that effective facial expression recognition could be implemented by using
the MTS.

In chapter 3, a robust face identification method against lighting and
face position fluctuations was proposed. The major problem in the face
identification is to implement the robustness against various fluctuation-
s. In this chapter, the lighting fluctuation and face position fluctuation
which inevitably occur in taking the facial image were taken up, and the
implementation of the robust face identification against these fluctuation-
s was tried. One of methods to implement the robustness against these
fluctuations is the identification based on many facial images taken in var-
ious situations in which these fluctuations occur. However, it burdens the
user to take many facial images in various situations. Therefore, in the
proposed method, one original facial image of the user was taken and the
artificial lighting and face position fluctuations were inserted into it. The
robust face identification against lighting and face position fluctuations
in the real environments can be implemented by performing the identifi-
cation based on the facial images involving the artificial fluctuations. The
experiment with some subjects was designed, and the effectiveness and
the robustness of the proposed face identification method were revealed
from the experimental results.

In chapter 4, a face identification method based on the division of re-
gion on facial image was proposed. The implementation of the robustness
against appearance fluctuations such as hairstyle or glasses are required
in order to develop practical face identification system. In the conven-
tional face identification, the attributes used for the identification are
extracted from a whole of facial image and then the pattern recognition
is performed by using them. The face identification 1s performed on the
basis of the one evaluation criterion for the similarity calculated by the
pattern recognition. However, it is difficult to implement the robustness
against the appearance fluctuations by using the conventional method
because the extracted attributes include the large amount of noise which
is caused by hairstyle or glasses. In the proposed method, the facial 1m-
age was divided into some simple regions. Therefore, the facial image
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is divided into the regions which include the large amount of the noise
and the regions which do not include so much noise. On each region, the
attributes were extracted and the pattern recognition was performed by
using them. The face identification was carried out by integrating the e-
valuation criteria for the similarity which were obtained on these regions.
The robust face identification against the appearance fluctuations can be
implemented by dividing the facial image into some regions and perform-
ing the identification based on the integration of some evaluation criteria
on these regions. Through the experiment with some subjects, the effec-
tiveness of the proposed method was confirmed. The experimental results
revealed that the proposed method could implement more robust face i-
dentification against the appearance fluctuations than the conventional
method.

In chapter 5, a face cognitive model acquisition method using the IGA
was proposed. The face cognitive model of human must be clarified in
order to develop the face recognition methods which have the consistency
with the face cognitive structure of human. Oda et al. has proposed a
facial image database retrieval task method to acquire the face cogni-
tive model of human. In my study, the acquisition of the accurate face
cognitive model was attempted by introducing the IGA in which human
cognitive characteristic is considered into the facial image database re-
trieval task method. The experiments with some subjects were designed
in order to confirm the effectiveness of the proposed face cognitive model
acquisition method. It was found from the experimental results that the
accurate face cognitive model of human could be acquired by using the
proposed method.

Chapter 6 was related to the prospect for the development of compre-
hensive face recognition system. In this dissertation, the face recognition
methods for the facial expression and the face identification were pro-
posed. Moreover, the face cognitive model acquisition method to imple-
ment the face recognition methods which have the consistency with the
face cognitive structure of human was proposed. The facial expression
recognition and face identification which have the consistency with the
face cognitive structure of human can be implemented by introducing to
these methods the knowledge about the face cognitive model which is ob-
tained by using the face cognitive model acquisition method. Moreover,
this face cognitive model can be utilized for the face composition. That is,
the face composition which can represent various kinds of the information
can be implemented on the basis of this face cognitive model. The system




which supports the nonverbal communication using face between human
and computer will be able to be constructed by combining the proposed
face recognition methods and the face composition. In this chapter, the
prospect for the development of the comprehensive face recognition sys-
tem and the application fields in which such face recognition system can
be utilized was discussed.
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