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Summary

The human face is a fascinating, but extremely complex object; the research project
described is concerned with the computer generation and animation of faces. However,
the age old captivation with the face transforms into a major obstacle when creating
synthetic faces. The face and head are the most visible attributes of a person. We master
the skills of recognising faces and interpreting facial movement at a very early age. As a
result, we are likely to notice the smallest deviation from our concept of how a face should

appear and behave.

Computer animation in general, is often perceived to be “wooden” and very “rigid”;
the aim is therefore to provide facilities for the generation of believable faces and convinc-
ing facial movement. The major issues addressed within the project concern the modelling
of a large variety of faces and their animation. Computer modelling of arbitrary faces is
an area that has received relatively little attention in comparison with the animation of
faces. Another problem that has been considered is that of providing the user with ad-
equate and effective control over the modelling and animation of the face. The Facial
Animation, Construction and Editing System or FACES was conceived as a system for

investigating these issues.

A promising approach is to look a little deeper than the surface of the skin. A three-
layer anatomical model of the head, which incorporates bone, muscle, skin and surface
features has been developed. As well as serving as a foundation which integrates all the
facilities available within FACES, the advantage of the model is that it allows differing

strategies to be used for modelling and animation.

FACES is an interactive system, which helps with both the generation and animation
of faces, while hiding the structural complexities of the face from the user. The software
consists of four sub-systems; CONSTRUCT and MODIFY cater for modelling functionality,
while ANIMATE allows animation sequences to be generated and RENDER provides for

shading and motion evaluation.
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Preface

The following description is an organisational map to guide the reader through the struc-

ture of the thesis. Four major sections constitute the overall form of the thesis.

In chapter 1, contemporary problems in the area of computer generated facial anima-
tion are identified and the major goals of the research project established. This chapter
also forms a discussion of the general area of face processing and ascertains the nature of
typical applications that may benefit from a computer based approach to the generation
and animation of faces. It provides a context within which the research undertaken may
be considered. In addition, a brief overview of the Facial Animation, Construction and

Editing System or FACES is provided.

Chapters 2, 3 and 4 cover the groundwork on which FACES has been developed. This
groundwork forms the foundation upon which facilities for the user are provided. The
anatomy of the head and face are examined in chapter 2 to demonstrate the importance
of bone, muscle and skin to the objectives of the system. Development of a three-layer
anatomical representation for the head is described in chapter 3, while simulation of facial

motion is discussed in chapter 4.

Chapters 5, 6 and 7 describe the rationale behind the facilities provided in FACES. At
this stage, emphasis is placed on the user’s perspective of the system. Chapter 5 is con-
cerned with the modelling of faces and the functionality available in the CONSTRUCT and
MobDIFY sub-systems. Facial animation, motion specification and control are the themes
of chapter 6, in which the ANIMATE sub-system is studied. Chapter 7 addresses render-
ing in terms of generating visually realistic images, control over colour and evaluation of

motion.

In chapter 8 we investigate issues relevant to the usability of the system and the user
interface. Some thoughts are aired with regard to further development of the system in
chapter 9, while chapter 10 concludes by drawing together the major achievements of the

project.



Contents

1 Synthetic Faces 1
11 Imtroduction. . ... ... ... it it it e 2
1.2 Objectives of the Research Project . . . ... ................ 2

121 Modelling . . . . ... 00 i it e e e e 3
122 Animation. ... ... ... i i e e 3
123 UserControl ... ... .. ... it 3
13 ResearchContext . . . . ... ... ... ... 4
1.3.1 Identification and Communication . ... .............. 4
132 RangeofFace Types . . ... ... ... ... 4
1.3.3 Realityasa Philosophy .. ............. .. ... . ... 5
14 FACES .. . . i e i i i e e e e s e e 5
1.5 Applications . . . . . . . i v it i i i e e e e e e e e e 6
1.5.1 Advertising . . . . . .. . e e e e e 6
1.5.2 Entertainment .. ........ ... ..t 6
153 Medicine . ... ... ... e e 7
1.5.4 Speech Synthesis . ............ ... .. ... . 7
155 Criminology . . . . . . . . . i i e e e 8
1.5.6 Computer Generated Characters . .. ... ... .. ... .... 9
1.6 Research Management . ... ..............0.00i0v... 10
1.6.1 Multi-Disciplinary Approach . . ... ... ... .......... 10
162 Interviews . . . . . . . . . i it i e e e e e 10

UNIVERSITY OF BATH i MANJULA PATEL



Making FACES

CONTENTS

1.6.3 Hardware and Software . .. .............c0c0ov... 10

1.7 Summary and Conclusions . . . . . . . .. v v vt vttt 11
2 Anatomy of the Human Head 12
21 Introduction. .. ... .. ... ittt e 12
22 Skin . ... e e e e e e e e 13
221 Structure .. .. .. .0 e e e e 13
222 Movement . ... .. ..ottt ittt e e e 13

23 Muscles . . v . i i e e e e e e e e e e 14
23.1 Structure . . .. . .. .. e e e 14
232 Contraction . . . ... ... .. .. e i e 14
233 Movement . . .. .. .. . it e e e 15

24 Bome . . .. .. ... e e e e e e 17
24.1 Race,Genderand Age . . ........ .o 17
242 Arrangement . .. . .. .. ... i e e e e 18
243 Movement . . .. . ... . i e e e e 19

AR T L e 19
25.1 Structure . ... ... . .. e e 19
252 Movement . ... . ... ..ttt 20

2.6 Summary and Conclusions . . . . . . . .. . i v it ittt 20
3 Representation of the Head 22
31 Imntroduction. . .. .. ... .. ... e e e 22
32 Facial Modelling . ........... ... .. 23
321 Morphology . .. ... ... .. i e e 23
322 Movement . ... .. ... ...t e e e 24

3.3 Representationof Skin . . . ... ... ... .. ... . . 0 e, 24
3.3.1 Techniques for Extraction of Polygonal Data . ........... 26
3.3.2 Definition of Facial Topology .. ................... 26

UNIVERSITY OF BATH

ii

MANJULA PATEL



MAKING FACES

CONTENTS

3.3.3 Acquisition of Topological Data
3.4 Representation of Muscle
3.5 Representation of Bone

3.6 Extensions to the Mesh Model

3.6.1

3.6.2

3.6.3

3.6.4

3.7 Eye Focusing and Tracking

3.8 Summary and Conclusions

4.1 Introduction
4.2 Facial Movement in FACES

4.3 Kinematic Models

43.1

4.3.2

4.3.3

4.3.4

4.4 Dynamic Models
4.4.1 Tension Nets
4.4.2 Simulation of Muscles
4.4.3 Abstract Muscle Actions

4.5 Modelling Facial Dynamics

4.5.1

4.5.2 Mauscle Contraction
4.5.3 Muscle Interaction

4.5.4 Parameters of Muscle Models

Dynamics of the Head

Shape Interpolation
Parameter Interpolation
Rotoscopy

Performance Driven Animation

Elasticity of Skin

UNIVERSITY OF BATH

MAaNJuLA PATEL



MAKING FACES

CONTENTS

4.6 Facial Action Coding System

4.6.1

4.6.2

4.7 Time-Variance of Facial Movement

4.7.1

4.7.2

4.7.3

4.8 Summary and Conclusions

Suitability . . . .. ..... ... ...

Limitations . . . . . . ¢ . v v v v v v v v v v

Pathof Motion . . .. ... ...........

Durationof Motion. . . .. ... ........

Amount of Movement

5 Creating Faces

5.1 Introduction

5.2 Determinants of Facial Form and Appearance

5.2.1

5.2.2

5.2.3

5.2.4

5.2.5

5.3 Computer Representation of the Face

5.3.1

5.3.2

5.3.3

5.3.4 Kit of Parts
5.4 Conformation Modelling in FACES
5.5 The CONSTRUCT Sub-System
5.5.1 Global Control
5.5.2 Regional Control
5.5.3 Local Control

5.6 The MoDIFY Sub-System

Psychology of Recognition . . . . . ... ... ..

Criminology and Identification . ... ... ..

Facial Reconstruction and Anthropology

Medicine and Anatomy .............

Portraiture, Sculpture and Proportion . . . ..

Digitisation

Shape Interpolation ................

Local Deformation

..............

ooooooooooooooooo

------------------------

--------------------

ooooooooooooooooooo

------------------

UNIVERSITY OF BATH iv

MANJULA PATEL



MAkKING FACES

CONTENTS

5.6.1

5.6.2 Regional Control
5.6.3 Local Control

5.7 Summary and Conclusions

6 Animating Faces
6.1 Introduction
6.2 Animation in FACES
6.3 The ANIMATE Sub-System
6.4 Creation of Animation Sequences
6.5 Conformation Animation

6.6 Facial Animation

6.6.1

6.6.2

6.6.3 Expression Animation

6.6.4 Auxiliary Movement

6.6.5

6.6.6

6.6.7

6.7 Storage and Retrieval of Sequences

6.8 Generation of Frames

7 Rendering Faces
7.1 Introduction
7.2 Rendering in FACES
7.3 The Rendering Pipeline

7.3.1 Viewing

7.3.2 Visible Surface Determination

Global Control

Expression and Gesture in Emotion

Components of Facial Movement

Generic Expressions
New Expressions

Bodily Requirements

UNIVERSITY OF BATH

MANJULA PATEL



MakInGg FACES

CONTENTS

73.3 ScanConversion ..............
7.3.4 TIllumination Model . . . .. ... .. ...
7.3.5 Shading Polygonal Meshes . . . ... ...
74 The RENDER Sub-System . ............
7.5 Colouration of Features ... ...........
75.1 Appearance . . . . ... ..o oo o=
752 Emotion...................
7.6 Examinationof Frames . .............
7.7 Evaluationof Motion . . ..............
7.8 Summary and Conclusions . . . . .........

8 FACES for the User

81 Imntroduction. ....................
8.2 The User’s Conceptual Model . . . ... ... ..
8.2.1 Control for Modelling . ..........
8.2.2 Control for Animation . . .........
8.2.3 Control for Rendering . . .........
8.3 Design of the User Interface . . . . ... ... ..
83.1 Imteraction .................
832 Feedback ..................
8.3.3 Experimentation . .............
834 Practicality . ................
84 Summary and Conclusions . . . . .........

9 Further Development

9.1 Imtroduction. .. ..................
92 HeadModel . . . .. ... .. ... ...
9.2.1 SurfacePatches. .. ............

9.2.2 Additional Features ... .........

UNIVERSITY OF BATH vi

MANJULA PATEL



MaxiNg FACES CONTENTS
9.2.3 Modelling Deformation ................0 0. 150

93 Muscle Dynamics . . . . v . v v v v v ittt e e e e e e e 150
94 Modelling Faces. . ... ... [P 151
94.1 Skull Prototypes . . . ... . it i it ottt nnnenn 151

942 Growthand Ageing . ............. ..., 151

94.3 FaceComposition . . ... .. .. v ettt eenenenens 152

944 3DSculpting .. ... ... .. i e e 153

9.5 Animating Faces .......... e e et e e e e e 154
95.1 SkinWrinkles . . . .. ... ... . i e 154

9.5.2 SmootherMotion . . . ............ ... . . .. 154

9.5.3 Timing for Facial Movement . .. ... ... ............ 155

954 A Parserfor Action Units . . ... .................. 155

96 Rendering Faces .. .........uuumuneennennnnennnns. 155
9.6.1 Illumination and Shading . ...................... 155

9.6.2 Skin Toneand Texture. . ... ... .o v, 156

96.3 ColourforEmotion. .. ........................ 156

96.4 Hair . . ... .. i i it it i e e e 157

9.7 SpeechSynthesis . . ... .. ... .00ttt 157
98 UserInterface . . . . . .. .. . .. i i i i e e e 158
9.9 Summary and Conclusions . . . . ... ... ...t it 158
10 Concluding Remarks 160
10.1 Introduction . . . . . . . . . ... e e e 160
10.2 Synthetic Faces . . . . . . . . .. .0 i i i i e e e 161
10.3 Anatomy of the Headand Face . . .. ... .... ... ... ... ..... 161
10.4 Representationofthe Head ... ... .................... 162
10.5 Dynamicsofthe Head . . . ... ... ... ... ... ... ....... 162
106 Creating Faces . . . . . . . .. . .. o i i i ittt et 163
UNIVERSITY OF BATH vii MANJULA PATEL



MakING FACES CONTENTS
10.7 Animating Faces . . . . . .. .o i i i i i e e 164
10.8 Rendering Faces . . . . . o v v v i it it i it it i i 166
109 UserInterface . . . . . . . . . v it it i it e e e e 167
10.10 Further Development . . . . . . .. . . ¢ it it v vttt v e 168
10.11 Summary and Conclusions . . . . . . . o v v vt vt it v v e e 169
Appendices

Origins and Insertions of Facial Muscles . . ................. A
Facial Action Coding System ........ e e e e e e B
Data-Filesfor FACES . .. ... ... ... ... C
Video Sequences . . . . . v v v it it e e e e e e e e e e e e D
Structureof FACES . . . ... . ... . . ittt E
Refereed Paper . . . . .. . .. .. .. i i ittt e F

UNIVERSITY OF BATH

viii MAaNJULA PATEL



Figures

3.1

3.2

3.3

4.1

4.2

4.3

44

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

6.1

6.2

6.3

6.4

MeshModel . . . ... 0 i i it i ettt it i e e 29
Constructionof Eyeball . .. ... ... ...... ... ... ... 31
Eye Focusing and Tracking Mechanism . . . . ... ............. 32
Geometry of Linear Muscle Model . .. ...... .. ... ........ 46
Geometry of Sphincter Muscle Model . . . .. ... .. ... ........ 47
Geometry of Sheet Muscle Model . . . . ... ... ... .......... 48
The Four Lawsof Motion . .. .. ... ... ... ... ... 55
The CONSTRUCT Sub-System . . . ... ... ... 73
Generationof New Heads . .. ... ... ... ... ... 76
Global Scalingof Skull . . . . .. ... ... ... ... 7
Changes to Relative Proportions of the Head . . ... .. ... ...... 79
ModificationstoBone . . ... ... ... ... . i 80
The MODIFY Sub-System . ... ........... 0., 82
Changes to Overall Proportions of the Face . .. ... ........... 83
Changes to Relative Proportions of the Face . . . . . ... ... .. .. .. 85
Modifications to Features . . ... ... .. ... ... .. .. ... 86
Animationin FACES . . . . . ... .. ... . o o oL, 92
Interpolation between two well-known Faces . . . ... ... ........ 93
The ANIMATE Sub-System . . . ... ............ .. ..., 95
Specification of a Conformation Animation Sequence . .. ... ... ... 96

UNIVERSITY OF BATH i MANJULA PATEL



MakING FACES FIGURES

6.5 Specification of a Facial Animation Sequence . ............... 102
6.6 Wireframe Representation of Generic Expressions . . . . . . ... ..... 108
6.7 Creation of New Expressions . . . ... ... .. ... 112
7.1 The RENDER Sub-System . .. ... ... ..o 127
72 ThepravyBack Facility ... ... .. ... .. ... . ... 135
81 Top-level Menus . . . .. . .. . it iiitenenoeenenos 144

UNIVERSITY OF BATH ii MANJULA PATEL



Colour Plates

3.1 PlasticMask . .. ... ... ittt i it e oo eeaneeans 25
4.1 Linear, Sphincter and Sheet Muscles . . . .. ... .. ... ........ 51
5.1 Modelling a Varietyof Faces. . . . .. ... ... .. ... ... 88
6.1 EyeballRolling . ... ...... ..t inienne.n 104
6.2 Fish-Eyes . . . . . . . 0 i i i i it i i e it i et e e e 105
6.3 Winking . . . . . . oo e e e e e 105
64 Head Movement . .. .. . .. . .. ¢t it i ienunnnnnneenns 106
6.5 Generic Expressionsof Emotion . . . . . ... ... ... ... . 0 .. 109
6.6 Facial Animation .. .. ... .. i e e e e e 115
6.7 Conformation Animation without Facial Movement . . . . ... ... ... 116
6.8 Metamorphosis with Facial Animation . ... ................ 117
7.1 Constant Shaded Face . .. ... ... ... ... ... ... 126
7.2 Examplesof Skin Tones . . .. .. ... . ... it 130
7.3 Colourationof Features . .. ... ... .. ... .00, 132
74 Blushing . . . . . . . . o i i e e e e e e e 133
75 Paleness . . . . . . L. e e e e e e e e e e e e e e e e e 133
7.6 The STORYBOARD Facility . ............. ... ..., 134

UNIVERSITY OF BATH i MANJULA PATEL



Tables

4.1 Parameters of the three Musclemodels . . . . ... .. ... ..c...... 50
5.1 Characteristics of Facial Features . . . . . . ... ... 0. 63
6.1 Facial Actions availablein FACES . .. ... ... ... .. 99

UNIVERSITY OF BATH i ManNJuLAa PATEL



Chapter 1

Synthetic Faces

1.1 Imtroduction. . ... ... ...ttt it ittt 2
1.2 Objectives of the Research Project . . .. .. ... ............ 2
121 Modelling . ... ... ... i e e 3
122 Anmimation. . .. .. .. .. it e e e 3
123 UserConmtrol ... ..... ... ... 3
13 ResearchComtext . .. . ... .. .. i ittt 4
1.3.1 Identification and Communication ... .............. 4
13.2 RangeofFaceTypes . . ... ... ..., 4
1.3.3 Realityasa Philosophy .. .................. ... 5
14 FACES ... . . . i i et e e 5
1.5 Applications. . . . . . o v v it i i i it e e e e e e 6
1.5.1 Advertising . . . . . .. .. i e e e e 6
1.5.2 Entertainment ............ ... 00000 oo, 6
153 Medicine . ....... ... e e 7
1.54 SpeechSynthesis . ... .......... ... ... 7
1.5.5 Criminology . « . ¢ v v v v v i e e e e e e e e e e e e e 8
1.5.6 Computer Generated Characters ... ............... 9
1.6 Research Management . .................c.0vvu.... 10
1.6.1 Multi-Disciplinary Approach . .. ................. 10
16.2 Interviews . . . . . o o v i v it it e e e e e 10
1.6.3 Hardware and Software . ... ................... 10
1.7 Summary and Conclusions . . . . . . . . . v i it v it e e 11

UNIVERSITY OF BATH 1 MANJULA PATEL



MAKING FACES SYNTHETIC FACES

1.1 Introduction

For millenia mankind has been intrigued with the human face. As a result of this fasci-
nation, an intense desire has developed to reproduce the facial form in a variety of media
including painting, sculpture and photography. In recent decades, this objective has been
pursued through the use of computer technology, in particular since Frederike Parke’s pi-
oneering work in the early 1970s [115]. Today, the same interest is the motivation behind
the research project described in this thesis. More specifically, the project is concerned

with the computer generation and animation of faces.

Within the field of computer generated facial animation, there are several important
issues which need to be addressed. In section 1.2 we shall examine these outstanding
problem areas to establish the overall objectives of the project. Research was undertaken
against a backdrop of aspects concerning the face; these are described in section 1.3. An

overview of the software system resulting from the project is presented in section 1.4.

The face is used in many applications for as many different reasons, a few selected
applications are described in section 1.5. A major advantage of a computer based approach
is that it provides the potential for adaptation to different applications for a large variety

of uses. Management of the research project is considered in section 1.6.

1.2 Objectives of the Research Project

In a similar manner to other areas of computer animation, facial animation falls into the
two major categories of modelling and animation. The reason why representation and
animation of synthetic faces is considered to be special and a major challenge is that our

criterion for judging success is extremely stringent.

We are very familiar with faces and facial movement, mastering the skills to interpret
faces at a very early age. We therefore have a well developed sense for distinguishing
which expressions are natural for a face. The result is that we are likely to notice the
smallest deviation from our concept of how a face should appear and behave. In fact,
researchers have found that viewers are unsympathetic to flaws, no matter how minor, in
a model that claims to be realistic, while readily accepting the inadequacies of a model

that is obviously a caricature [118, 176].

Synthesis of the face requires an interactive ability to create face models and to

generate and control simulated expressions on such models. At present three major areas

UNIVERSITY OF BATH 2 MANJULA PATEL



MAKING FACES SYNTHETIC FACES

of research, each with its own specific problems, can be identified. These areas concern
modelling, animation and user control, which form the major objectives of the research

project in terms of:

o Investigation of methods for composing and creating synthetic faces.

e Animation of any face constructed within the system in terms of facial

movement and non-verbal communication.

e Examination of the most appropriate techniques for giving the user control

over both modelling and animation facilities.

1.2.1 Modelling

There is a requirement to be able to produce a wide range of faces. This issue is part of
a more general problem; that of modelling and modifying irregular 3D structures. With
regard to the face there are two sub-aspects which need to be dealt with. First of all, faces
are irregular structures which cannot be as easily represented as regular geometric shapes.
Secondly, faces vary from person to person. This latter aspect involves the investigation

of conformation [118], which is concerned with modelling the form of different faces.

1.2.2 Animation

Generation of natural facial movement is an issue which is particularly important for
communication. It is necessary to make face models and their movement more naturalistic
and realistic, in the sense of improving accuracy in order to enhance comprehension. This
involves investigation of the motion and behaviour of faces and comprises three further
issues involving the generation of: facial expressions which are readily comprehensible;

believable head movements and gestures; and speech-synchronised sequences.

Speech synthesis has been excluded as an initial goal since it is a major area of research
in its own right [15, 17, 53, 68, 123, 156]. However, note that facial animation does include

some lip movement.

1.2.3 User Control

It is necessary to provide the user with a flexible, efficient and intuitive manner in which to

create faces and to control the subtle movements that make up both facial expressions and

UNIVERSITY OF BATH 3 MANJuLA PATEL



MAKING FACES SYNTHETIC FACEs

lip movement for speech. This last area, regarding the provision of adequate control and
support for users is becoming increasingly important. Users nowadays expect high-level
systems such that they can specify which actions they would like to take place without

being concerned about the esoteric details of how those actions actually occur.

1.3 Research Context

Several aspects with regard to the face were borne in mind during the development of
the research project. These aspects concern: the functions of the face; the range of facial

types; and the use of reality as a frame of reference.

1.3.1 Identification and Communication

The face serves two primary functions, those of identification and communication. Infinite
variability of structure enables the face to be a unique form for each and every person.
Such individuality provides the only attribute that guarantees visual identification. Other
characteristics such as gait, voice and mannerisms are sometimes used; however, it is not

until we see the face that we are certain of really knowing who a person is.

The face is also of great importance for communication in terms of both speech and
facial expression. The significance of these modes of verbal and non-verbal communica-
tion as individual factors should not be underestimated. When combined however, they

become an even more powerful and versatile means of conveying information.

1.3.2 Range of Face Types

The appearance of the face can range from stylistic to realistic through to specific, ac-
cording to the fidelity that an application requires in representing both the structure
and movement of the face. These three types of facial structure should not be viewed
as discrete classes, but rather as particular forms in a continuous range from which the

preciseness of a model can be selected.

An example of the stylistic approach is caricature animation such as that used in Fluck
and Law’s highly popular television series called ‘Spitting Images’. Here exaggeration is
used as a medium for communicating ideas and messages in order to entertain. The
realistic category is distinguished by its requirements for an accurate portrayal of the

human face and the plausibility of the motion. Such faces may be very useful for studies
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undertaken by psychologists for example. Models of specific faces are largely used in the
field of medicine which requires a precise representation of particular faces in order to

undertake pre-operative investigations.

1.3.3 Reality as a Philosophy

The applications mentioned later in section 1.5 provide an indication of the most appro-
priate method of meeting the goals of the project; each uses reality as a basis or frame
of reference. Since the requirements of applications differ, it is necessary to make the
system as flexible as possible while its potential is under investigation. Although there is
a need to simulate components of the face, the complexity of the model will depend on

the particular application.

Another reason for using reality as a basis is that one of the commonest criticisms of
computer generated animation is that it lacks subtlety of movement. Computer animated
characters tend not to be as ‘alive’ as those drawn by hand; they are generally perceived
as being ‘wooden’ and very ‘rigid’. The closer a model corresponds to the ‘real thing’ the
greater the opportunity for creating naturalistic, realistic and accurate facial expressions
which are believable. Further, by basing a face model on the constraints of real faces,

much of the structural complexity can be hidden within the model.

The aim however, is not to allow reality to constrain the functionality in the system.
Wherever appropriate, the goal is to provide the user with facilities to take reality further
and caricature it rather than merely to imitate it. Herein we encounter the familiar conflict
between simulation and animation. Simulation involves exact modelling, with all the
constraints that it entails, while animation is the use of a medium for communicating ideas,
which often requires artistic license to improve comprehension by focusing on relevant
information only. The view that underlies the research project is that not only do both
simulation and animation have their place in facial animation, but that the facilities
provided for the user can be enhanced by using reality as a frame of reference, while at

the same time allowing the user flexibility to override constraints when necessary.

1.4 FACES

FACES is an acronym for the Facial Animation, Construction and Editing System. The
project aims to provide a software emulation of the human face in 3D. This involves the

interactive construction and modification of a head model and its subsequent animation.
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The hierarchical nature of FACES is illustrated in Appendix E; it consists of four
sub-systems, named: CONSTRUCT, MODIFY, ANIMATE and RENDER. The CONSTRUCT
and MODIFY sub-systems enable changes to be made to the structure of the head, at
both global and local levels, enabling distinct faces to be created. The ANIMATE sub-
system caters for motion specification and control, permiting faces to be animated. The
remaining part of the system, RENDER, facilitates the generation of shaded images. This
includes control over colour which is important in determining the appearance of the face.
Facilities for examining frames and for near real time playback of sequences also exist in

the RENDER sub-system.

1.5 Applications

Below are identified several applications which could benefit from a computer based system
for modelling and animating the face. Note that the applications cover a large range of

disciplines demonstrating the versatility and ubiquitous nature of the face.

1.5.1 Advertising

Frequent use is made of characters and in particular facial animation in advertising to
enable unambiguous messages to be broadcast. Expressions and gestures are both used
to bring abstract and often inanimate forms to life. Examples include: models of animals
such as tortoises, penguins and bears to advertise electricity, based on the original short
animated film ‘Creature Comforts’ produced by Nick Park of Aardman Animations; the
Big Dom advert for detergent, in which a bottle of detergent is portrayed as a man; and
the credit card promoting itself as a ‘flexible’ friend through the use of facial expressions

and body gestures.

The manual method of generating such sequences is to create physical models and
then to painstakingly record their movement using stop-frame techniques. The time,
expense and effort expended is therefore enormous. A computer based approach would

not only provide speed, but also flexibility and cater for experimentation.

1.5.2 Entertainment

Entertainment, like advertising, also relies heavily on effective character and facial ani-

mation. Both stylistic and the more realistic characters are in common use.
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Cartoon features from Walt Disney, Warner Brothers and others have put smiles on
our faces for many years. Such animators are very skilled in the art of telling stories which
are funny and endearing. They have mastered the art of creating empathy and human
emotion towards what are intrinsically mere drawings. We find cartoons entertaining
because the characters are in fact caricatures of human emotions and personalities. These

aspects are communicated through both facial expression and bodily gestures.

An ex-Disney animator, Lasseter, has demonstrated the potential of 3D computer
graphics for character animation. This has been exemplified by a number of short films,
namely: ‘Luxo-Junior’, ‘Red’s Dream’, ‘Tin-Toy’ and ‘Knick-Knack’. These productions
have shown that many of the techniques and principles used in conventional 2D charac-
ter animation are equally applicable in 3D computer animation [87]. In terms of facial

animation the most important of the principles are squash, stretch and eraggeration.

1.5.3 Medicine

Previews of corrective plastic surgery and dental treatment on specific faces are of great
interest to both practitioners and patients alike [34, 192]. Such applications demand
precise models of particular individuals based on the bone and soft tissue of the head.
These techniques further require a means of interacting with the model and quantification

of any changes that are made.

A computerised system, which incorporates an anatomically complete model of the
head and face, would provide surgeons with the capability to plan, and even rehearse,
complex operations without the need to undertake costly and potentially dangerous ex-

ploratory surgery.

1.5.4 Speech Synthesis

In every-day life speech is probably the most important form of communication in com-
mon use. However, facial expressions have an important complementary réle to play in

emphasising the tone of the audible signal in order to provide a clearer message [16].

There is a distinction to be made between producing synthetic sound and that of
creating images of lip movements synchronised to a prerecorded sound track. Both of
these processes require investigation and analysis of visible and acoustical speech sig-
nals [15]. With regard to facial animation the focus has so far been on producing speech-

synchronised animated sequences.
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A face model incorporating accurate speech synthesis could prove to be useful for the
deaf and hard-of-hearing. Pearson describes methods of extracting features from images
of the face and hands to enable deaf people to converse with one another over a telephone

network using sign language [124).

Accurate speech synthesis is however, proving to be extremely difficult [15, 17, 53, 68,
123, 156). Most realistic talking sequences are still produced by tracing individual frames
from live-action footage [115, 131, 175]. This is an extremely tedious, expensive and time-
consuming process. A promising approach is to simulate the physical characteristics of

the voice-producing parts of the head [90].

1.5.5 Criminology

Recognition and identification of faces is an important aspect of human psychology, partic-
ularly in the field of criminology. A considerable amount of research has been undertaken
by psychologists with respect to the face. Particular issues addressed include how faces
are represented in memory and which facial features are used most often in the identifica-
tion process. On the one hand answers to such queries can provide important guidelines
for the construction of 3D computer models of realistic heads and faces. Conversely, a
system for modelling faces and their motion could prove to be of great use in studying

the recognition process itself [18].

Reconstruction of realistic faces from skeletal remains is of immense interest in forensic
medicine as well as in archeology. Victims are sometimes found with no clue to their
personal identification [141]. When other procedures such as dental checks cannot be
used, facial reconstruction can be employed to assist in the identification of the victim.
The process is a difficult one and consequently, there is only one person in the United
Kingdom and very few in the world who have the required expertise [54, 141]. Facial
reconstruction was first used by His in the 17th Century [85] to reconstruct the face of
Bach, and more recently by a French anthropologist to create Mozart’s face from his

skull [8, 65].

Neave, who is the leading proponent of the technique in this country, has employed
facial reconstruction in both archeology and to aid in the identification of unknown per-
sons. With considerable success, he has reconstructed the faces of: Philip II of Mace-
don, King Midas, three Egyptian mummies and Lindow Man [106, 109, 141] as well as

those of a Finnish nurse, Sabbir Kussam Kilu and Karen Price [107, 141]. However,
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reconstruction artists such as Neave, have always maintained that the method is not
100 per cent accurate; the technique provides a likeness of the original person, but not a
portrait [54, 107, 141]. In fact there has been considerable concern about the accuracy
and reproducibility of results by different people and the amount of subjectivity on the
part of the artist that can creep into the model [108, 170].

A computer based approach to the process of facial reconstruction would provide two
advantages over a physical model. Firstly, it would reduce the amount of subjectivity
that would otherwise be involved in the manual procedure. Secondly, there would be

opportunity to make the model move, change expression and even appear to talk.

1.5.6 Computer Generated Characters

Over the pasf decade there has been unparalleled growth in the computer modelling and
animation of human figures. They have become a standard feature of advanced research
into animation techniques [3, 4, 5, 6, 7, 51, 82, 95, 97, 181, 184, 187]. Certain aspects
of human communication are especially important as models on which to base synthetic
actors in computer generated films [100, 132]. The stories depicted by such films require
actors with human-like characters and personalities. People tend to want to see human
characters in action since the overuse of special effects can quickly become tiresome.
Research into human figure animation has been concentrated in the three major areas of
face, hand and body animation. Face and hand modelling need special attention because

they entail specific problems.

The modelling of human characters breaks down into two fields; in one characters are
created anew, for example Nester Sextone and Dozo [93], while in the other characters
are resurrected from the dead, for example Marilyn Monroe and Humphrey Bogart [100]
and more recently Elvis [114]. There are moral, ethical and copyright issues associated
with the second [148], while both share in the quest to model accurately the physical and

behavioural characteristics of humans.

The ultimate goal is an integrated system for the creation and animation of synthetic
actors. According to Magnenat-Thalmann and Thalmann [99, 161] synthetic actors should
ideally: appear and behave like real people; have their own personality; be conscious of
their environments; be capable of obeying task-level commands; and have faces and bodies

that deform naturally.

These ambitious goals are likely to be undermined without successful modelling of

UNIVERSITY OF BATH 9 MANJULA PATEL



MakING FACES SYNTHETIC FACES

the expressiveness of the face. It is only necessary to consider the number of close-ups
of a character’s face that are currently used in films to convey to the viewer some deep

emotion that the character is feeling.

1.6 Research Management

A variety of techniques were used throughout the duration of the research project. These
ranged from information gathering activities to writing computer software for testing and

evaluating particular ideas.

1.6.1 Multi-Disciplinary Approach

It was clear from the outset that the nature of the face would demand a multi-disciplinary
approach to the conduct of the research. The areas covered include biology, anatomy,
forensic science, criminology, anthropology, psychology and art, as well as computer graph-
ics and computer animation. Literature searches were undertaken in pertinent areas of
each of these fields in order to grasp fundamental results, limitations and problems that

still remained.

1.6.2 Interviews

Several personal interviews were conducted with the following people: Tony Kitson of
the Scientific Research and Development Centre of the Home Office, with regard to the
Photofit and Electronic-fit systems; Richard Neave, Director of Medical Illustration at the
University of Manchester Medical School, in connection with facial reconstruction; and
Johnathan Musgrave of the University of Bristol, in his capacity as lecturer in anatomy
and anthropology. Each of these gentlemen imparted valuable information which influ-

enced the development of FACES.

1.6.3 Hardware and Software
FACES is implemented in ANSI C for portability. Underlying the software for the system
is a graphics library, called Gigalib [189], which was developed at the University of Bath.

The hardware configuration that was available during the development of the sys-

tem comprised: two HLH Orion Super-Minicomputers (running Berkeley UNIX 4.2); two
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Mitsubishi C9918NE 8-bit colour displays (1280 X 1024 resolution); two Summagraph-
ics MM1102 digitising tablets with puck; a Howtek Scanmaster; a Matrix Camera and

Cine Recorder; and an Apple II laser printer.

1.7 Summary and Conclusions

The face fulfills two major purposes; these concern identification and communication. In

addition, the appearance of the face may range from stylistic to realistic to specific.

There is no doubt that the face is a diverse and fascinating structure which is used
in numerous and varied applications. All of these applications, which cover a broad
spectrum, from advertising to criminology, could benefit from a computer based system
such as FACES.

The applications considered suggest that an approach based on reality may hold
promise in achieving the objectives of the FACES project. The first goal concerns the
modelling of a variety of faces, an area which has to date received relatively little attention
in comparison with the animation of faces. The second objective requires realistic anima-
tion of any face modelled, while the third goal is to develop appropriate control facilities
for the user. An additional requirement is the integration of all the objectives mentioned
into one system. In order to develop an approach that uses reality as a frame of reference,
it was necessary to undertake a research strategy based on the multi-disciplinary nature

of the face.

Although caricatures are suitable for some applications, there is a major requirement
for more realistic and expressive faces which are plausible. We shall therefore take the
view that an animation system should provide flexible tools and leave the development
of a character’s personality to skilled animators. As Thomas and Johnston explain [162],
to produce good quality animation, whether by traditional methods or with a computer,
necessitates familiarity and understanding of the principles of animation [87]). Such an
understanding can come only from a thorough knowledge of what actually happens in
reality; in other words it is necessary to have a benchmark from which abstractions can
be made. It is only then that the user can develop a character by selectively exaggerating

or de-emphasising particular attributes.
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2.1 Introduction

In this chapter we are concerned with the anatomy and physiology of the head and face.
Bone, muscle, skin tissue and surface features, such as the eyes, form the major compo-
nents of the head. In addition, the structure and motion of each of these fundamental
elements have great influence over both the appearance and movement of the face. Conse-

quently, the histology, myology and osteology which correspond to skin, muscle and bone
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respectively were studied, together with the eyes [62, 147], as an essential precursor to

the development of FACES.

The structure and movement of skin is discussed is section 2.2. Major muscles of the
face and their characteristics of movement are described in section 2.3. The skull, which
forms the armature for the head and face, is presented in section 2.4. Eyes, which are

important for both appearance and facial expression, are considered in section 2.5.

2.2 Skin

Facial skin is important because it covers a large part of the face. This makes skin a
particularly memorable attribute of the face. Skin is significant in determining both the

appearance and the movement of the face.

2.2.1 Structure

Human skin comprises several layers; it consists of the dermis and the epidermis which
covers it. Beneath the dermis lies a layer of loose irregular connective tissue which forms
the superficial fascia also known as the hypodermis or subcutaneous surface. This ar-
rangement allows the skin considerable freedom of movement over the muscles and bones

that lie underneath.

The visual appearance of facial skin is dependent on several factors including texture,
depth and colouration. Texture depends mainly on the glands contained within the skin.
Depth of the dermis varies over different areas of the face, for example the lips are very
thick while the eyelids are thin and delicate. Colour is determined by blood circulation, the
presence of pigments and health. Skin-tone also varies greatly from infancy to adulthood,

as well as between males and females, and between different races.

2.2.2 Movement

As well as being tough, flexible and highly elastic, the varying thickness of the dermis
also affects the motion characteristics of the skin. Tension in the skin can be caused by
the action of muscles, which is also likely to affect colouration. For example, states of fear

and embarressment can cause paleness or blushing respectively.

The outer surface of the skin, the epidermis, is marked by three main types of mark-

ings known as tension and flexure lines, and papillary ridges. Tension lines form a network
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of linear furrows of variable size. Flexure lines or skin joints correspond to folds in the
dermis associated with habitual joint movement and to lines of attachment to the under-
lying deep fascia. Papillary or friction ridges appear only on the palms of the hand and
the soles of the feet.

Ageing reduces the elasticity of both the dermis and epidermis. This results in
wrinkles, such as those under the eyes, and deepening of flexure lines from constant joint

movement, for example around the region of the mouth.

2.3 Muscles

The form of the face is to a large extent dependent on the size, thickness and shape of
the major muscles. However, the most significant réle that muscles play is in determining

facial movement.

2.3.1 Structure

Muscles lie between the bone and skin. Attachment at the bone end is known as the origin
while the connection into the fascia of the skin is called the insertion. All facial muscles,
with the exception of the orbicularis oris, emerge or have origins on the underlying bone
and insert into the skin. The origins and insertions of the major muscles are described in

Appendix A.

2.3.2 Contraction

All facial actions occur as a result of muscular contraction. Consequently, it is the inter-

action of various muscles that causes expressions to appear on the face.

Muscles occur in a large variety of sizes, shapes and complexity, but they are essen-
tially bundles of fibres that operate in unison. It is the arrangement of these fibres that
determines both the relative strength and range of movement that a muscle can produce.
For example, muscles with only a few long fibres have great range of movement and less
strength, while muscles with many but short fibres have greater power and less range
of motion. As a result, six general forms of muscle can be identified according to the
bundling of their fibres, they are called: quadrilateral, fusiform, triangular or pyramidal,

rhomboidal or penniform, bipenniform and spiral.

A majority of facial muscles can be classified into one of three groups [62]: parallel,
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oblique and spiralized. Names given to the muscle categories are indicative of the type
of contraction that they cause; the orientation of the fibres that make up the muscles
determine the direction of pull at their attachment. In each case the contraction is towards
the attachment to bone. There are two types of muscular contraction isotonic, during
which the muscle shortens and isometric, during which it develops tension but does not

shorten; all facial muscles contract isotonically.

2.3.3 Movement

Facial muscles are in general thin, voluntary and subcutaneous. They also occur in pairs
so that there is one for each side of the face. Muscles tend to be considered according to
the region in which they occur [62, 147], below we adopt a similar approach in examining

their movement with respect to the forehead, eyelids, nose, mouth, cheeks and chin.

Forehead

At the top of the head the epicranius consists of the occipitofrontalis and the temporopari-
etalis [62, 147]. Covering the dome of the skull, the muscular layer of the occipitofrontalis
consists of four parts. The two occipitals lie at the back while the frontals cover the fore-
head. The occipital slips draw the scalp backwards while the frontal slips act from above
to raise the eyebrows and the skin covering the root of the nose. The frontal muscles
come into play during actions such as glancing upwards and in expressions which involve
raising of the eyebrows, such as surprise, horror or fright. Years of expressing emotional

reactions in this manner gradually leaves horizontal wrinkles across the forehead.

Eyelids

A broad, flat, elliptical muscle called the orbicularis oculi forms the eyelids; this surrounds
the eye socket and extends into the temporal region and cheek area. The muscle comprises
three sections which are known as the orbital, palpebral and lacrimal parts. The palpebral
portion closes the eyelids gently when sleeping or blinking. The act of blinking keeps
the eyes lubricated to stop them from drying out. The lacrimal part compresses the
lacrimal sac to restrain the flow of tears. The orbital portion retracts the skin of the
forehead, temple and cheek, which causes the eyelids to close firmly to protect the eyes
in an emergency. In strong contractions the entire orbicularis oculi is involved in causing

the skin to be thrown into folds or ‘crows feet’, radiating from the lateral angle of the
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eyelids.

Raising the upper eyelid and exposing the front of the eyeball, the levator palpebrae
superioris is an antagonist of the orbicularis oculi. The corrugator supercilli is a small
pyramidal muscle located at the medial end of the eyebrow and goes deep into the frontal
part of the occipitofrontalis and the orbicularis oculi. This muscle draws the eyebrow
downwards and in a medial direction to produce vertical wrinkles in the forehead. The
corrugator muscle also draws the eyebrow downwards in bright sunlight, as well as during

a frown.

Nose

The procerus, nasalis and depressor septi form the muscles of the nose. The procerus
is located at the bridge of the nose. Working together with the corrugator muscles, it
produces transverse wrinkles in the skin between the eyebrows. Two sections known as
the transverse and alar parts form the nasalis. The transverse part compresses the nasal
-aperture at the junction of the vestibule with the nasal cavity. The alar part draws the ala
downwards and laterally, assisting in the widening of the anterior nasal aperture; these
actions become apparent during deep respiration. The depressor septi is attached to the
mazilla above the central incisor tooth and runs deep into the mucous membrane of the
upper lip. This muscle assists the alar part of the nasalis in widening the nasal aperture

during deep inspiration.

An antagonist to the nasalis is the dilator nares which dilates the nostril. Another
muscle, which runs down from the sides of the bridge of the nose and past the nostrils
to the upper lip, is called the levator labii superioris alaeque nasi. This muscle raises the
upper lip and the wing of the nose. Together with the zygomaticus minor it forms the

nasolabial furrow which extends from the side of the nose to the upper lip.

Mouth, Cheeks and Chin

Numerous muscles around the mouth and lips make this the most flexible area of the
face. It is a region which is extremely important for articulation during both speech and
mastication. One of the most prominent muscles in this region is the orbicularis oris,
a thick sphincter muscle that makes up the bulk of the lips. The main function of the
orbicularis oris is to close the lips. With the use of deep and oblique fibres the muscle

can compress the lips against the teeth, bring them together and protrude them.
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During sucking and whistling, the buccinator or trumpeter muscle pulls the cheek
inward. The muscles that cause smiles to be displayed are the zygomaticus major and
minor, see Plate 6.5. Of the two, the major muscle pulls the corner of the mouth upward
and backward, while the lesser muscle draws the upper lip upward and outward. The
angle of the mouth during a grin is retracted by the risorius. The levator anguli oris
raises the corner of the mouth, while the depressor anguli oris draws the corner of the
mouth downward in an expression of sadness, as shown in Plate 6.5. Contraction of the
levator labii superioris raises the upper lip. When working together with the zygomaticus

the depressor labii inferioris draws down and everts the lower lip.

The front of the chin is covered by a small, thick muscle called the mentalis. It raises
and protrudes the lower lip as well as wrinkling the skin and chin when expressing doubt

for instance.

2.4 Bone

Major differences in the form of individual heads occur due to several factors including
age, race, gender and hereditary reasons [54, 104, 110]. In addition, variability in the size,
shape and relative placement of the major bones is responsible for the overall shape and
proportions of the head and face. These factors together with deviations in fat and fascia

tissue are extremely important in determining the appearance of the face.

2.4.1 Race, Gender and Age

With respect to race, the nature of the skull broadly varies between Negroid, Caucasoid
and Mongoloid. The most salient racial differences occur with regard to nasal aperture

breadth, orbital placement and shape, and alveolar prognathism [146].

A distinction that is often made concerns the structure of the mandible. Some groups,
such as Polynesians for example, have mandibles whose lower border tends to be convex
rather than straight. The result is that when they are placed on a flat surface, they rock

and have therefore come to be known as ‘rockers’ as opposed to ‘non-rockers’ [70, 104].

Further variations occur due to gender and age. The male skull has larger proportions
than that of the female. In particular, it has a larger dental arch; rounded orbits and
heavy bossing over the forehead. The female skull has similar characteristics to those of
a child; a small face with large eyes. It further has a light jaw and a pointed chin. The
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effects of ageing on the skull result mainly from ‘bonery absorption’, leading to a shrinking
in the size of the mazillae and mandible, due to loss of teeth, as well as a thinning of the

cranium. Such effects are however not as apparent as the dramatic loss of elasticity in the

facial skin.

2.4.2 Arrangement

The front elevation of the skull has an oval profile which is wider at the top than at the
bottom. A closer examination reveals that the skull consists of two parts, the cranium
and lower jaw which is also known as the mandible [62, 147]. The upper part of the
cranium protects the brain and is called the calvaria. The rest of the skull is known as
the facial skeleton, of which the upper part is fixed to the calvaria and the lower part is

the freely moving mandible.

Numerous bones make up the structural support provided by the skull, however only
the most significant of these need to be considered for our purposes. The lower part of
the skull, or facial skeleton, is very irregular and consists of several major bones and a

number of discrete sections.

The forehead consists of the frontal bones which form the eyebrow ridge, and the
upper parts of the eyeball sockets. Eye sockets form the recesses of the orbits which
contain the eyeballs and their associated muscles. Each orbit has a conical shape which is
made up of several major bones, notably the: ethmoid, lacrimal, mazilla, zygomatic and
the sphenoid. The eye sockets determine the extent of the separation of the eyes to ensure

binocular vision.

The prominent zygomatic bones form the cheek bones. They originate in the squamous
part of the temporal bone which lies above the ear and extend around the facial skeleton

to form the base of the orbit.

In the upper jaw the mazillae form the roof of the mouth and the floor of the nasal
cavity and orbit. The upper teeth are embedded in these bones. The nasal bones separate
the frontal processes of the two mazillae and form the upper boundary of the nasal

aperture.

Forming the largest and strongest bone of the face, the mandible has a curved hor-
izontal body which is convex forwards and two broad rami, which project upwards from
the posterior end. The upper border of the bone, known as the alveolar part, contains

sixteen sockets for the roots of the lower teeth.
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Relative sizes, shapes and distances between these major bones are infinitely variable.
This variation is responsible for the unique characteristics of each face. For example,
growth of the mazillae is responsible for elongation of the face, while prominence of the
zygomatic bones determines the roundness of the face. These characteristics aid visual

recognition of the face.

2.4.3 Movement

The lower mandible is the only bone in the head which is capable of movement. This
bone articulates with the temporal bone to form the temporomandibular joint. The upper

jaw remains fixed while the lower jaw moves in a downward direction to open the mouth.

Speaking and chewing involve three main types of movement comprising elevation,
depression and side-to-side grinding. Two strong muscles called the masseter and the
temporalis act as elevators to close the jaw when biting or clenching the teeth. The medial
pterygoids close the jaw and cause the mandible to protrude. A side-to-side grinding
movement is produced when the lateral pterygoid muscles act alternately. Lowering of

the jaw is caused by simultaneous contraction of these muscles.

2.5 Eyes

Eyes are a feature in themselves since they have a distinct form and specific motion
characteristics. They are a particularly noticeable attribute and therefore significant to

both the appearance and motion of the face.

2.5.1 Structure

The eyeball consists of three distinct elements [62, 147}, namely: the white of the eye
known as the sclera; the iris; and the pupil The sclera is a dense, hard membrane
which serves to maintain the shape of the eyeball. The iris is a delicate and adjustable
diaphragm which surrounds the pupil orifice. The pupil itself controls the amount of light
entering the eye. As a result of this function, the size of the pupil changes so that pupil
dilation is apparent in emotions such as anger, surprise and fear which are depicted in

Plate 6.5.
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2.5.2 Movement

In addition to the muscles that raise and lower the eyelids, which have already been
described in section 2.3.3, there are six pairs of muscle that are attached to the eyeballs
and which move them within their sockets. These muscles are known as eztrinsic muscles
of the eyes. Intrinsic muscles modify the shape of the lens during focusing and regulate

the amount of light entering the eye.

Four of the six pairs of extrinsic muscles are ‘straight’ muscles and are named accord-
ing to their position relative to the eyeball and the actions that they perform. The muscles
are known as the medial, lateral, superior and inferior rectus muscles. The remaining two
muscles have a slanting or oblique arrangement and are called the superior and inferior

oblique muscles.

When the eyes are functioning properly, both eyeballs move in coordination so that
stereoscopic vision is achieved and maintained. Each eyeball can be considered to move
around three axes. These are anteroposterior for rotational movements; vertical for ab-

duction, adduction; and transverse for elevation and depression.

2.6 Summary and Conclusions

An anatomical study of the human head has revealed that each of the layers: bone, muscle
and skin has a profound influence over the conformation and motion characteristics of the
face. Although all human faces have the same physcial structures, as far as form and
appearance is concerned, the bones determine the overall size and proportions of the head
and face; they vary with race, gender and age; the size, shape and thickness of muscles
are influential factors which depend on the health of an individual; and the texture and
colour of skin, as well as surface features are important because they are particularly visible
attributes of the face. The motion of the face is dependent on: muscular contractions,
of which three types can be identified; the elasticity of skin, which varies with age and

health; and movement of features and organs such as the eyes and tongue.

Given the major objectives of the FACES project, it is clear that a three-layer com-
puter model of the head is required for the research project to be viable and credible in
meeting the goals outlined in section 1.2. To attain any degree of realism it is necessary
to take account of the structure and motion of skin, muscle and bone since complex in-

teractions occur between the layers. However, since each of the layers has very different
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characteristics in terms of structure and motion, it is necessary to treat them as separate

entities for the purpose of modelling.
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