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ABSTRACT

3D FACE MODEL GENERATION

Biiyiikatalay, Soner
M.S., Department of Electrical and Electronics Engineering

Supervisor: Prof. Dr. Ugur Halic1

November 2004, 76 pages

Generation of photo-realistic 3D human face models is a hot topic in the area
joining computer graphics and computer vision. Many different techniques are
used for this purpose, but most of them are not feasible for home users. These
techniques may use advanced hardware such as laser scanners, calibrated stereo
cameras, or very sophisticated software that can be as expensive as advanced
hardware. Face model generation by morphing an initial 3D model with
uncalibrated camera photographs is studied in this thesis. Manually marked
feature points on photographs are used to deform initial 3D face model. Initial
photographs also are processed to form a single texture image covering deformed

3D face model.

Keywords : Human face, 3D model generation, uncalibrated camera,
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3 BOYUTLU YUZ MODELI OLUSTURMA

Biiyiikatalay, Soner
Yiiksek Lisans, Elektrik Elektronik Miihendisligi Boliimii

Tez Yoneticisi: Prof. Dr. Ugur Halici

Kasim 2004, 76 sayfa

Fotograf gercekg¢iliginde 3 boyutlu (3B) yiiz modelleri olusturma, bigisayar
grafikleri ve bilgisayarla gorme alanlarimin her ikisini de kullanan en sicak
konulardan biridir. Bu konuda bircok uygulama gelistirilmis olsa da ev
kullanicilarina uygun ¢oéziimler hala eksik kalmaktadir. Kullanilan tekniklerin
cogu lazer tarayicilar, kalibre edilmis stereo kameralar gibi pahali ve ev
kullanicilarin sahip olamayacagi donaminlar veya olduk¢a karmasik yazilimlara
ihtiya¢ duymaktadir. Bu tezde kalibre edilmemis kamera fotograflar1 kullanilmsi
suretiyle li¢ boyutlu baslangi¢ yiiz modeli degistirilerek yeni bir yliz modeli
olusturulmaya ¢alisilmistir. 3B Baslangi¢ yliz modelini degistirmek i¢in manuel
olarak isaretlenmis 6zel noktalar kullanilmaktadir. Ayrica baslangic fotograflari,
degistirilmis 3B baslangic modelini saracak tek bir doku resmi olusturmak igin

islenmektedir.

Anahtar Kelimeler: Insan yiizii, 3B model olusturma, kalibrasyonsuz kamera,
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CHAPTER 1

INTRODUCTION

Human face model generation process can be explained as a translation from two
dimensional representations (2D) of a face that are photographs, to three
dimensional representation (3D) that is 3D space coordinates of a mesh

representing the shape of face and a texture image to wrap this mesh.

Face modeling can be used in many areas. It is the first step in character
animation, which is widely used in films, advertising and computer games. Some
newly developing fields are user-interface agents and avatars, facial surgery
planning and video teleconferencing [12] [19]. In video teleconferencing,
forming face models of callers, and transmitting only the speech and gesture data
will reduce bandwidth. Many application examples will follow these if home

users with a simple web cam and a conventional PC can generate face models.

In recent years, there has been considerable interest in computer-based 3D face
modeling and animation. However this is not a very new subject, hence twenty
years ago, researchers used computer to represent and animate human faces [6].
But, realistic facial animation has become recently possible partially due to the

incredible growth of the computation power during the last 20 years. Since,



computers and internet have become essential parts of our daily life,

computerized face animation has more importance than before.

The human face is interesting and challenging because of its familiarity. We
distinguish individuals mostly from their face. Also we are able to detect even
small changes in facial expressions in social life. Humans learn these recognition
skills in childhood and develop rapidly since many different faces are seen every

day.

The ability to model a realistic human face still remains a significant challenge in
computer graphics [2] [4] [14] [22]. Despite of the traditional computer graphics
algorithms such as modeling and rendering, realistic face model generation of
human face is still one of the most difficult goals in computer animation. Because
of familiarity of human face, human beings try to find tiny details on generated
face model, and this causes the main problem in face modeling. In addition to
familiarity, the geometric form of the human face is extremely complex, which is
another drawback of face modeling. Indeed, there are a few impressive facial
animations such as the ones created by Pixar Co., but these results need many

years of highly skilled animators.



1.1 A Survey on Face Modeling

This section is a survey of computer face modeling [8]. The most significant
results in this area have been published at ACM SIGGRAPH conferences as well

as in other related computer graphics journals and conference proceedings.

The first computer-generated images of faces were generated by F. 1. Parke in the
early 1970s. The head was represented by polygons, which were used to open and
close eyes and mouth [6]. Henri Gouraud was also working on his smooth
polygon shading algorithm (Gouraud shading) during this period and he
demonstrated it by applying the new technique to a digitized face model. Parke
[7] had completed the first parameterized facial model by 1974. In 1971,
Chernoff [11] published for the first time; his work of using computer generated

2D face drawings to represent a k-dimensional space.

In 1980, Platt published his master thesis on a physically based muscle-controlled
facial expression model [20]. Weil’s [16] work which uses video system to

interactively select and composite facial features was reported in 1982.

A new wealth of data for facial modeling was provided through the development
of optical range scanners, such as the Cyberware optical laser scanner [3]. In

1998, new techniques for creating a photorealistic textured 3D facial model from



photographs and for creating smooth transitions between different facial

expressions to make realistic facial animation were presented by Pighin et al. [9].

A system to capture three-dimensional geometry, color, and shading information
for human facial expressions was created by Guenter et al, [2] these data were

used to reconstruct photo-realistic 3D facial animation.

1.2 Face Modeling Techniques

Generation of face model involves determining geometric descriptions like 3D
coordinates, and additional surface color attributes named as texture. Face model
generation techniques can be divided into two main categories; photogrammetric

techniques and laser scanner based approach. Photogrammetric techniques are
acquisition of geometry and texture from photographs or videos. In laser scanner
based approach, scanning devices, such as those developed by Cyberware [3] are
employed to digitize face geometry and texture. These systems can acquire more
precise 3D surface shape data, as well as surface color, of static sculptures, but in
case of real people, subject tends to move during scanning since it takes a long

time.

Face modeling algorithms, and also modeling algorithms in general, require a

decision concerning the trade-off between model specificity and generality. With



this respect, model generation can be categorized in two based on the object

restrictions:

Unconstrained modeling: There is no constraint on the object to be
modeled. Free-form meshes are used in this category. In case of face
modeling, this type may not show detailed information about the face.

Constrained modeling: In this category modeling algorithm has a bias
towards representing the desired class of objects. Object to be modeled
must belong to this class. Two different face modeling algorithm are
developed up to now in this category. The first one employs a 3D scanned
face model database, which generates new face models as a linear
combination of the models from database, based on some statistical
parameters derived from a single face photograph [22]. The second one,
which is also used in this thesis, is to deform an initial face model with

some 3D coordinates derived from multiple photographs.

In this study, an easy-to-use technique is proposed. The process consists of

several basic steps similar to those explained in [9]:

1.

Multiple photographs of the human face to be modeled are captured from
arbitrary directions where the individual stands still with a firm face
expression.

Some corresponding points (feature points of face, such as corners of

eyes, and mouth, tip of nose etc.) are marked manually on each



photograph and 3D generic face model separately. These points will be
used to find camera position relative to feature points of face.

3D space coordinates of these feature points and relative camera positions
are calculated using an iterative algorithm.

More refining feature points other than the ones used for camera
calibration can be defined after camera calibration. These refinement
points will not be used for camera calibration, but only for a better
deformation of 3D face mesh.

3D coordinates of feature points are used to deform the generic initial 3D
face mesh [24].

Texture map and texture image are formed from the photos and the 3D

face mesh. Then texture image is fitted on to 3D face mesh.
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An overview of the system that we developed in this thesis is given in Figure 1.1.
In our system, the images that are obtained by arbitrarily placed cameras are
used. Beside arbitrary camera placement, algorithm does not have any constraints
on camera lenses. In the following text, the term “uncalibrated images” means
that these images are taken without any calibration constraint. In this thesis
predefined 18 feature points are used for model generation. There are two
constraints on the number of these feature points, thus the images must be taken
considering these constraints which are listed as follows:

e A feature point must be specified in at least 2 different images to calculate

its 3D coordinates.
e At least 6 feature points must be specified at each image so that the

camera position related to that image can be calculated.

After the feature points are specified at the initialization step, the 3D coordinates
of these points is calculated iteratively in the next step. Each iteration is
composed of two linear calculations, which calculate relative camera positions
and 3D coordinates of the features. The iteration loop is initialized by 3D initial
feature points. After initialization, at each loop of iteration, camera positions and
new 3D feature points are calculated sequentially. In this thesis, another
initialization method which initializes the iteration with camera positions is also

applied.



The next step is deforming a generic face mesh considering the coordinates of the
3D feature points found in the iteration phase. This small number of feature
points will shape the rest of the face employing Radial Basis Functions. After
deformation, if results are not satisfactory, then some more new refining feature
points can be added to the initial images. This sub-step of deformation is called
refining in this work. The aim of the refining step is to specify more feature
points which are specific to the current subject’s face. There are two reasons why
we do not include these refining feature points in camera calibration. First, these
points may not be easily marked on images and can affect calibration of camera.
Second, these 3D feature points may be specific to the current subject only and

may not be marked on the initial generic 3D face model.

The last step is forming of a texture image to wrap the final 3D face mesh. An
initial texture map that defines the wrapping of texture image to the 3D face mesh
is used. Whole deformed 3D face is projected to each image considering camera
position of that image and a new texture image is formed by combining pixels of
images with respect to the projected 3D coordinates. Brightness equalization can
be applied to reduce differences from image to image and a blur function can be
employed to reduce contours emerged by image combination in order to obtain

the texture image.



1.3 Organization

The rest of this thesis is organized as follows: The next chapter describes camera
calibration and calculation of 3D coordinates of feature points altogether. The
third chapter describes the generic face mesh deformation using the feature
points. The fourth chapter describes the texture extraction using initial images
and the feature point coordinates. The fifth chapter describes our FaceGenerator
application, in which programming language Java and Java3D library employed.
In the sixth chapter experimental results are presented. Finally in the last chapter,

conclusion and possible future works are explained.

10



2.1

CHAPTER 2

FEATURE POINT CALCULATION

Introduction

Feature point calculation is composed of four parts, which are feature point

normalization [19], camera calibration [18], 3D feature point calculation and data

renormalization. The flow of these calculations is listed below:

1.

First, feature points from the images and the 3D face mesh are normalized
separately for each image in order to the 3D face mesh to have a scale
invariant space. After normalization, 3D coordinates of feature points do
not change place with scaling or translation of the face in the image.

After normalization, 3D positions of feature points are used to calculate
the camera parameters.

Recovered camera parameters and 2D coordinates of feature points are
used to find the new 3D positions of the feature points. If the total amount
of error between the initial and new 3D coordinates of feature points is
greater than the desired error value, process goes back to step 2 with new
3D positions. This iteration process finishes when error is reduced to an
acceptable level.

Finally normalized 3D and 2D coordinates of feature points are

renormalized to real world space. This step is simply composed of

11



application of the inverse normalizations to feature points of 3D face

mesh and this process will not be mentioned again in the rest of the thesis.

In this process, beside the calculation of 3D coordinates of feature points, camera

positions, which will be employed later in texture generation, are computed.

2.2 Feature Point Normalization

Feature Point Calculation uses both 2D and 3D coordinates of the marked feature
points. The performance of the 3D calculation process should not be affected by
the change of the origin and scaling of images or 3D face mesh. While relative
3D coordinates of feature points will be calculated, algorithm should depend only
to relative displacements of feature points. But this is not appropriate when
camera calibration is solved linearly [19]. Normalization step defined here
provides origin and scale invariant solution for camera calibration. This is
essential for minimization of error for each image equally so that each image has

the same contribution to the result.

Also normalized data produces normalized error values that can be used as

performance criteria. With the help of this performance value, we can compare

the algorithm performance on different faces.

12



Before normalization, in 2D images, origin of coordinates are at the top left
corner, with increasing pixel units from left to right and up to down. In 3D face
mesh model, origin of coordinates is at the center of head model, with meter
units. Tip of the nose is on the positive Z axis, and X axis passes through the

center of ears of 3D face mesh.

As the first step of normalization, the coordinates in each image and 3D object
are translated separately (by a different translation for each image) so that
centroid of all feature points in each image is at the center of image. Secondly,
the coordinates in each image are also scaled so that the average magnitudes of
all points in each image are the same. Rather than choosing different scale factors
for each coordinate direction, an isotropic scaling factor is chosen so that x, and y

coordinates (also z coordinate for 3D case) are scaled equally. We scale the

coordinates so that the average distance to origin is V2 for 2D, +/3 for 3D.

Normalization method is defined as follows;

e Center of mass of the feature points will be at origin. (0, 0) for 2D

images, (0, 0, 0) for 3D face model.
e Average distance of the feature points to the center of mass is V2 for 2D

images, \/3 for the 3D face model.

The above rules can be applied with a normalization transformation N, defined as

follows. For a sample image having n 2D feature points,p, =(X;,y;) 1=1---n,

13



translation parameters 0,,0,,0, and scaling factors s,,s,for 2D and 3D are

defined respectively as follows:

i=1 =1 i=1
T T
J2n J3n
Szz n H S3= n
DX+ DIy +T

Then normalization matrix for 2D is:

s, 0 s,0,
N={0 s, s,0,
0 0 1

Similarly normalization matrix for 3D is;

s, 0 0 s,0,

N 0 s; 0 s0,
0 0 s, S0,
0 0 0 1

Eq. 2.1

Eq. 2.2

Eq. 2.3

These normalization matrices are preserved to be used later for inverse

normalization.



2.3 Camera Calibration

Camera calibration means the calculation of the perspective projection matrix of
the camera which transforms the 3D real world to a 2D photograph and it can be

expressed as follows [19]:

{]-elr

Where X=(X,Y) is 2D image coordinates and X =(X,Y,Z) is 3D coordinates.

In Eq. 2.4, P, which expressed in homogeneous coordinates, is a 3x4 camera

projection matrix and S is the arbitrary scale factor. P can be decomposed as;

P=C[R | 7] Eq. 2.5

In this decomposition C is an upper triangular matrix, representing the intrinsic

parameters of the camera such as:

Eq. 2.6

15



_ focal length o - focal length
pixel width " pixel height

u

u, , u,): Center of projection plane with respect to top left corner
0> Yo proj p p p

k : skew factor (non-zero when coordinates are not orthogonal)
R is a 3x3 orthogonal rotation matrix and T is the 1x3 translation vector of the

camera.

The linear camera calibration algorithm used in this thesis is composed of 2 parts:
1. Computation of P using a set of feature points whose image positions and
3D positions are known;

2. Computation of R and T using QR decomposition.
The first part is sufficient to re-calculate the 3D coordinates of the feature points.
Although the second part is not necessary for 3D feature point calculation
process, it needs to be calculated later for texture generation where the direction

of the camera is necessary [1]. However, the whole calibration process will be

described in the followings.

2.3.1 Computation of Camera Projection Matrix (P)

Eq. 2.4 can be written in open form as follows for the i'th feature point:

16



Fx i_
u; Pii P Pis Puy Y.

SIVi|= | P PxnPasPoy Zli Eq. 2.7
1 Py P Pul

While the equation has an arbitrary scale factor s and P has 11 level of freedom

(3 from rotation, 3 from translation, 5 from intrinsic parameters), we can set

Py, =1.

For each 2D feature point we have 2 equation:

u = Xipll +Yi p12+Zi p13 + p14 V. = Xip21 +Yi p22 +Zi p23 + p24
L Xy HYiPn +Zips +l T Xpy +Y Py +Z Py +1 Eq. 2.8

To find P we rearrange these equations as follows;

Xi P +Yi P, + Zi Pis t Py _uixi Ps _uiYi Ps> _uizi Py =4,

Eq.2.9
Xi P2 +Yi Py + Zi p23 + Py _ViXi p31 _ViYi p32 _ViZi p33 =V,

We can write these equations for all of the feature points in matrix form:

17



_Xl Y, Z 10 0 0 0 —uX, —uyY, —u,Z, __p”_ _ul_
0 0 0 X1 Y1 Z] 1 _V1X1 _VlYl _Vlzl P12 Vi
) ) .o : : ) ) : ) o, :
: : Dol : : : : : : P, :
X, Y, 0z, 1.0 0 0 0 -uX o -uY,  -uZ||py| |u
0 0 0 0 X, Y, Z, 1 —-v, X, -V,Y, —ViZi || P | =V Eq.
. . : Lo : : : : : Py : 2.10
P | |
. . . . . . . . . . p31 .
Xy Yy Zy 1.0 0 0 0 —uyXy —uyYy —UyZy ||ps| [Ux
0 0 0 0 Xy Yy Zy I —vy Xy —VvYy -V Z, [ Pss | [Vn

We can rewrite Eq. 2.10 as follows:

Blp]-a Eq.2.11

Where B is the 2N x 11 matrix of known values. With 11 unknowns, the linear

equation requires at least 6 feature points (N >= 6) to have a unique solution.

In Eq. 2.11 B is a non-square matrix and can be solved using various linear
algebra methods, like LU Decomposion, QR Decomposion, and Pseudo-
Inverse. In this work Pseudo-Inverse method is employed which can be

formulated as follows;

18



[p]=B"a

Eq. 2.12
B =[B"B] B !

Where B'is the pseudo-inverse of B. This method will work if we have

sufficient number of feature points, and if they are not planar in 3D space.

2.3.2 Camera Center Extraction from Camera Projection Matrix (P)

Camera Center is the point for which Pc = 0 . This point can be used as camera
position in 3D world to calculate imaging angle.

In homogenous coordinates C is

c=(XY,zt)

and can be calculated from P as follows:

P12 P13 Py P11 Pi3 Pig P11 P2 Py P11 P2 Pys
X=|PuPyPosl 5 Y=—|PuPuPosl » Z={PyPnPa| > T=—(PsPsPas Eq.
P Ps P Py Py s, P31 P Py PPy by 213

Where | . | denotes the determinant of the covered matrix.

19



2.3.3 Principal Plane Extraction from Camera Projection Matrix (P)

The principal plane is defined as the plane passing through the camera center and
parallel to the image plane. It consists of the set of 3D points X, which are

imaged as a line at infinity of the image.

X
p| | 2
L1717 Eq.2.14
0

So equation of principal plane is;

Py X + PyY + Pyl + Py =0 Eq. 2.15
The normal of this plane, that is normalized(p;,, Ps,, P;;) vector, defines the

direction of camera that the photograph is taken.

2.3.4 Camera Projection Matrix (P) Decomposition

As expressed in Eq. 2.5, P can be decomposed into C, R matrices and T vector,
which are calibration, rotation matrices and translation vector respectively. This
can be done in two different ways; either by using QR Decomposition or by using

orthogonal properties of rotation matrix.

20



QR Decomposition is simple because C is already an upper triangular matrix, and

R is a rotation matrix that is orthogonal where
R =R’

On the other hand if we write Eq. 2.5 in a more open form

P Py a, k Uy | 1t
P:p34 P, Py |=|0 a V[T, ty

Eq.2.16
p, 1 001 |r t

Where, p,,p,andp, are the 1x3 row vectors of P without the last coordinate and
similarly r,,r,andr, are the row vectors of R. When calculating P, the equation
has an arbitrary scale factor and p,, 1s set to 1. But when we decompose P this

scale factor must be considered as well. The following equations are derived by

employing orthogonallity property of r vectors [17].

t=p,=

P Eq.2.17
Ps

r. = ——

© P

U, = p§4 (pl 'p3)

21



Vo = p324 (pz 'p3)
a, = p3, [P, *py|

:h(

r, P, _Vop3)

Vv

2

a, :\/p324Hp1 * I’2H2 — U,

k :\/p324Hp1 * I’3H2 _055

ty = Py (p24 - Vo)

a

Vv

1
= a_(p34p1 - krz - UOI’3)

u

tx = aL(pM P — kty - uOtz)

u

Where || ., (*),(e)denote magnitude of vector, cross product of vectors and

dot product of vector respectively.

All of these parameters can be determined if we know the sign of k. This is

equivalent to knowing whether the origin of the 3D world coordinate system is in

front of the camera ornot (t, <0 or t, >0).
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2.4 3D Feature Point Calculation

To find the 3D coordinates of feature points, we bring together the 2D
coordinated of feature points and calibration matrices from all photographs [10].

Then Eq. 2.7 can be rearranged as follows:

X(plil —uip§1)+Y(pf2 —uip;2)+Z(pli3 _uip3i3): u; — p1i4
Eq.
X (ph —Vipa) +Y(Ph —VipL)+Z(ph —v,phy) =v, - py 218

Where u; and v, are 2D coordinates of the feature points on the i'th image and p's

are the entries of the perspective projection matrix (P) of the same image. For this
equation system to have a valid solution, each feature point must be specified in

at least two images. These equations can be written in a matrix form;

_( plll_ul p;l) (p112_u1 péz) (p113_u1 p§3) | _ul - p114
(p; -V p;1) (piz -V péz) (péz -V p;3) X Vi— p§4

: : : Y |=| Eq.
(Y —uPl) (P -upl) (pl-uypl)  {LZ] |u-pl| *P
(P2 =V Ps) (P =V P) (P—VP3) | [ Vi = Pau |

This linear equation system is solved by pseudo-inverse method which was used

for perspective projection matrix calculation in Eq. 2.12.
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CHAPTER 3

FACE MESH DEFORMATION

3.1 Introduction

In the previous chapter we found the 3D coordinates of the feature points. Now,
feature points will be used to deform all the vertices in the generic face mesh [9].
A smooth interpolation function will be constructed for the 3D displacements of
the mesh vertices. Given n feature points, displacement for a feature point i is

defined as follows:

=X, - X’
di=X X Eq. 3.1

Where X, , X! are final and initial 3D coordinates of i'th feature point.

We want to construct a function, producing displacement vectors for
unconstrained vertices. So we attempt to find a smooth vector-valued function f

satisfying;

d =f(X) i=1.n Eq.3.2
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Then function f can be applied to the vertices of face mesh. There are several
ways to construct such an interpolation function f. We use a weighted linear
combination of radial basis functions that give reasonable results for face mesh

deformation [13].

Function f is in the following form:

FOX) =Y er( X=X Eq. 33

Where r stands for radial basis function (RBF), and c is the displacement
coefficient for each feature point. First of all RBF should be selected as a smooth,

continuous, and decreasing function. Possible RBF functions are:

n

Polynomial Functions: rex)y=a+ bX + cx* + -+ + kx

. Eq.3.4
Exponential Functions: r(x)=-e —(arbxroc sk

In this work, both of these functions were tried and the best result has been

obtained with the Gaussian Function which is the Exponential Function with only

a single non-zero coefficient of x*. In addition to these RBF’s, we also applied a

bounded RBF function that is zero outside the given boundary.
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Also a variable parameter RBF method, in which X is scaled such that RBF
function output at nearest neighboring feature point will be close to zero, is
applied. Hence RBF of dense feature points have smaller boundaries than sparse
feature points. As a result, we minimize the number of vertices which remain
unchanged by widening the boundaries of sparse feature points, and minimize the

cross effects of feature points to each other.

After deciding on an RBF type, the construction of the f function needs the
calculation of ¢ vectors that are the coefficients of RBF. Values of ¢ vectors will
be arranged so that function f moves initial feature points to their known
destination coordinates. For this aim, the following matrix is formed which is the

combined form of the f function for all known feature points.

_r(Xg—Xg‘) I’(‘X(}—X(O)H) r(”)(%_xgu) __CO_ d, ]

r(po = e =Xt X e f=td
i rp-xa v -xap ot L

Simply
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In the linear equation system Eq. 3.6, R is the RBF results of known feature point
displacements. C is the unknown coefficient vectors written as a vector and D is

the displacement vectors of feature points from their initial to final positions.

Since matrix R is an NxN square matrix and has an inverse, C can be calculated

as follows:

_ p-l
C=R"*D Eq. 3.7
Now we can apply this f function to all vertices of the generic face mesh, and

deform it to fit to our subject’s face features.

3.2 Addition of Refining Feature Points

Refining points are only used for 3D face model deformation, but they are not
included in camera calibration. Their 3D coordinates are calculated in the same
way as the feature points are. In deformation step, they are used together with
feature points. There are no constraints on the number of refining points to be
used. However if places of refining points are too close to the feature points, and
variable parameter RBF’s are used, the resulting face mesh deformation may not

be very successful.
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Feature points are assumed to be independent from each other, which means that
a change in the coordinates of one, should not affect the other. Actually this is not
an obligation and that can be eliminated by wider RBF. But experimental results
show that the best results are achieved when the boundaries are arranged in a way
that feature points have minimum affect on the others as in variable parameter
RBF case. When a refining point is defined close to a feature point it reduces the
boundary of this feature point and may cause undesired results in variable

parameter RBF case. Instead bounded RBF’s should be employed in such a case.
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CHAPTER 4

TEXTURE EXTRACTION

4.1 Introduction

Up to now we have captured photographs of the subject’s face, and manually
marked some feature points on these photographs. Feature points on the
photographs are employed to calibrate these photographs. Then, 3D coordinates
of feature points are calculated and these coordinates are used to deform the 3D

generic face mesh. It is now time to form the texture of our deformed face mesh.

The texture extraction problem can be defined as follows: Given a set of
photographs, their viewing parameters and fitted face mesh, compute texture

color T(p) for each point p on the face mesh.

Texture extraction is composed of two parts that are texture image formation and
texture map formation, both of these are solved together in this thesis. We have
multiple photographs of the subject which need to be combined to form a single
texture image. Combined texture image is transformed with respect to a constant
texture map. We also consider the reverse case, keeping texture image constant

and transforming the texture map. But results obtained for this case are
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unsatisfactory due to the lack of control on texture mapping in the 3D library

used.

4.2 Texture Image Formation

Texture image function T(p) is a function of 3D coordinates of face mesh and
gives the color values for each mesh point p. T can be expressed as the weighted

combination of all images that have texture color information. Then

_ Zimi(p)li(xia Yi)
T(p) = Zimi ®) Eq. 4.1

In this equation, function |, stands for the i’th image that returns color value of
input point(X;,y;). m;(p) is the weighting function of i’th image to texture
image. These weights should be calculated by considering the following facts:
e Self-Occlusion: m;,(p) should be zero if point p is occluded in the i’th
photograph.
e Positional Certainty: m,(p) should depend on the “Positional Certainty”

of point p that is defined as the dot product of surface normal and

direction of perspective projection [21]. So m,(p) has the maximum value

with the surfaces perpendicular to photograph direction, and 0 if they are

parallel.
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Self-Occlusion part can be divided in two parts. Surfaces whose front side are not
visible from the point of view and surfaces which are occluded by other parts of
the face. First is the definition of back face culling which can be calculated easily
as follows:

If normalized direction of i’th camera is labeled as d, and surface normal at point

pisn,, then:

p_
cosai =(d;en,) Eq. 42

Where (o) is dot product and @f is the angle between the surface normal and

the camera direction. If surface can be seen from the camera direction then the

angle between them must be greater than 90 degrees which is COS Olip <0.

Second type of Self-Occlusion is not easy to calculate and it can be neglected

after back face culling for performance reasons.
Positional certainty is calculated similar to back face culling, where «is the

angle between i'th camera direction and the normal of surface containing point p.

Weighting function of images in combining process is defined as:
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m,(p) = ~cosa Eq. 4.3
Self-Occlusion occurs at concave surfaces such as sides of the nose. Depending
on the direction of camera, the nose can occlude a part of the cheek. While the
algorithm used here does not eliminate Self-Occlusion, texture from the nose can
also be used for the occluded cheek part. A lower limit to weighting function can
help to reduce occlusion errors while occluded parts usually have fewer weights.
This limit also eliminates other small errors which may be mapped to large

surfaces.

After texture image blending using Eq. 4.1, blended texture will be transformed
to fit the surfaces as defined at generic face texture map. For each surface (in our
case triangular patch) a transformation function is defined by colliding corners of
the surface with the coordinates from the texture map. So we reduce the
transformation of texture image problem to calculation of a 2D affined

transformation matrix T, capable of transforming initial triangle to final one.

Corners of initial and final triangles are 1i,,1,,i; and f,, f,, f,respectively,
where:

X| X, X,

1 1 1
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f1 = ylf s b =
1
t,t, L,
T= ), 1y, Uy
0 0 1

Ti=f,Ti,=f,,Ti, =1,

Eq. 4.4 can be rewritten in a combined form:

x yp 1 00
000 X vy
X yy 1 0 0
00 0 X vy
X, yi 1.0 0
00 0 %

[\S] —_

9%}

f—Fl—FNl—Fr—Fr—i-r—i-
[\

Eq. 4.5

This linear equation system has a solution if rows of the left most matrix are

linearly independent, in other words, corners of triangles do not lie on a line.
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CHAPTER S

FACEGENERATOR

5.1 Introduction

Previous chapters describe the theoretical aspects of the study. This chapter
explains the FaceGenerator application that is capable of forming 3D face models

from photographs.

The FaceGenerator application is compiled with Standard Development Kit
(SDK) version 1.4.2. In addition to this, standard Java core application employs
Java3D and JFreeChart. Standard JDK includes Java2D that has been employed
in this thesis for image processing and viewing purposes. Standard JDK also
includes “Java API for XML Processing” (JAXP) library that has been employed
for Extensible Markup Language (XML) processing. Java3D is a 3 dimensional,
high-level graphics extension of Java that is used to form 3D part of
FaceGenerator. JFreeChart is a free library capable of drawing vast variety of

plots on to the screen, and is used for process analysis and debugging.

This chapter explains the programming language Java and Java3D and

FaceGenerator application.
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5.2 Java

First of all, Java is a platform independent programming language that needs an
interpreter Java Runtime Environment (JRE) to run java programs. Platform
independency makes java very feasible for internet applications. Code is written

and deployed once and runs on all operating systems.

Second, Java has a huge developer community that publishes free extensions like
JFreeChart which is also used in this study for plotting purposes in explaining
program execution. A lot of open source examples and free books are also

available at internet on nearly all Java related subjects.

Finally, java is a pure object-oriented language that makes it invaluable. The
programs that are written in this manner are extensible and easy-to-understand. It
also has a default exception handling mechanism that is easy-to-debug and

shortens the development time.

However, Java has some drawbacks such as the lack of simple binary types like
unsigned char and the interpreter that could cause a performance decrease. Since
excluding some simple data types is the choice of SUN Inc. developers, there is
nothing to be done about it. But on the other hand, new versions of JRE use Just-

In-Time Compilers that convert simple binary operations to native platform
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machine code, and nearly no performance difference can be sensed compared to

native codes.

5.3 Javazb

Java2D is a 2D graphics framework and is included in standard JRE. This library
is capable of creating arbitrary shapes, texts and images. You can manipulate
generated graphics with the help of Java2D API. Affined Transformations that
are rotation and translation, Composition that generates transparent graphics,
Color Transformation that changes any color parameter, Filtering that is applies
any kind of convolution to graphics for blurring or sharpening purposes, Data
Selection that chooses any arbitrary region of interest, are widely used tools in

FaceGenerator.

In FaceGenerator, points, lines, bezier curves are the main tools for feature point
marking. It is also very flexible so that user can modify the rendered lines by
mouse movements. Also lines can define regions that can be used for any

purposes such as affine transformation, clipping, etc.

Images can be loaded from and saved to JPEG, PNG and GIF formats which are

most common ones. Images are easily resized by the Java2D API. User can

define rendering quality and performance by setting rendering parameters.
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All of these graphics can be manipulated easily with vast variety of
transformations. FaceGenerator creates texture image by employing affine
transforms, composition, color transformation, filtering by the help of feature
lines and points defining the region of interest. Affined transforms are applied in
homogeneous coordinates, so that user can apply rotation and translation at the
same time. Color transformation is used to equalize brightness of the face images.
Composition can be applied to any image loaded to the program with an alpha
parameter that is weight of newly rendered image. New graphics and background
are blended with alpha parameter providing a transparent look. At the last stage
of texture generation blur filtering is applied on to the texture to reduce the

contours of texture image by Java2D APIL.

5.4 JAXP

Java API for XML Processing (JAXP) is a standard API in Java, enables parsing
and transforming XML documents. XML is a simple, widely used standard which
enables the user to define complex data types. In FaceGenerator, all the
application data specific to FaceGenerator is stored in XML format. The main
advantage of XML is its capability of viewing and editing them by external
programs. This is very helpful for debugging. The future advantage of XML
usage is the capability of sharing XML documents over internet for

teleconferencing.
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5.5 Java3D

Java3D is a Java extension developed by Sun Microsystems, Inc. as a joint
collaboration with Silicon Graphics, Inc., Intel Corporation, Apple Computer,
Inc. and it is free to use. In this study Java3D version 1.3 is employed. Actually
this extension is not implemented in pure Java; it is a wrapper of two commonly
used graphics libraries, openGL and directX. This study uses openGL core

Java3D that is used on platforms like UNIX.

Java3D extension is designed as a high-level library, which is the main advantage
of using it. Developers do not need to optimize its performance for different

hardware platforms.

The scene graph programming model is a simple and flexible way for both

representing and rendering complex 3D worlds. All information of the virtual

world and the entire scene is included in this scene graph.

38



- Virtual Universe

Locale Object

BranchGroup Nodes

Behavior
Node

TransformGroup
Nodes

User Code
and Data

Shape3D Node View

ViewPlatform Object
Other Objects

Figure 5.1 : Java3D scene graph

Figure 5.1 illustrates a simple application’s scene graph. A simple scene graph
consists of superstructure components which are a VirtualUniverse, Locale
objects, and scene graph branches, or subgraphs. Each subgraph is rooted by a
BranchGroup node that is attached to the superstructure. Subgraphs hold data of

3D shapes and viewing properties.

A VirtualUniverse object is the root of a scene graph. User can create more than
one VirtualUniverse in Java 3D which is not the case vast majority of
applications. All Java 3D scene graphs must be connected to a Virtual Universe

object to be displayed.
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Below the VirtualUniverse object is a Locale object. The Locale object defines
the origin, in high-resolution coordinates, of its attached subgraphs. A Virtual

Universe may contain as many Locales as needed.

The scene graph branch itself starts with the BranchGroup nodes. Only
BranchGroup objects can attach to Locales. A BranchGroup roots a subgraph, or
branch graph, of the scene graph. In Figure 5.1, there are two subgraphs and,
thus, two BranchGroup nodes. Attached to the left BranchGroup are two subtrees.
One subtree consists of a user-extended Behavior leaf node which contains Java
programming language code to manipulate the transform matrix associated with
the object’s geometry. The other subtree in this BranchGroup consists of a
TransformGroup node that specifies the position (relative to the Locale), the
orientation, and the scale of the geometric object in the virtual universe. A single
child, a Shape3D node, refers to two component objects: a Geometry object and
an Appearance object. The Geometry object describes the geometric shape of a
3D object and the appearance object describes the appearance of the geometry.

The right BranchGroup has a single subtree that consists of a TransformGroup
node and a ViewPlatform leaf node. The TransformGroup specifies the position
(relative to the Locale), the orientation, and the scale of the ViewPlatform. This
transformed ViewPlatform object defines the end user’s view within the virtual
universe. Finally, the ViewPlatform is referenced by a View object that specifies
all of the parameters needed to render the scene from the point of view of the

ViewPlatform.
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5.6 FaceGenerator

In this section, our face modeling process is explained in conjunction with our
application named FaceGenerator. Face modeling can be divided into three sub-
roblems which are:

1. Camera calibration and feature point calculation handled in Image

Calibration module,

2. 3D model deformation handled in Model Deformation module and

3. Texture generation handled in Texture Generation module.
A proper process must be performed in the same order that is calibration,

deformation and texture generation.

5.6.1 Image Calibration

Face Modeling starts with image calibration in which captured digital
photographs are loaded to FaceGenerator. FaceGenerator can use common image

formats JPEG, GIF and PNG, which are standard Java2D file formats.
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Figure 5.2 : Image Calibration

Quality of face images directly effects the results of the modeling process. Better
resolution images result better modeling which is bounded by the capability of
computer used in modeling. Images occupy a lot of memory when they are
viewed. Since multiple images are viewed - typically 5 face images in our
application - an optimum size should be selected. Experimentally we decided on
image size of 800x600 pixels which requires 60 kilobytes on average in JPEG
format. A sample FaceGenerator application operating on 5 such images uses up

to 70 megabytes of memory.
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Besides resolution, sharpness is another important factor that affects feature point
marking process and calibration in turn. Feature points can be recognized and

marked more precisely on shaper images.

These loaded images will be used in texture generation which has similar image
prerequisites with calibration phase. In addition to these constraints, images of
face should have equivalent luminance. Flash should not be used because shining
effects texture images. It is also better not to have shadow on face for the same
reason. Some of these imperfections can be eliminated by the help of histogram
equalization of face images. But histogram equalization is left as future work and
only simple brightness equalization is performed over feature points. So the

photographs used in this thesis should be taken in equivalent lighting conditions.

All of these practical rules are summarized as follows:
e Photographs should be taken roughly at the same vertical level.
e Landscape orientation of cameras should be preferred to increase face
details.
e Resolution of images should be larger than 800x600.
e Similar lighting conditions should be supplied. Photographs should be
taken with plenty of light, which should not cause shining and shadows on

the face.
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e Subject should have neither any hair on face, like bread or mustache, nor
any instruments that occlude face parts, like glasses.
¢ Direction of the camera should be such that maximum number of feature

points appears on photographs.

FaceGenerator application can load up to 5 images of the subject, which are left,
front, right and 2 front side views. To calculate 3D coordinates of a feature point
it must be marked on at least 2 images. As a result we need at least 2 images of
subject theoretically, but because of occlusion of feature points — only front
image can see all of them — practically 3 images are needed for a successful

solution.

Next step in the image calibration part is feature point marking on photographs.
In this work 18 predefined feature points are used for calibration. They are inner
and outer corners of eyes, upper and lower connections of ears to the face, left,
right up and down corners of mouth and left, right, and tip of nose. These points

are selected for their ease of distinguish ability

[5] from all point of views.
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Figure 5.3 : Feature Points in 2D and 3D

There are same other parameters used in calibration process which will be

mentioned later as they are used.

Calibration process starts with normalization phase. Feature points in each image
and face model will be normalized before calibration. Normalization is performed

separately for each image and face model.

After image calibration is completed, inverse of these normalization transforms
will be applied to the calibration results to convert the normalized results to real

world coordinates.
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Feature point normalization is followed by the camera calibration and 3D feature
point calculation. This is an iterative process composed of three subtasks that are
camera calibration, error calculation and 3D feature coordinate calculation.
Convergence of this iterative process depends on the error of initial state that you
start. If inputs differ from the generic face hugely, then iteration may not
converge or it converges to a local minimum. Since this iteration has two sets of
unknowns, 3D feature coordinates and projection matrices of cameras, the
iteration can be started in two different ways. First one is guessing the initial 3D
feature points, and the trying to find the projection matrices. The second one is
guessing the initial projection matrices of cameras, and then trying to find
coordinates of feature points. They both have some advantages compared to each

other.

In the first case, initial 3D feature coordinates are feature points of the generic
face. Also algorithm becomes capable of using arbitrary face images while there

is not any assumption on initial camera positions.

Second case demands a guess of initial projection matrices which hold the
information of internal camera parameters and geometric positions of the camera.
In case of normalized data, scaling and translation are eliminated but it is still a
difficult task to guess other parameters like focal length. This type of iteration is
useful when projection matrix of an image has inverse rotation (determinant of
rotation matrix is -1) or symmetric projection ( center of projection is symmetric

with respect to origin in normalized case ).

46



Mathematical details of iterative camera calibration and 3D feature coordinate
calculation were explained in Chapter 2 previously. There are two types of
pseudo-inverse method used in these calculations in over-defined problem case.
First one is direct implementation of pseudo-inverse method that is using all the
data at once. The second type is using a combination of input data and then
averaging the results of each combination to find the final result. An example to
the second method is the calculation of the projection matrix for the front image
that has typically 18 feature points where 6 of them could be enough. Projection
matrix will be calculated for each of the 6 combinations of 15 feature points and
the results will be averaged. No improvement has been achieved with this second
method while the calculation costs much more CPU time compared to using all

data at once.

Error value is calculated as two dimensional displacement between the marked
feature point and the iterated one which was projected to the image plane. The
program draws a graph of error versus iteration count so that user can see if the
error of each image decreases to an acceptable level. Feature points with
minimum error values are displayed on images and saved for 3D face model

deformation.
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5.6.2 Model Deformation

FaceGenerator has a model deformation module similar to Image Calibration one.
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Figure 5.4 : Model Deformation

Model deformation panel is composed of a 3D scene viewer and feature point

edition property.
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Initial face mesh whose feature points were used in calibration process must be
loaded to the scene viewer. FaceGenerator application can load OBJ and VRML
3D file formats. In addition to 3D geometry definition, these formats also support
texture loading. A default face mesh and a texture map with 827 vertices are

mainly used in this thesis.

Following the face model loading, results of image calibration module, 3D
feature and refinement points must also be loaded. This module is capable of
editing all attributes including deletion of 3D feature points. The program
displays initial and final coordinates of features and refinements in 3D scene
viewer.

The next step is to select a radial basis function (RBF) which will be used to
deform the generic face model. The user can define the type of RBF which are
polynomial and exponential RBF’s. In boundary definition we propose two
solutions, fixed boundary and variable boundary.

In fixed boundary definition, the RBF has zero value outside the given boundary.

In variable boundary definition, the parameters of RBF are calculated for each
feature point so that RBF has the desired value at the nearest neighboring feature

point.

Given a 3D feature point set, a RBF and a generic 3D face mesh, FaceGenerator
can deform the face mesh and show the resultant mesh in this module. Feature

points can be applied more than once to have less error.
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5.6.3 Texture Generation
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Figure 5.6 : Texture Generation

Texture generation module is developed to collect all the necessary information
and then generate texture image. Data used for texture generation is listed below:
e Deformed face mesh
e (Camera directions for each image

e Image files
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e Texture map

This module automatically collects the most recent versions of listed information.

™ L]
N N

Figure 5.7: Texture Map
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In this thesis a fixed texture map as shown in Figure 5.7 is employed, and texture

image is transformed to fit this texture map.

In addition to texture generation data, some adjustable performance criterias may
be involved to achieve a better texture image. Now these criterias will be

explained.

The most important parameter is the threshold that is applied to weight images in
blending process. This threshold is very useful in eliminating faulty texture
triangles. The higher the threshold value, the more triangles discarded, which

may be both faulty or not.

The next property of texture generation module is brightness normalization. This
is a simple function that calculates brightness of feature points. Then average
brightness’s of all feature points are equalized. Reference brightness is obtained
from frontal image. This is not working perfectly because of nature of the feature
points. Feature points are corners of face organs, which do not have a smooth
surface. As an alternative method, 25 pixels (5x5 window) neighborhood of each
feature point is averaged to reduce the brightness variation around that feature

point. With this method, satisfactory results are obtained.

Another property of this module is blurring. While triangles are transformed to
their mapped positions, small errors may occur due to casting of double values of

pixels to integers. This type of error usually creates contour lines at the
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intersection of triangles. A color value close to human skin color can be selected
as background and if the result is still poor, we may apply a blurring convolution

to the texture map. Kernel of blurring convolution is:

0.1 0.1 0.1
BLUR=|0.1 02 0.1 Eq. 5.1
0.1 0.1 0.1

Height and width of the generated texture can be changed. Performance of face

rendering is directly affected by the size of the texture image.

Finally, images which will contribute to the texture image can be selected. This

selection can be used to discard the mis-calibrated images.
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CHAPTER 6

EXPERIMENTAL RESULTS

6.1 Introduction

The deliverables of face generation method and the results are explained in this
chapter. There are two deliverables for each face model. One of them is the face
mesh deformation file in XML format and the other is the face texture image file
in JPEG format. 3D face model can be generated with these files and initial face

model.

FaceGenerator application is executed with 5 images and 18 feature points as
shown in Figure 6.1. Blue marks on face images indicate feature points of this
sample run. 11 points on the left image, 15 points on the front left image, 18
points on the front image, 13 points on the front right image, 11 points on the

right image are marked.
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Figure 6.1 : Face images with feature points

56



(a) (b) (c)
Figure 6.2 : 3D deformation of initial face mesh

(a) initial face mesh with feature points, (b) deformed face mesh with feature
points, (c) deformed face mesh with feature points and refinement points.

(a) (b)

Figure 6.3 : Refinement on nose and cheek

(a) mesh deformation for nose contour, (b) mesh deformation for cheek contour.
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Figure 6.2 shows the sequence of 3D deformation of face mesh. Figure 6.2 (b) is
the deformed 3D face model with 18 feature points and Figure 6.2 (c¢) is with 18

feature points and 10 additional refinement points. Figure 6.3 shows enhancement

obtained at refinement step.

(a) (b)
Figure 6.4 : 3D face model and texture image

(a) Textured 3D face model, (b) generated texture image.

Figure 6.4 (a) shows the textured 3D face model using texture image given in
Figure 6.4 (b). In texture image the undefined texture surfaces such as inside the
mouth and below the chin and unused parts of the texture image such as areas

around ears are painted in yellow background color.
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Figure 6.5 : Face images with projected final 3D mesh

Final results of the 3D face mesh deformation with feature and refinement points

are shown in Figure 6.5 by projecting the mesh on to the initial images.
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Face model generation method proposed in this thesis depends on different
parameters. The following sections explain the effects of these parameters for

each of them separately while keeping others constant.

6.2 Models with Different Number Photographs

Feature point calculation method seeks at least two 2D coordinates of a feature
point to find its 3D coordinate. Hence the whole method needs at least two
photographs of the face. Since feature points can not be viewed at each image
simultaneously, we may need to increase the number of images to maintain all
feature points to be seen at two or more images simultaneously. 3D coordinates

of 18 feature points defined in this thesis can be found typically with 5 images.

Examples of face modeling with 2 to 5 images are presented below. The same
images with the same feature points are used but only the number of images is
changed. The images for each example are taken in a way that the maximum
possible number of feature points is observed in them. Chosen images and the
number of feature points with their 3D coordinates are as follows:

e 2 Images (front left, front right) : 8

e 3 Images (left, front, right) : 16

e 4 Images (left, front left, front right, right) : 16

e 5 Images (left, front left, front, front right, right) : 18
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(a) (b) (©) (d)

Figure 6.6 : 3D feature points found in each trial

(a) for 2 images, (b) for 3 images, (c) for 4 images, (d) for 5 images.

'r

(a) (b) () (d)

Figure 6.7 : 3D face models found in each trial

(a) for 2 images, (b) for 3 images, (c) for 4 images, (d) for 5 images.
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In Figure 6.6, feature points on deformed 3D face mesh are shown. With two
images, we can not deform both sides of the mouth and nose. We can deform the
inner corners of the eyes only when the front image is introduced together with

the front left and front right images, which is 5 images case.

In addition to the feature points, less number of images reduces our ability to
refine the model. Also blending in texture is reduced while we less texture data
for same point on face. The effects of change in number images on refined

textured models are shown in Figure 6.7.

6.3 Models with Different Direction of Photography

Our face modeling method is independent of imaging directions. All kinds of
images satisfying the constraints of having two 2D points for each feature point

and six 2D feature points for each image, are enough modeling.

An exception to this rule occurs when the iteration for feature point calculation in
the FaceGenerator Application is desired to be initialized with initial camera
directions. In this case, since we want to employ a guess on camera directions,
the direction of photograph is important. Infeasible results can be obtained when
compared to the method used in this thesis that initializes the iteration using the

initial 3D feature points from the initial face mesh.
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Three examples of face modeling, in which images of same the face are taken
from different directions, are given below. The blue points on images are the
marked feature points. The first rows of the images are images used in modeling;
the second rows contain the same images with deformed face meshes projected
on them. These projections are performed with the projection matrices which are

calculated in feature point calculation phase.

The images in Figure 6.8 are taken horizontally while images in Figure 6.9 are
taken downwards with 30 degrees angle with horizontal plane, and images in
Figure 6.10 are taken from horizontal direction with 30 degrees of camera

rotation around direction of projection.

Figure 6.8 : Images taken with horizontal alignment
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Figure 6.9 :

I

Figure 6.10 : Images taken with horizontal rotation
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(a) (b) (c)
Figure 6.11 : 3D face models with different direction of photography

(a) horizontal images, (b) downwards images, (¢) horizontally rotated images

Figure 6.11 shows that 3D face meshes do not change with changing direction of
photography if we ignore small feature point marking errors. But same thing can
not be said for the generated texture image, since the direction of photographs are
used as weighting function in texture blending, and also illumination of images

can change with direction.

6.4 Models with Different RBF

Radial basis functions (RBF) are used to deform the whole 3D face mesh with the
guidance of feature points. FaceGenerator application involves two types of
RBF’s:

¢ RBF with constant boundary for all feature points
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e RBF with variable boundary for each feature point which has constant

value at neighboring feature points

Figure 6.12 : Variation of RBF for the same model
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This method of face model generation usually employs the variable boundary
Gaussian RBF. Figure 6.12 presents the effect of RBF boundary changes, which
have constant boundaries relatively 1 at the top left image, 2.5 at the top right

image, 5 at the bottom left image, and variable boundary at bottom right.

6.5 Models with Occluded Faces

One of the biggest difficulties of this thesis is to find perfect faces which do not
have parts occluded with any apparatus like glasses, beard or mustache. However,
a face modeling should also handle such occluded images. Human beings of
recent year’s society like to look different with such apparatus. While this is a
way of expressing yourself, so an important feature of face, face modeling should

handle these apparatus.

If the apparatus does not occlude any feature point as on the face as in Figure
6.13, 3D mesh is not affected severely but this is not true for texture. Eye glasses
project to different places on the different face images and generate alias effects
on the texture image. For example you can see that the same nose contact can be
seen three times in texture image, each comes from front, front right and right

images. In the case a beard, this alias effect causes a blurred hairy texture.
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Figure 6.13 : 3D model of a man with eye glasses
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CHAPTER 7

CONCLUSION

3D computer graphics is a rapidly developing area. Many complicated 3D games
and 3D animation films are available in the market. Home users can play the
games with their standard PC’s capable of creating realistic virtual universes.
Unfortunately, applications of 3D are usually trapped in games and films. Users
are not able to generate their own 3D environment. This study is concentrated on

a simple method for the generation of 3D models - especially human face models.

In the market, companies like Pixar Inc. generate photo-realistic face models that
are indistinguishable from real ones. But their generation method is very
complicated and involves extremely expensive hardware. The method presented
in this thesis will make it possible for home users to generate their own face

models. A conventional PC with a web cam will be sufficient.

In this thesis, face model generation by morphing an initial 3D model with
uncalibrated camera photographs is performed satisfactorily with some simple
problems. On initial photographs, manually marked feature points are used to
deform initial 3D face model. These photographs also are processed to form a

single texture image covering deformed 3D face model.
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7.1 Future Works

Lots of additional work can be introduced to the proposed method of face
generation. These additions will improve the performance of face model

generation.

In our algorithm, there is no constraint in initial images of the subjects.
Introduction of some constraints such as structured light and multiple cameras for

simultaneous photography can improve calibration of cameras dramatically.

The main drawback of our method is the manual feature point marking process.
The number of markings can be reduced or totally eliminated by employing a
face feature extraction. Such an algorithm may place features automatically
perhaps with a better precision than human users. Resulting in the development
of a much more autonomous image generation process, a potential tool that

carries great promise for mass application purposes.

An improvement in feature marking can also be achieved with the help of some
better marking methods. Nature of the face limits the number feature points since
we are limited to the corners of each face part. The feature line making concept

can be introduced. Use of feature lines may be difficult in calibration but they can
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easily be employed in the refinement process. Furthermore structured light

sources can be used to create additional feature points on the face.

The second biggest drawback of the method explained in this thesis is the
calibration step. The simple linear calibration process can be replaced with a
more sophisticated calibration algorithm such as error minimization calibration.
Error function can be defined in a way that calibration has a bias towards a

predefined camera position.

Manual marking of feature points may also introduce some errors. This possible
error has not been considered in our face modeling algorithm. In the iterative
feature point calculation process, an error value can be defined for each feature
point and feature point can be updated in an error boundary. Updating initial
feature point can help the iteration to find the exact solution of camera

calibration.

Finally, blurring operation applied to the generated texture image can be replaced
by a non-linear moving average operation. Moving average may be more

powerful in filtering contour lines in such texture images.

These future works have a great potential on the improvement of the face
modeling. Face model generation process could become an indispensable part of

our life if these improvements were achieved.
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