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ABSTRACT

This paper represents a 3D model-based object tracking
algorithm to extract rigid and non-rigid motion of an ob-
ject simultaneously . Previous AAM is extended by replac-
ing 2D shape model with 3D shape model, and appropriate
model fitting algorithm is derived. Proposed algorithm is
applied to face tracking in video sequence to extract non-
rigidly deforming facial shape.

1. INTRODUCTION

Face tracking is a fundamental technique that is required
for face recognition, facial expression recognition and lip
reading, model-based coding etc. in HCI (Human Computer
Interface). Much research focuses on facial shape tracking
from the viewpoint of facial expression recognition.

Xiao[1] modelled the face with cylindrical model. An
iterative template matching algorithm is used to recover the
6 rigid motion parameters of the face from an image se-
quence. Li[2] gathered 3D shapes of a face, and learned
shape space of face. The pose and shape parameters of
a face are estimated using Kalman filter and genetic algo-
rithm to obtain a frontal view image in successive image
sequence. Salih[3] gathered 3D shapes of various facial ex-
pressions from a stereo image sequence to learn the shape
space of facial expressions. The landmark points are tracked
in a monocular view image sequence using optical flow al-
gorithm constrained by learned shape space. This algorithm
is robust to pose change, but this algorithm does not provide
an initialization method. Essa[4] used a 3D shape model
with muscles. In this model, the change of facial shape is
driven by the activation of the attached muscles. The acti-
vation of each muscle is computed from optical flow infor-
mation. This method does not consider the pose variation,
and optical flow requires heavy computation. AAM (Active
Appearance Model) [5] is widely used to track non-rigid ob-
jects including a face. In addition, an efficient model fitting
algorithm is introduced by [6].

Thanks to .

Recently, AAM is extended to track 3D shape of non-
rigid object. 2D shape model is constrained to follow the
affine projection of 3D shape model [7]. The 3D shape
model can be acquired from the tracking result of 2D AAM[8].

In this paper, we extended the previous AAM by replac-
ing 2D shape model with 3D shape model. Therefore, the
number of shape parameters is reduced to the dimension of
3D shape model.

The remainder of this paper is organized as follows. In
section 2, the shape and appearance model for 3D extended
AAM is described. In section 3, the fitting algorithm for the
proposed model is derived. In section 4, the result of ex-
periment is presented. In section 5, a conclusion and future
works are drawn.

2. 3D EXTENDED AAM

2.1. Shape Model

The shape of a 3D object can be approximated by a 3D mesh
with v vertices, which corresponds to the salient points on
the surface of the object. The shape of an object is repre-
sented by a column vector with 3v × 1 elements as

s =
(

s1

x, s1

y, s1

z, . . . , s
v
x, sv

y, sv
z

)T
, (1)

where sj
x, sj

y, sj
z means the 3D coordinate of the j-th vertex

in an object reference frame. If we apply PCA to a set of
collected shapes of a non-rigid object, an arbitrary shape of
the object can be synthesized by the linear combination of
the shape parameters pi multiplied to the basis vectors as

s = s0 +
n

∑

i=1

pisi, (2)

where s0 means the mean shape.
We have to decide the location of origin and three di-

rections for each axis to establish a 3D coordinate system
for the object. We defined a coordinate system for faces as
follows. Let a line spearing the center of the two eyes be le,
and let a line which goes through the center of mouth and is
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perpendicular to the line le be lm. Then the point of inter-
section is defined as the origin. We defined the line heading
for left eye from the origin as x-axis and the line heading for
the center of mouth from the origin as y-axis. The direction
for z-axis can be determined from x and y axis.

2.2. Camera Model

We can observe only a 2D image that is the projection of
the 3D nature of the object. To estimate the 3D shape from
given image, we need to know the relation between the 3D
nature in the world and its projection to the image plane.
This relation can be regarded as the projection process of
each vertex of the mesh.

The 3d coordinate of the j-th vertex in object reference
frame sj can be transformed to the coordinate in camera
reference frame Xj using rotation matrix R and translation
vector T as

Xj =
[

xjyjzj
]T

= Rsj + T. (3)

The rigid motion (rotation R, translation T) can be repre-
sented by 6 parameters using twist representation[9],

q = [wxwywztxtytz]
T

. (4)

Three parameters wx, wy, wz represents the amount of ro-
tation along three axes, and tx, ty, tz represents the location
of the origin of object reference frame. These 6 parameters
will be called as pose parameter. Rotation matrix R can be
computed from Rodrigues formula.

The location of the j-th vertex uj = [uj vj ]T in the
image plane can be computed as

uj(c) =
xj

zj
fα + u0 =

rT
1
sj + tx

rT
3
sj + tz

fα + u0 (5)

vj(c) =
yj

zj
fβ + v0 =

rT
2
sj + ty

rT
3
sj + tz

fβ + v0, (6)

where ri means the i-th row vector of the rotation matrix R
and c is a concatenated vector of p and q.

2.3. Appearance Model

To extract appearance data independent to the shape varia-
tion, we used Li’s method to extract shape-pose-free texture
[2]. The mean shape s0 at a fixed location T0 with frontal
view R0 = I3 is projected to image plane. Then the pro-
jected points on the image plane construct a 2D mesh m0.
For an input image, we determine the location of predefined
vertices on the input image, and these locations construct a
2D mesh m for this input image. Then the input image is
warped to shape-pose-free texture template according to the
correspondence between the two meshes m0and m.

Again, applying PCA to the set of gathered shape-pose-
free textures, we can build a linear model for appearance
as

A = A0 +
m

∑

k=1

αkAk, (7)

where A0 is mean appearance and αk are appearance pa-
rameters.

3. FITTING ALGORITHM

AAM is a generative model that can synthesize the appear-
ance of the object with the given parameters. To interpret
an image with AAM, we must find the parameters that mini-
mize the difference between synthesized image and an input
image.

Matthews and Baker [6] showed that IC-LK algorithm[10]
which is modified version of LK algorithm[11] to speed up
the convergence process can be applied to the model fitting
algorithm of AAM. To apply the IC-LK algorithm to 3D ex-
tended AAM, we have to define warping function, inverse
of warping and composition of warping function. In this
section, we briefly review IC-LK algorithm and modify this
algorithm to adapt to 3D extended AAM.

3.1. IC-LK algorithm

In LK algorithm, the error is defined as the difference of in-
tensity values between template image A0and input image
as

E(∆c) = [A0(x) − I(W (x; c0 + ∆c))]
2
, (8)

where c is the parameter vector of the warping function.
The LK algorithm iteratively finds the warping parameters
that minimizes the error. The update rule for LK algorithm
is

∆c=H
∑

x∈A0

[

∇I
∂W

∂c

]T
[

A0(x) − I
(

W (x; c0)
)

]

(9)

H =

{

∑

x∈A0

(

∇I
∂W

∂c

)T (

∇I
∂W

∂c

)

}−1

, (10)

where ∂W/∂c is the Jacobian of warping function at a cur-
rent estimate of the warping parameters c0, and ∇I is the
gradient of input image at W (x; c). Jacobian ∂W/∂c and
pseudo Hessian H must be updated at every iteration.

In IC-LK algorithm, the error is defined as

E(∆c) = [A0(W (x;∆c)) − I(W (x; c))]
2
, (11)

and the warping function is updated as

W (x; c) = W (x; c0) ◦ W (x;∆c)−1 (12)
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∆c =H
∑

x∈A0

[

∇A0

∂W

∂c

]T
[

I
(

W (x; c0)
)

−A0(x)
]

. (13)

At this point, the Jacobian and the Hessian become constant
because the Jacobian is always computed at c = 0. The
gradient of template is constant also. These changes reduce
the computation in the iteration.

3.2. Image Warping

This section describes how to synthesize an image corre-
sponding to given parameters with 3D extended AAM. First,
the appearance is synthesized on a shape-pose-free texture
template with appearance parameters. Next, equation (5)
and (6) determine the position of each vertex on the image
plane. These vertices define a 2D mesh m. The appearance
image synthesized on shape-pose-free texture template is
piece-wise warped to the mesh m on the image plane. The
warping function for a point x in a triangle (x0

i ,x
0

j ,x
0

k) is
determined by the destination triangle (xi,xj ,xk) as

W (x; c) = xi + a(xj − xi) + b(xk − xi), (14)

where a, b are coefficients determining the position x in a
source triangle.

3.3. Warp Jacobian

The warping function in equation (5) and (6) is determined
through the projected location of the vertices. The Jacobian
is computed as

∂W

∂c
=

v
∑

j=1

[

∂W

∂uj

(

∂uj
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∂uj

∂q

)]

. (15)

Jacobian ∂W
∂uj is computed from equation (14) and ∂uj

∂p
, ∂vj

∂p

is computed as
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=
(rT

1
s

j
i )(r

T
3
sj +tz)−(rT

1
sj + tx)(rT

3
s

j
i )

(rT
3
sj +tz)2

· fα (16)
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∂uj

∂q
=

[

−xy x2+z2
−yz z 0−x

−(y2+z2) xy xz 0 z −y

] [

fα 0
0 fβ

]

1

z2
. (18)

The values x, y, z are the coordinates of each vertex of the
mean shape placed at R0, T0.

3.4. Composition of warping

The input image is backward warped to be compared with a
template image in every iteration. ∆c at equation (12) rep-
resents the amount that the vertices in the template image

should move when compared to the backward warped input
image. To update the warping function, we must compose
current warping function with an inverted warping function
corresponding to ∆c. The inverse of the warping function
is simply computed by inverting the sign of warping param-
eters W (x;∆c−1) = W (x; −∆c). New position of each
vertex û

j on image plane is computed by composing the
current warping function and the inverted warping function.
The remaining problem is to compute the new parameter c

of composed warping function. If we know the current val-
ues of parameters p0, q0, the new position of j-th vertex can
be approximated as

û
j = uj(c0 + ∆ĉ). (19)

This equation can be rewritten as linear equation system us-
ing first order Taylor expansion as

û
j
−uj(c0) ≈ ∆û

j =
∂uj

∂c
∆ĉ. (20)

In this equation, the movement of each vertex ∆û
j is com-

puted by substracting current position from estimated new
position and the concatenation of two Jacobian

[

∂uj

∂p
∂uj

∂q

]

is computed from the equations (16), (17) and (18). At this
time, these equations must be computed at the current pose
parameter.

4. EXPERIMENTAL RESULTS

We recorded a test movie with a stereo vision camera. This
movie contains 103 frames, and each frame consists of gray
level stereo images with 640x480 resolution.

4.1. Data collection

We defined 41 landmarks on a face and extracted 3D shape
data from selected frames. 7 frames (1, 15, 30, 45, 60,
75, 90’th frames) are selected in the sequence. The land-
marks are manually located on the right image, and the cor-
responding points are determined by finding the best match-
ing points on the left image. Then, 3D structure is recon-
structed using stereo vision technique. 7 shape data and 14
appearance data are collected to learn 3D extended AAM.
We used 5 shape parameters, 7 appearance parameters, and
6 pose parameters.

4.2. Tracking result

Tracking begins with rough initialization. 3D locations of
two eyes, and center of the mouth are extracted from first
stereo frame, and the pose parameters of mean shape s0 are
estimated from the three points. Shape and appearance pa-
rameters are set to zero. We used right image sequence for
tracking experiments.
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Because we do not have the ground truth data (the true
values of shape, appearance, and pose parameters) for this
experiment at present, we checked the tracked result whether
the predefined vertices are coherently tracking the point in
the image sequence. The test movie contains 4 facial ex-
pressions in sequential order: normal, laughing, frowning,
and surprised. Figure 1 shows some examples of tracked
image sequence. Bar graphs on the left part of the image
visualize the current values of 5 shape parameters. Figure
2 shows the change of 5 shape parameters throughout the
entire sequence.

(a) (b)

(b) (c)

Fig. 1. Examples of tracked image sequence.

Fig. 2. Tracking result of 5 shape parameters

5. CONCLUSION

In this paper, we developed a facial shape tracking system
using 3D extended AAM. 3D shape model is used instead
of a prior 2D shape model. and perspective camera model is
combined to the warping function. Model fitting algorithm
is derived by modifying the IC-LK algorithm. Non-rigid de-
formation of facial shape is extracted using developed face
tracking system. We will adopt more experiments to test the
performance of this system.
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