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Abstract

This paper presents an automatic 3D head pose initial-
ization scheme for a real-time face tracker with application
to human-robot interaction. It has two main contributions.
First, we propose an automatic 3D head pose and person
specific face shape estimation, based on a 3D deformable
model. The proposed approach serves to initialize our real-
time 3D face tracker. What makes this contribution very
attractive is that the initialization step can cope with faces
under arbitrary pose, so it is not limited only to near-frontal
views. Second, the previous framework is used to develop an
application in which the orientation of an AIBO’s camera
can be controlled through the imitation of user’s head pose.
In our scenario, this application is used to build panoramic
images from overlapping snapshots. Experiments on real
videos confirm the robustness and usefulness of the pro-
posed methods.

1. Introduction

The mainstream for 3D head pose and person-specific
face shape parameters estimation in video sequences relies
on extracting and matching some salient facial features such
as the locations and local statistics of the eyes, nose, and
mouth in one or more views. A taxonomy of head pose
estimation approaches can be found in [14]. Feature-based
approaches suffer from self-occlusions and drifting [21, 20].
A solution to overcome the drawbacks of feature-based ap-
proaches is given by holistic approaches (appearance-based
approaches), which try to analyze the whole facial appear-
ance [4, 11]. For example, Active Appearance Models
(AAMs) were mainly used for 2D model fitting and track-
ing.

Model-based applications exploiting monocular vision
systems (the face model is given by a 3D mesh or a range
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model) need to personalize the face model of the person
utilizing the system in order to achieve an accurate estima-
tion. This holds true even with simple 3D models such as
cylinders and ellipsoids. Many works have addressed the
3D face tracking in video sequences [22]. However, most of
them rely on a manual initialization of the parameters, in the
sense that the tracking parameters are provided by the user.
Obviously, real world human computer interaction require a
full automatic 3D face tracker. Recently many authors used
special sensors such as a travelling camera or a 3D scanner
in order to build personalized facial shape [2]. These shape
models are then used for art production or for 3D face detec-
tion and recognition using 3D sensors. Such systems suffer
from several shortcomings. Some of the shortcomings can
be alleviated by using stereo vision sensors [8]. In [10], the
authors propose to infer side-view shape parameters from
one single frontal image using learned statistical correlation
between the frontal-view parameters and the side-view pa-
rameters. The facial points (MPEG-4 points) and the frontal
view parameters (relative distances) are extracted from the
frontal image using some heuristics and prior knowledge.

In this paper, we present a novel approach for the auto-
matic 3D head pose estimation and tracking from monoc-
ular videos. More concretely, our work presents two con-
tributions. First, we estimate the 3D head pose and per-
son specific face shape parameters from single images. For
this purpose, we use a statistical facial texture model and
a standard deformable 3D model. This technique is used
to initialize a real-time tracker [6]. The proposed approach
presents several characteristics that make it very attractive:
(1) the initialization step copes with faces under arbitrary
pose, so it is not limited only to near-frontal views, (ii) it is
person-independent, (iii) it is featureless (no facial features
are needed), and (iv) its learning stage is simple. Second,
based on this framework, we developed an application that
shows how to control an AIBO head movement by imitat-



ing the automatic estimated user’s head pose. In our sce-
nario, this application is used to build panoramic images
from overlapping snapshots. The whole process described
in this paragraph is graphically depicted in figure 1. This
work builds on our previous works [6, 7]. More precisely,
[6] describes our developed real-time 3D face tracker where
the tracking is initialized manually. [7] evaluates the accu-
racy of 3D head pose parameters obtained by this tracker
using dense 3D data. Our current work provides two main
contributions: 1) automatic initialization of the parameters
from one single image, and ii) an application in which the
robot camera is controlled using the tracked face orienta-
tion.
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Figure 1. Process flow for a user’s gaze imitation using a monoc-
ular camera. The user’s automatically estimated head pose is con-
tinuously controlling the AIBO’s head orientation and thus regis-
tering the scene.

The proposed holistic approach estimates the 3D pose
parameters, as well as the person specific face parameters,
by registering the input texture (warped region of the im-
age) to a statistical face texture. Compared to AAMs meth-
ods our proposal has two advantages. First, there is no need
to compute a Jacobian matrix neither off-line nor online.
Second, while AAMs merge both the inter and intra-person
shape variabilities, our method separates these variabilities,
and therefore the proposed method can be easily and ef-
ficiently used for initializing a real time 3D face tracker
and facial expression recognizer in videos (both the 3D de-
formable model and its 3D pose are computed for the first
frame in the video sequence). However, it is not clear how
these tasks can be performed with AAMs. We stress the
fact that our approach does not use neither 2D AAM nor
3D AAM. The only similarity with AAMs is the use of a
statistical facial texture model based on Principal Compo-
nent Analysis (PCA).

The remainder of the paper is organized as follows. Sec-

tion 2 reviews some related work on head movement imita-
tion with application to robotics. Section 3 introduces some
aspects regarding face modelling. Section 4 presents the
proposed holistic approach for the initialization of the 3D
head pose and face shape parameters. Section 5 summarizes
the 3D face tracker. Section 6 presents some qualitative and
quantitative evaluations of performance. In section 7 we
present an application for a human-robot interaction sce-
nario, based on the framework previously introduced. Sec-
tion 8 concludes the paper.

2. Related work on head movement imitation

Imitating gestures, in general, and head pose, in particu-
lar, represents an attractive research topic in robotics. The
reason is twofold: (i) imitative robots require less program-
ming effort compared to ’classical’ ones (which need to
be programmed explicitly); (ii) at the same time, imitative
robots could be used by cognitive researchers to test compu-
tational theories, and to validate psychological experiments.

Head movement imitation represents the basis for joint
attention, defined as the behavior to look where someone
else is looking. From a psychologic point of view, joint at-
tention is of primary interest to study several aspects related
to cognitive development. Early work on head pose imita-
tion was reported in [5]. They built a model of head move-
ment imitation based on the computation of optical flow.
Their implementation was inspired by a theoretical frame-
work of the active intermodal mapping proposed by Melt-
zoff et al. [12]. The same theoretical model was used later
on by Shon et al. [18] in order to build a robot endowed
with the capability to manifest joint attention. Scassellati
[17] built a robot able to imitate head nodding. The head
movement was detected by the cumulative displacement of
user’s face in the robot’s field of view. Another work which
addresses the problem of joint attention development in a
infant-like robot based on head movement imitation is re-
ported in [15].

The application presented in our paper show how the ori-
entation of an AIBO’s camera can be controlled through the
imitation of user’s head pose, in real-time. This application
is used to build panoramic images from overlapping snap-
shots. Due to the low complexity and facility to be repro-
duced, our approach can be easily adopted by any system
whose aim is to study efficiently high-level, cognitive as-
pects, of the human-robot interaction (like joint attention,
for example).

3. Modelling faces

A deformable 3D mesh In our work, we used Candide
3D face model [1]. This common 3D deformable wireframe
model accounts for person specific shape variation as well
as for facial animation. The 3D shape of this wireframe



model (triangular mesh) is directly recorded in coordinate
form. It is given by the coordinates of its n 3D vertices.
Thus, the shape up to a global scale can be fully described
by the 3n-vector g; the concatenation of the 3D coordinates
of all vertices. The vector g is written as:

g=g8+STs+AT, (D

where g is the standard shape of the model, 75 and 7, are
shape and animation control vectors, respectively, and the
columns of S and A are the Shape and Animation Units. A
Shape Unit provides a means of deforming the 3D wire-
frame so as to be able to adapt eye width, head width,
eye separation distance, etc (see Figure 2). Thus, the term
S 7 accounts for shape variability (inter-person variability)
while the term A 7, accounts for the facial animation (intra-
person variability). With this model, the ideal neutral face
configuration is represented by 7, = 0. In this study, we
assume that the images are depicting quasi-neutral faces.
Thus, the expression for the deformable mesh becomes:

g=g+S7s 2

The shape modes were created manually to accom-
modate the subjectively most important changes in facial
shape. In the model package, the number of modes asso-
ciated with facial Shape Units matrix S (inter-person vari-
ability) is twelve. However, for the purpose of our study
which deals with the automatic image-based extraction of
the control vector T only six components are considered
as the most significant indicators of the perceived person-
dependent facial shape in a given near frontal facial image.
These components are: Head height, vertical position of the
eye brows, vertical position of the eye, eyes separation dis-
tance, vertical position of the nose, vertical position of the
mouth. The remaining components are set to nominal val-
ues.

Figure 2. Effects of some facial shape control parameters on the
deformable 3D model (standard shape, mouth width, eyes width,
eyes vertical position, eye separation distance, head height).

In equation (1), the 3D shape is expressed in a local co-
ordinate system. However, one should relate the 3D coor-
dinates to the image coordinate system. To this end, we
should add the six degrees of freedom associated with the
3D face pose. The mapping between the 3D face model and
the image adopts the weak perspective projection model.

Thus, the state of the 3D wireframe model is given by the
3D face pose parameters (three rotations and three transla-
tions) and the shape control vector 7. This is given by the
12-dimensional vector b:

Shape-free facial patches A facial patch is represented
as a shape-free image (geometrically normalized rawbright-
ness image). The geometry of this image is obtained by
projecting the standard shape g using a centered frontal 3D
pose onto an image with a given resolution. The texture of
this geometrically normalized image is obtained by texture
mapping from the triangular 2D mesh in the input image
(see figure 3) using a piece-wise affine transform.

(a) (b)
Figure 3. (a) an input image with correct fitting. (b) the corre-
sponding shape-free facial patch.

4. Initializing the 3D head pose and face shape
parameters

4.1. Face subspace

The statistical facial texture model describes the appear-
ance variation of the shape-free facial patches x (see fig-
ure 3.(b)). These patches are obtained from the training
images (individual snapshots or video sequences) by fitting
the 3D deformable model to the face. This fitting can be
manual or automatic [1]. Using these training patches one
can easily build the face subspace. For this purpose we use
the Principal Component Analysis (PCA)—a well-known
technique used for modelling face subspaces. We assume
that we have K shape-free patches. Applying a PCA on the
training patches we can compute the mean and the princi-
pal modes of variation. The use of linear subspace (PCA)
can be justified by 1) the facial images are geometrically
normalized, and 2) the proposed method will be carried out
in a relatively constrained environment. However, currently
we are investigating the use of non-linear manifold learning
techniques.
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Figure 4. The unknown parameters are estimated by maximizing
a likelihood measure taking into account the reconstruction error
and the distance in feature space. The face subspace is linear.

4.2. Optimization

The basic idea is to estimate the 3D face pose and shape
parameters, i.e. the vector b, such that the associated shape-
free patch will be as close as possible to the facial sub-space.
This can be carried out by maximizing a certain likelihood
measure. For this purpose, we use the likelihood measure
proposed in [13]:

p(x/b) o exp (—1 iwj 52) exp (— ° ) @)
2 i—1 )\z 2p*

where e is the reconstruction error, \;s are the M largest
eigenvalues given by the PCA, ¢;s represent the texture pro-
jection onto the corresponding M eigenvectors, and p* is
the arithmetic average of the remaining eigenvalues (in the
complementary subspace). The reconstruction error is the
distance between the original shape-free texture x and its
projection onto the PCA subspace. The above likelihood
measure takes into account two distances (i) the distance-
from-feature-space, and (ii) the distance-in-feature-space.
These two distances are illustrated in Figure 4. Maximizing
this likelihood is equivalent to minimizing the Mahalanobis
distance over the original textures. The unknown 3D face
pose and shape parameters (the vector b) can be estimated
by seeking the maximum of the likelihood (4):

b =arg mﬁuxp(x|b) 5)

To this end, we use the Differential Evolution (DE) algo-
rithm [16] in order to maximize (4) with respect to the 3D
face pose and shape parameters. The DE algorithm is a
practical approach to global numerical optimization that is

easy to implement, reliable and fast. The crucial idea be-
hind DE is a scheme for generating trial parameter vectors.
Basically, DE adds the weighted difference between two
population vectors to a third vector. In our case, the ini-
tial population is randomly selected between the lower and
upper bounds defined for each variable using uniform distri-
butions. The distributions associated with the translational
part of the 3D face pose are centered on the output of the
2D face detector [19].

5. 3D face tracking in video sequences

In order to track the face in an arbitrary video sequence
we have to estimate the 3D pose face parameters as well as
the facial action parameters for every frame in that video.
Recall that the 3D face pose and shape parameters associ-
ated with the first video frame were estimated by the ini-
tialization approach described in the above section. Since
the shape parameters 7 are constant for a given video se-
quence (the static shape of a given subject is not changing
over time), these parameters do not to be tracked in the re-
maining frames. Instead, we need to track the 3D face pose
and possibly some facial actions describing local facial mo-
tions. For this purpose, we use Equation (1) with 74 being
constant. Thus, the 3D deformable model can be described
by

g=g,TAT, (6)
where g_ denotes the static shape of the model. It is esti-
mated by the initialization process described in Section 3
(see Equation (2)). Therefore, the sate vector for every sub-

sequent frame in the video sequence is given by the vector
b/

b/ = [emy 9y7 Gza twa tya tza TT ]T (7)

For fitting every subsequent frame in the video sequence
(i.e., estimating the state vector b’), we use the 3D face
tracker based on Online Appearance Models [6]. This es-
timates a full 3D orientation and position of a head, while
incorporating additional DOF including movement of the
eyebrows and the lips. This appearance-based tracker aims
at computing the 3D head pose by minimizing a distance
between the incoming warped frame and the current shape-
free appearance of the face. This optimization is carried out
using a gradient descent method. The statistics of the shape-
free appearance as well as the gradient matrix are updated
every frame. This scheme leads to a fast and robust tracking
algorithm.

6. Evaluating the initialization

Experiments were conducted to evaluate the perfor-
mance of the proposed initialization technique in image



snapshots extracted from several video sequences recorded
under realistic conditions. More concretely, we recorded
20 videos, belonging to 10 persons, in which people were
asked to move their head in an unconstrained manner, cov-
ering as many head pose angles as possible. The videos
have an average length of 40 seconds and are recorded at
25 frames per second. The distance of the faces from the
recording camera ranged from 50 cm to one meter in order
to guarantee enough facial image resolution, as required by
Candide model. The yaw and pitch angles belong to the
interval [—40°, 4+-40°].

In this section, we report qualitative and quantitative
evaluation of the proposed algorithm.

6.1. Qualitative evaluation

In this section, we present some qualitative results of the
initialization scheme proposed in Section 4. Figure 5 illus-
trates the application of the proposed scheme on three dif-
ferent persons, under varying head poses. The purpose of
this figure is to show that the features of the 3D model (de-
formed 3D mesh) projects correctly onto their correspond-
ing 2D features in the image. Recall that this projection
relies on the estimated shape and 3D head pose parameters.
One can notice that there is a slight misalignment for the lip
corners. This is not due to the algorithm but to the fact that
the mouth is not perfectly at its neutral configuration.

Figure 5. Single snapshot-based initialization of the 3D head pose
and face shape parameters associated with three different persons.

6.2. Quantitative evaluation

In the previous section, the evaluation of the fitting al-
gorithm was carried out by visual inspection. In this sec-
tion, we present a quantitative evaluation of the proposed
initialization scheme. The aim of our experiments is two-
fold: to evaluate the accuracy of the estimated 3D head
pose over a large number of images, and to evaluate the

accuracy of the estimated person-specific shape parameters.
Recall that these parameters are constant for a given person.
The ground truth for both kinds of parameters (the person-
specific shape parameters and the 3D head pose parameters)
was established by manually fitting the 3D mesh of the Can-
dide model using an interactive graphical interface. In order
to show the robustness of our approach, we tested its perfor-
mance also in the presence of occlusions. We have found
that PCA models with 20 principal components are usually
enough for representing the face space. More precisely, we
found that the retained variance is above 95% of the total
variance.

6.2.1 3D head pose accuracy evaluation

‘We point out that the input to our proposed fitting algorithm
is a single snapshot of a face.

In order to test the accuracy of the 3D head pose estima-
tion, we selected about 900 images from our videos. The
average errors over the whole data set are summarized in
table 1.

’tz(cm)‘ty(cm)‘tz(cm)‘ O ‘ 0y ‘ 0. ‘
[ 024 | 026 | 133 [437° ] 482° [0.73° |

Table 1. Deviation in the estimation of the 3D head pose parame-
ters.

The first three values correspond to the 3D spatial loca-
tion: translation on the horizontal, vertical axis and depth,
respectively and the last three values correspond to the three
rotation angles: pitch, yaw and roll, respectively. In fig-
ure 6, the plots depict the error in estimation of the pitch
and yaw for a sequence of 300 snapshots. The error in roll
hasn’t been represented due to its very small values.

Evaluation in the presence of occlusions Figure 7 shows
the fitting results on a partially occluded face. The occlu-
sions affected about half of the shape-free facial image. De-
spite the presence of these occlusions, the estimated pose
and shape parameters do not deviate significantly from their
estimated values with no occlusion. Table 2 summarizes
the deviations associated with the 3D face pose parameters
(Figure 7.(a)). These depicted deviations are simply the ab-
solute difference between the estimated parameters in the
presence of occlusion and those ones estimated with no oc-
clusion.

’tz(cm) ‘ ty(cm) ‘ tz(cm)‘ 0z ‘ 0y ‘ 0. ‘
o011 | 02 | 16 [135]21° ] 1.64°

Table 2. Deviation in the estimation of the 3D head pose parame-
ters when the face is partially occluded (Figure 7.(a)).
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Figure 6. 3D head pose accuracy estimation. The average error for
pitch and yaw, respectively

(b)
Figure 7. 3D face pose and shape estimation when the face is par-
tially occluded.

6.2.2 Person specific face shape parameters evaluation

The error in the estimation of the person specific face shape
parameters is reported in terms of the deviation between
the estimated shape parameters and the ground-truth val-
ues. Recall that the shape parameters control the following
features: the vertical position of the eyebrows, the vertical
position of the eyes, the eyes separation distance, the ver-
tical position of the nose and the vertical position of the
mouth.

Table 3 depicts the average deviation between the
ground-truth parameters and the automatically estimated
ones over ten different individuals. Recall that the face
shape parameters are normalized, i.e., each parameter be-
longs to the interval [—1,1]. Thus, one can conclude that
the largest deviation is associated with the vertical position
of the nose 4.57%. This can be explained by the fact that
the nose and its surrounding areas are somewhat featureless.
From the results in Table 3 it can be seen that the shape pa-
rameters are were accurately estimated under different 3D
face poses.

‘ eyebrow ‘ eye ‘ eyes separa. ‘ nose ‘ mouth ‘

Ave.dev. | 2.65% [327% |  17% [ 457% | 122%

Table 3. Average deviation (in %) over ten different individuals.

7. A human-robot interaction scenario

The proposed method for estimating user’s head pose
and person specific face shape (described in section 4) as
well as the real-time tracker (described in section 5) are ap-
plied to a human-robot interaction scenario, for mapping an
indoor environment (see Figure 1). By mimicking user’s
face movement, a robot’s camera can take successive snap-
shots of the current perceived region. At the end of the
process, the panoramic image of the region of interest is
built, from the extracted snapshots by applying an image
mosaicking technique [3]. We stress the fact that our pro-
posed framework can be used by any Human-Robot Interac-
tion application that is based on online tracking of subjects’
head pose [9].

The experimental setup is depicted in Figure 8. The in-
put to the system consists of a video stream capturing user’s
face from a fixed camera. The corresponding pitch and yaw
angles of the user’s face are encoded and sent to the robot
through a wireless connection. Without any loss of general-
ity, we used in our experiments Sony’s AIBO robot, which
has the advantage of being especially designed for interac-
tion with persons. Thus, our application can be considered
as a natural extension of AIBO’s built-in behaviors. The ori-
entation of robot’s head (the robot’s camera) is updated on-
line according to the desired direction imposed by the user’s
face pose. Due to the motors response (as well the com-



munication through the wireless network), there is a very
small delay between the desired orientation and robot’s re-
sponse. The inertia associated with the motors is most visi-
ble when a change in direction has to be performed. How-
ever, if user’s movement is reasonably slow, but continuous,
a real-time response from the robot can be expected.
Figure 9 illustrates the results of face movement imita-
tion associated with a 691-frame sequence. In this video,
the person looks around without any restriction. Only eight
frames are shown in the figure. The left column displays
the user’s face pose and the right column shows the cor-
responding snapshot of the scene as seen by the AIBO’s
camera. Figure 10 illustrates a panoramic image computed
from the captured individual snapshots. For this purpose,
we used the AutoStitch 7 application [3], developed by M.
Brown and D. Lowe from UBC, Canada. In a broader con-
text, the user and the robot can be very distant from each
other. This case corresponds to a telepresence application
where the user is exploring a remote (dangerous or inacces-
sible) spot by only changing his/her head pose. This is the
case, for instance, for rescue robots, which can be sent to
areas affected by earthquakes or fires in order to perform an
exhaustive search of the environment to find survivors. The
use of a special display device that visualizes the scene as it
is viewed by the remote camera will boost the telepresence
feeling. If we assume that the orientation of the fixed cam-
era is aligned with that of the robot camera (in its reference
position) then its gaze direction will be equivalent to that of
the user.

Figure 8. The experimental setup. The camera (in this image
placed between the monitor and the keyboard) perceives user’s 3D
head pose and transmits it to the robot.

8. Conclusion

This paper described two main contributions. First, we
proposed an automatic 3D face pose and person-specific
shape initialization scheme for a real-time appearance-
based tracker, based on a statistical facial texture model
and a standard deformable 3D model. Second, we used the
proposed methods—the initialization and 3D tracking—for
controlling the movements of an AIBO’s camera, by imitat-
ing a user’s head movements. Applications such as telep-
resence, virtual reality can directly use the proposed tech-

"H L-4 ! -

Figure 9. The library sequence. Left column: Some input im-
ages from the original video. Right column: The corresponding
snapshot acquired by the controlled robot’s camera.




Figure 10. A panoramic view obtained from the individual snap-
shots shown in Figure 9.

niques. The proposed method has several advantages that
make it attractive: (i) the initialization step copes with faces
under arbitrary pose, so it is not limited only to near-frontal
views, (ii) it is person-independent, (iii) it is featureless (no
facial features are needed), and (iv) its learning stage is sim-
ple. Future work will be devoted to learn more complex
statistical facial texture models, like for instance the ones
based on Laplacian Eigenmaps, Gaussian mixture models.
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