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Abstract—Integral projections are a useful technique in many computer vision problems. In this paper, we
present a perceptual interface which allows us to navigate through a virtual 3D world by using the movements
of the face of human users. The system applies advanced computer vision techniques to detect, track, and estimate the pose of the user’s head. The core of the proposed approach consists of a face tracker, which is based
on the computation, alignment, and analysis of integral projections. This technique provides a robust, accurate,
and stable 2D location of the face in each frame of the input video. Then, 3D location and orientation of the
head are estimated, using some predefined heuristics. Finally, the resulting 3D pose is transformed into control
signals for the navigation in the virtual world. The proposed approach has been implemented and tested in a
prototype, which is publicly available. Some experimental results are shown, proving the feasibility of the
method. The perceptual interface is fast, stable, and robust to facial expression and illumination conditions.
DOI: 10.1134/S1054661807040049
11.

INTRODUCTION AND RELATED RESEARCH

In the last few years, there has been increasing interest in problems related to the so-called “looking-atpeople” area [1], like those associated with biometrics,
perceptual interfaces, and video surveillance. In particular, the emerging field of perceptual human interfaces
aims at the development of nonintrusive and more natural ways of man/machine interaction [1]. Most
research has been done involving different human features as input. Human faces [2, 3, 4, 9, 13] and heads
[14, 15, 17] are among the most frequently used features. But we can also find methods that are based on
gaze tracking [8], mouth and lip reading [10, 12], and
body tracking [15]. To be of practical usage, such interfaces should be very efficient, stable, nonintrusive,
robust, and inexpensive. Accuracy is also desirable,
although it is not essential in many applications such as
entertainment software.
Potential applications of perceptual interfaces in the
future are far beyond their present uses, which are
reduced owing to practical limitations. In this sense,
face-based interfaces are amongst the most promising
new ways of man/machine interaction. The human face
constitutes a natural and feasible mode of input and can
provide computers with a wide range of information
about the user: 3D location of the face, orientation,
movement, and even the facial expression of the human
user.
Facial interfaces benefit from the existing techniques for face detection and tracking. Many different
approaches can be found in the literature to tackle both
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problems [6]. Most of them are based on color [2, 3, 9,
13], neural networks [5], eigenspaces [16], a combination of simple classifiers [11], and others. In some
cases, color is used together with other methods,
because it allows a fast and robust—but inaccurate—
location of the face. The perceptual interface described
in this paper is based on the technique of integral projections [3, 4]. The results of the interface are applied to
navigation in a virtual 3D environment, specifically
created for this purpose. In this environment, the user
adopts the role of a character that can move freely
through the virtual world, in a similar way to a first-person game. A prototype is publicly available, as we will
refer to later. Figure 1 shows a global view of the system.
A camera connected to the computer is situated in
front of the user. The system detects and tracks the location of the face in the video sequence, extracts information concerning the movement of the face and its 3D
pose, and finally translates this data into a movement in
the virtual world. This process is carried out in real time
on an off-the-shelf PC, using a low-cost camera for the
acquisition.
In the following sections, we will describe the facial
interface, centering our discussion on the perceptual
part of the problem. In Section 2, we briefly present the
face detection and tracking processes using integral
projections. Section 3 explains how the 3D pose is estimated using the results of the face tracker. Some simple
but effective heuristics are defined for this purpose. In
Section 4, we describe the virtual world and detail the
translation of the 3D pose into control signals for the
movement in this world. Some experimental results are
shown in Section 5. Finally, Section 6 summarizes the
main points of the proposed method and extracts relevant conclusions.
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Fig. 1. Overview of the perceptual interface controlled by the user’s face. (a) Input images captured from the camera (in this case,
a FireWire camera). (b) Faces detected and facial features located by the tracker. (c) Estimated 3D pose parameters. (d) Movement
translated into the virtual 3D environment.
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Fig. 2. Haar-like features used by the face detector [11].

2. FACE DETECTION AND TRACKING
WITH INTEGRAL PROJECTIONS
Obviously, face detection and tracking are previous
and essential problems in the design and construction
of a perceptual interface based on human faces. Before
any facial information can be extracted from the
images, a face has to be properly detected and located
in each frame of the input sequence. Many face detectors have been proposed in the literature [6], as
described in Section 1. We have used the method presented in [11], which is called “cascade of boosted classifiers working with Haar-like features.” This method is
based on a set of elemental classifiers, taking as input
the results of simple feature detector filters. These simple feature—the Haar-like features—are like those
shown in Fig. 2. In a second step, the classifiers are
combined using classification trees, trained with the
well-known AdaBoost algorithm [11]. We will not
describe this face detector in more detail, because it is
beyond the scope of this paper.
Face detection is a rather costly process, but fortunately, it only has to be performed in the first frame of
the sequence or whenever the face is lost. In the followPATTERN RECOGNITION AND IMAGE ANALYSIS

ing frames, a tracker is responsible of updating the
location of the face in the images.
Integral projections have proved to be a very useful
technique to tackle the problem of face tracking, as discussed in [3, 4]. In addition, they provide some valuable
additional information that can be used in pose estimation, as we will see in Section 3.
Intuitively, the integral projection of an image is the
average of gray levels along a row or column of pixels.
Let R be a region of interest in an image i. The vertical
integral projection of R, denoted by PV, R, is given by
P V , R ( y ) = Average ∀( x, y ) ∈ R ( i ( x, y ) ).

(1)

Similarly, the horizontal integral projection of R,
denoted by PH, R, is given by
P H, R ( x ) = Average ∀( x, y ) ∈ R ( i ( x, y ) ).

(2)

When integral projections are applied on human
faces, typical patterns of dark and bright regions
appear. Moreover, these patterns of projections are stable and robust for the same individual along a video
sequence [4]. We can make use of this property to construct a face tracking system. The key problem now is
the alignment of projections: shift and scale two projec-
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The structure of the process is depicted and summarized in Fig. 3. After face tracking, we know the location of the left and right eyes in the image, (xeye1, yeye1)
and (xeye2, yeye2), respectively, and the mouth (xmouth,
ymouth). We also have aligned versions of PV, FACE and
PH, EYES that will be used in the following stages.

y

Fig. 3. A three-step face tracking process using integral projections. Left: input regions for each step. Center: projection models (thick green lines) and instances (thin red lines)
before alignment. Right: the same projections after alignment.

tions so that they have a maximum overlap. An fast and
stable alignment algorithm and the tracking process
that uses it are described in detail in [4]. Here, we will
give just a brief overview of this method.
Face tracking starts from the location of the face in
the previous frame. An elliptical region of interest,
named FACE, is taken in the current frame using that
location. The process is then decomposed into three
main steps:
1. Vertical alignment. First, the vertical integral
projection of the expected location of the face is computed, i.e., PV, FACE. This projection is aligned with
respect to a model of vertical projection of the face,
MV, FACE, obtaining the movement and scale in the vertical direction. The model is computed from the first
frame of the sequence.
2. Horizontal alignment. After step 1, the region
with the eyes, EYES, can be located and segmented. Its
horizontal projection is computed, i.e., PH, EYES. Then, it
is aligned with an adequate model, computed from the
first frame. Thus, we obtain the horizontal movement
and scale of the face.
3. Orientation alignment. Here orientation is considered in a planar sense, i.e., with respect to the plane
of the image. In this step, the alignment is carried out
by independently estimating the height of both eyes.
First, a region roughly corresponding to each eye is
selected, EYE1 and EYE2. Then, we compute PV, EYE1
and PV, EYE2 and align them with the corresponding
models.

As we have described in Section 2, the tracking process provides the location of the face and its main facial
features (eyes and mouth) along a video sequence.
Using this information, the 3D pose and movement of
the user’s head are computed. The generic problem of
pose estimation—i.e., obtaining values for 3D location
(x, y, z) and angle (roll, pitch, yaw) of an arbitrary
object—is computationally complex. However, we are
not interested in a precise pose calculation, but in an
estimation suitable for perceptual interface usage.
For example, a simple but effective method to estimate the x and y components of the 3D location is just
to take the average of the location of the eyes and
mouth. That is,
x = ( x eye1 + x eye2 + x mouth )/3,

(3)

y = ( y eye1 + y eye2 + y mouth )/3.

Thus, some heuristics have been defined to obtain a
fast approximation of all the pose parameters. The rest
of the values, z, roll, pitch, and yaw, are explained in the
following subsections.
3.1. Depth Estimation
The depth, z, or distance of the user’s head to the
camera, is inversely proportional to the size of the head
in the image. This holds true as long as the face is considered a rigid object, which might not always be exact
(for example, because of facial expressions). The size
of the head is approximated with the distance from the
left to right eye.
Let dinic denote the distance from the left to right eye
in the first frame of the sequence. The depth is given by
d inic
-.
z = ---------------------------------------------------------------------------2
2
( x eye1 – x eye2 ) + ( y eye1 – y eye2 )

(4)

Some samples of depth estimation are shown in
Fig. 4. Observe that these distances are relative values
(relative to the initial depth).
3.2. Roll Estimation
The estimation of roll is straightforward. Since roll
involves a rotation along the image plane, it can be
computed via the perceived angle of the face. In particular, we have used the angle of the line passing through
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both eyes with respect to the horizontal axis. It can be
computed as follows:
y eye2 – y eye1
-.
roll = arctan ------------------------x eye2 – x eye1

(a)

(b)

(c)

(d)

z = 0.67

z = 0.95

z = 0.1.18

z = 1.64

(5)

The values obtained with Eq. (5) are correct as long
as the user is facing the camera, which should be the
most common situation. However, when this rotation is
combined with other kinds of rotation (pitch or yaw),
the values given by Eq. (5) are not very reliable. Nevertheless, in terms of our application, this effect is usually
negligible, as we have verified in the experiments. Figure 5 contains some samples of roll estimation with the
formula given in (5).

Fig. 4. Depth computation. Estimated values (relative to the
initial distance of the face to the camera) are shown below
the pictures.

(b)

(a)

3.3. Pitch Estimation

(c)

(d)
Y

Y

Y

Y

Pitch cannot be precisely estimated just using the
location of the eyes and mouth. Instead, we use the
aligned projections to extract some additional information. When the user raises or lowers his/her head, the
vertical projection of the whole face, PV, FACE, changes
smoothly, as we can observe in Fig. 6. Across this
change, some parts of the projection increase and some
others decrease.

X

X
X

X
13.5°

33.4°

–13.0°

–20.2°

Fig. 5. Roll computation. Estimated angles are shown
below the pictures.

We have defined the following ad hoc rule: the estimated pitch is proportional to the value, v, of projection
PV, FACE at a certain point between the maximum corresponding to the eyes and the minimum of the nose. We
denote this fixed point by fp. It is marked with a line in
Fig. 6. Let vinic be the value of v in the first frame. The
pitch is computed as
pitch = P V , FACE ( fp ) – v inic .
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(a) Pitch = 19

(b) Pitch = 4

PV, FACE(y)

PV, FACE(y)

V

V

(6)

This simple heuristic measure has a viable explanation: when the face is looking upward, the nostrils are
more and more visible, making projections darker at
that point. The effect of illumination conditions which
could bias the measure is reduced if projection PV, FACE
has been correctly aligned.

(c) Pitch = –2

(d) Pitch = –9

PV, FACE(y)

PV, FACE(y)

V

V

3.4. Yaw Estimation
As before, yaw is also approximated with a fast heuristic method which might not be applicable in a
generic problem. In this case, we consider the horizontal projection of the region of the eyes, PH, EYES. This
projection usually contains two local maxima corresponding to each eye and a local minimum between
them. When the user looks to the left or to the right, the
horizontal projection changes accordingly. This effect
is shown in Fig. 7.
Therefore, the yaw can be estimated by searching
for the relative position of the minimum between the
eyes in these projections, i.e., the location of the arrows
PATTERN RECOGNITION AND IMAGE ANALYSIS

Fig. 6. Pitch computation. Vertical integral projections of
the faces are shown on the right of the pictures, and estimated values below them.

in Fig. 7. Let minic be the initial location of this minimum in the first frame; then, the yaw is given by
yaw = arg min ∀x ∈ { min, max } P H, EYES ( x ) – m inic .

(7)

The values obtained from Eq. (7) are given in pixels.
They could be divided by the eye-to-eye distance to get
relative values.
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PH, EYES(x)d

yaw = –7

(b)

PH, EYES(x)

yaw = 0

(c)

PH, EYES(x)

d

yaw = 11

Fig. 7. Yaw computation. Horizontal integral projections of
the eyes, PH, EYES, and estimated yaw values are shown
below the pictures.

As we have mentioned before, it is clear that this
method, designed specifically for human faces, will not
work correctly with other kinds of objects.
4. VIRTUAL ENVIRONMENT MOVEMENT
The perceptual interface described in Sections 2 and
3 has been integrated into a virtual 3D environment,
specifically constructed for this purpose. The action in
the program is carried out in a first-person view, in a similar way to a 3D video game. In this way, when the player
moves his/her head, the system moves accordingly. The
virtual environment consists of a number of cells, or
rooms, where the user can walk freely. An overview of
the world and some of its rooms are shown in Fig. 8.

Concretely, the user can move forward, backward,
left, right, up and down, rotate left and right, and look
up and down. These movements are controlled by
means of the estimated pose parameters in the following ways:
Move forward/backward. Estimated z is used to
determine the direction and magnitude of this movement. Recall that this value is relative to the initial
depth, so z ≈ 1 involves no movement. If z < 1, we move
forward, and if z > 1, backward.
Move left/right. The horizontal location of the face,
x, with respect to the image center, xcenter, is used here.
To avoid an excessive sensitivity of the system, we
define a certain region (xcenter – k, xcenter + k) where no
movement is done. If x < xcenter – k, we move left, and if
x > xcenter + k, we move right.
Move up/down. The virtual world allows a small
variation in the vertical position of the camera that
would correspond to walk raised or crawling. Parameter y controls this mode. Again, two thresholds, ymin and
ymax, are defined. When y < ymin, we walk raised, and
when y > ymax, we crawl. Otherwise, an intermediate
mode is used.
Rotate left/right. In this case, two parameters are
taken into account: roll and yaw. Both contribute to
determine the quantity of this rotation. In addition, roll
has more priority than yaw. Thus, roll > 0 means rotate
left, and roll < 0 means rotate right. Otherwise, if roll is
0 (or near 0), and yaw < 0 or yaw > 0, left or right rotation is done, respectively.
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Fig. 8. Overview of the virtual 3D environment. Top: a bird’s-eye view of the world (left) and a top view of some cells in the south
(right). Bottom: samples of first-person views.
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Fig. 9. Some execution samples of the prototype. The input video is shown in a window in the upper right corner.

Look up/down. The estimated pitch is applied
in this control signal. pitch > 0 involves look up, and
pitch < 0 involves look down. For a better stability,
when pitch is 0 (or near 0), the program smoothly tends
to a straight look.
To make the system a bit more stable, a small temporal smoothing is introduced in the estimated pose
values. This causes a certain delay, but avoids trembling
owing to small errors in the estimations. In the experiments, we have used a temporal smoothing of five
frames. Working at an average frame rate of 10 fps, this
means a reduced delay of 0.5 s.
On the other hand, as we have mentioned before, not
all of the estimated pose parameters are independent.
For example, a rotation along one direction can result in
a bad estimation of some other parameters. Therefore,
the movements have been prioritized to avoid this interdependence. In our face interface, the movement with
the most priority is pitch. If a relevant pitch value is
detected, all the other movements are omitted.
5. EXPERIMENTAL RESULTS
A prototype of the perceptual interface presented in
this paper has been implemented using Intel® IPL and
OpenCV libraries for image analysis and computer
vision [5]. The program runs under MS Windows®,
and the rendering engine uses DirectX® 9.0b, thus
enabling hardware optimizations. The prototype program, named Tierra Inhospita, is publicly available2
and can be downloaded free at the following site:
2 Regrettably, there is only a Spanish version of the program available.

However, that should not be an impediment to using the program, as
it is very easy to use (just install and execute). Some instructions and
system requirements are indicated in the web page.
PATTERN RECOGNITION AND IMAGE ANALYSIS

http://dis.um.es/~ginesgm/th

This web page contains some video samples and
additional information about the perceptual interface
and the virtual environment.
The program has been tested mainly on a Pentium
IV at 2.6 GHz and 512 Mbytes of RAM, and also in
some other systems. For the acquisition we have used
two cameras: a QuickCam® Pro through USB and a
Sony® DFW500 through FireWire. The program can
also take as input a recorded AVI file.3
Figure 9 shows some execution samples of the program for two different users.
In the experiments reported here, we have not taken
quantitative measures of the accuracy and stability of
the system (for a detailed study of the face tracker accuracy, see [4]). However, we can point out some interesting results:
The program performs in real time, with an average
of about 30 fps in rendering. Using the USB camera,
image processing is done at 10 fps. We have to note that
this is only limited by the speed of the acquisition system. With the file recorded from the FireWire camera,
images can be processed at 30 fps.
In general, the responsiveness and stability of the
system are very good. The face tracker is able to work
with typical speeds in the user’s movement and under a
wide range of rotations. However, profile faces are not
recognized owing to the structure of the tracker. When
the face is lost, detection is applied until the face is
found again.
3 In
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fact, the Sony DFW500 camera is used through recorded AVI
files, as far as the current version of OpenCV does not support
FireWire cameras.
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The method is also very robust to facial expressions,
like speaking, blinking, etc. A normal variation in this
sense does not affect the estimated pose parameters. On
the other hand, the method is sensitive to illumination
conditions. For example, a strong lateral source of light
could produce incorrect results or even impossibility of
detecting and tracking the face.
Some parameters are more reliable than others. In
this way, only a small rotation is admitted in yaw (recall
that profile faces are not tracked). A wider variation is
allowed in pitch, but estimated pitch values are not very
reliable for large angles. All the other parameters, x, y,
z, and roll, are computed with a fairly good accuracy.

on Automatic Face and Gesture Recognition (1996),
pp. 236–241.
4. G. Garcia-Mateos, “Refining Face Tracking with Integral Projections,” in Proceedings of AVBPA’2003,
(LNCS 2086, 2003), pp. 222–229.
5. H. A. Rowley, S. Baluja, and T. Kanade, “Neural Network-Based Face Detection,” IEEE Trans. on Pattern
Analysis and Machine Intelligence 20, No. 1, 23–38
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6. M. H. Yang, N. Ahuja, and D. Kriegman, “A Survey on
Face Detection Methods,” IEEE Trans. on Pattern Analysis and Machine Intelligence (2002).
7. Intel® OpenCV: Open Source Computer Vision Library:
http://www.sourceforge.net/projects/opencvlibrary

6. CONCLUSIONS
Integral projections have been successfully applied
to deal with the problems of human face detection and
tracking. They provide a fast, robust, and stable way to
track and locate human faces along a video sequence.
The main purpose of the work described in this
paper was to show that integral projections can also be
used to obtain 3D information of the face position and
orientation. Using some simple heuristics, the tracking
technique is extended to produce these estimations for
the 3D pose of the user’s face.
The values resulting from pose estimation are used
in a perceptual interface, which is seamlessly integrated
in a virtual 3D environment. This is done by translating
face pose and movement into control signals in the virtual world. Although the values obtained with our
method are not very adequate if a precise 3D tracking
is needed (in terms of angles and distances in the real
world), they prove to be very useful and satisfactory in
applications such as perceptual interfaces. Moreover,
our simple method avoids the unnecessary complexity
of the generic problem of 3D reconstruction.
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