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Abstract

Recently, several devices for improving the human-
computer interaction quality and efficiency have been
proposed. The greatest part of the most diffuses de-
vices must be worn by the user — e.g., gloves for
hand-tracking, complete or partial tracksuits. The
adoption of such devices is unsuitable for many ap-
plications since they are too much constrictive — e.g.,
teleconference. For this reason, other simpler devices
such as 3-D mice have been suggested. Most of the
3-D mice proposed in the literature compel the user
to be connected to the device and their behavior is
much closer to a Joystick rather than to a true 3-D
mouse. More recently, vision-based hand tracking sys-
tems have been presented, but most of them constrain
the user to wear gloves, bracelets or to mark hands in
some points. In this paper, a vision-based, glove- and
mark-free hand tracking system is proposed. This is
based on stereo vision and can be implemented with
low-cost architectures owing to its low computational
complexity.

1 Introduction

In the last years, a great improvement in the human-
computer interaction quality was given by the virtual
reality techniques. In realistic virtual environments,
the user has to move his/her body in the real envi-
ronment according to the movements that should be
performed in the virtual environment in order to move
her /his-self copy in the virtual space. In typical appli-
cations of virtual reality gloves endowed of sensors are
used for communicating hand movements to the com-
puter — e.g., VPL Research’s DataGlove, Exos’s Dex-
terous Hand Master, Z-Glove, Mattel’s Power Glove
[19], [7]. By using such devices, it is possible to receive
the hand absolute position and orientation as well as
to get information about the hand and finger pos-
ture. The hand orientation and absolute position can
be estimated by using coil-based (e.g., Polhemus Sys-
tem) or ultrasonic-based mechanisms, while optical
fibres or tensors are used for measuring the bending
of fingers. By analyzing the trend of signals it is pos-
sible to recognize: (i) the hand position/orientation,
and (ii) the bending of finger, hand gestures and pos-
tures — e.g., [15], [17], [13]. Specific semantics can be
associated with hand gestures and/or postures — for
example for commands: go-ahead, stop, zoom-in, etc.

In general, the adoption of a hand-tracking device is
very useful in several different fields: telerobotics [9],
manipulation of 3-D objects for image query [6], sign
language interpretation [17], teleconferences, etc. In
some of the above-mentioned applications, the pres-
ence of the synthetic reproduction of the hand in the
virtual space is mandatory (e.g., for manipulating vir-
tual objects, or telerobotics), while in other applica-

tions this is completely unuseful (e.g., for navigating
in a virtual environment, for drawing in a 3-D space).
In these latter cases, a glove endowed of sensors is too
complex and expensive to be used. In fact, for these
cases, a sort of a 3-D mouse endowed of 1-2 buttons
and capable of measuring hand motions can be more
suitable and less binding — e.g., based on Polhemus
transducer [18]. In order to address this problem the
so-called Spaceball, consisting of a ball connected to
a support has been presented. For the same purpose,
a device consisting of a cube frame with a sphere or
another object (connected to the vertices by links and
tensors) in the core has been proposed. In both these
devices, the user has to force the motion of such an ob-
ject in order to transmit the corresponding directions
of the hand motion to the computer. On the other
hand, the behavior of these two devices is much more
similar to a 3-D joystick rather than to a 3-D mouse.
It should be noted that, with the above-mentioned 3-
D mice, the user is constrained to be connected with
the computer, through a cable or to grasp a ball or
an object in a cube.

From the point of view of user movements, the
vision-based approaches are less constrictive. In the
literature, several vision-based systems for hand pose
tracking have been presented, where most of them are
based on stereo vision - e.g., [12], [4], [10], [5], [16].
In order to make the hand pose tracking easier some
simplifications have been introduced: in [12] the user
has to wear a special bracelet marked with specific
drawings, in [4] 4 colour markers must be placed on
the hand for hand-tracking; in [8] the user must use
only his/her hand-index for indicating the position of
the locator on the screen; in [5] each finger is marked
with strips usually placed on a glove that the user has
to wear. Most of the above-mentioned vision-based
hand pose tracking systems are also computationally
very expensive to be adopted for defining a low-cost
3-D mouse.

In this paper, a vision-based system for hand pose
tracking is presented. The system proposed can be
profitably used for implementing a low-cost vision-
based 3-D mouse device, since it will be demonstrated
that the approach can be used even by using images
with low resolution. In addition, it doesn’t constrain
the user to wear a glove or something of equivalent,
or to mark hand fingers and/or particular points of

the hand.

2 Modeling a Vision-Based 3-D
Mouse

The mouse movements are used by the computer for
moving a locator on the screen (e.g., an arrow, a
cross...), while program actions are associated with
button transitions. It should be noted that the mouse



is a relative transducer of hand pose, since its posi-
tion is only relative and not absolutely measured with
respect to the position of the hand on the table. This
feature improves the mouse capabilities, since allows
the extension of the ranges of mouse motions. In fact,
the user can simply take off the mouse for replacing it
in a more comfortable position without producing a
change in the locator position on the screen. For ex-
ample, a button can be used for switching off the mo-
tion tracking, thus implementing a 3-D mouse which
is fully consistent with the mechanisms and concepts
of classical 2-D mice. In order to solve the hand pose
tracking problem, a vision-based technique for hand
pose estimation and motion analysis is needed, while
for the second point a very restricted number of hand
postures can be recognized by means of simple im-
age processing techniques and profitably adopted as
mouse buttons.

2.1 TImage acquisition system and
pose estimation

The techniques for 3-D motion estimation in vision
are mainly based on the estimation of the apparent
motion projected on the image plane — e.g., [14], [11],
[2]. If a monocular image sequence of the moving ob-
ject is available, the motion can be easily estimated.
On the other hand, the 3-D motion cannot be eas-
ily recovered by inverting the perspective projection
law [1]. In effect, in such conditions the motion esti-
mation can be safely obtained only under particular
conditions. A more robust approach is based on stereo
vision. The estimation of the hand pose at each time
instant can be the first phase of a system for imple-
menting a 3-D mouse. If only simple postures are used
for emulating the mouse buttons (for example, by con-
sidering only postures with fingers close to each other)
the exact position of each finger can be neglected.

The approach proposed is based on stereo vision
as depicted in Fig.1. These two cameras are called
G and B, respectively. A point P in the 3-D space
projects the points, p and p’, which have different po-
sitions on the images G and B. By considering the
system geometry and the projections of a point, P, in
the 3-D space in both images, then the position of P
in the 3-D space can be estimated. By considering as
primary the system of coordinates (O, X,Y, Z) asso-
ciated with camera G, and the geometrical relation-
ships between the two cameras, the transformation is
estimated. The system of coordinates B is translated
in O' whose coordinates are (X,,Y,, Z,) in OXY 7,
and rotated of 90 degrees around the Z’-axis and of
a around the X’-axis (note that X- and Z-axes, and
Y’- and Z’'-axes, belong to the same plane). There-
fore, the transformation results to be:
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From this transformation an expression for Z can be
obtained:
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Figure 1: The geometry of the acquisition system.

By substituting this value into the equations of per-
spective projection, the coordinates of point P =
(X,Y, Z) in the 3-D space can be estimated.

2.2 Hand postures as button switches

In order to emulate the presence of buttons and/or
for switching off the transmission of hand movements
(i-e., take off the mouse), two independent hand pos-
tures have been defined which can be easily identi-
fied with respect to the normal posture. In Fig.2a,
the normal hand posture is reported as seen through
both cameras®. In Fig.2b and 2c the hand postures
used as buttons are presented: the hand rotated (HR)
and the hand closed (HC). It should be noted that
the hand-tracking process must be capable of mea-
suring the hand position in the 3-D space even if the
hand: (i) changes its posture in time, for example dur-
ing the changing of posture for “pressing a button”;
(ii) presents a difference in size, as it usually happens
when the hand moves along the Z-axis and/or when
hands of different users are considered.

3 Estimation Process

To avoid the procedure of device setup or adjustment
with respect to the user’s hand (usually needed in
glove-based systems) the estimation process should
be independent of the hand dimensions. In order

!The names of cameras derive from the fact that
an acquisition board for color images has been use

as a stereo image grabber. Cameras G and B have
been connected with the green and blue channels of
the acquisition board, respectively (8 bits/pixel of res-
olution for each image channel). This mechanism is
feasible only if the cameras can be synchronized to
each other. In order to analyze the image sequence
off-line (to repeat the same experiment at different
resolutions, with different techniques, with different
sampling rates, etc..), the G and B signals have been
combined in a video-composite and recorded on video
tape. This process has rendered difficult the full sepa-
ration of the two signals. In fact, the images produced
by the B camera also present a light shade of the im-
age G. On the other hand, as will be shown later,
this effect is completely ininfluent for the algorithm
behavior.



(0) (0

Figure 2: Hand postures as observed through cameras
G (left side) and B (right side): (a) normal, HN, (b)
rotated, HR, (c) closed, HC.

to satisfy these requirements, a specific estimation
process has been adopted. The images are grabbed
and binaryzed by using a threshold 7y depending on
the mean value of the illumination. The binaryzed
images are segmented in order to identify the hand
shape in both views. As previously discussed, for
the hand pose tracking the center of gravity is con-
sidered. In Fig.3, the mechanism for estimating the
center of gravity of the hand shape into image B is
summarized. In order to find in the hand shape of
image B the corresponding coordinates of the cen-
ter of gravity identified in image G, Og, a particu-
lar process has been adopted. Firstly, the centers
of gravity, Og and Ob, of the hand shapes of both
the images are estimated. Due to the different dis-
tances between the hand and the cameras the lengths
of the hand shape (||Ob, — Ab,|| # ||Ogy — Agyl|)
are different in the views. In order to simplify the
estimation process, the corresponding center of grav-
ity of image B, Ob', is approximately considered as
a point belonging to the projection of Og and to
the axis passing through Ob; thus, Ob), = Obzx and

Ob), = Ab, + (Ab, — Cb,) Fou=A9)

(Agy—Cagy)”

of the positions of points: Og = (Og,,Og,) = (z,y)
and Ob' = (0b),, 0b,) = (z',y') are placed into equa-
tions (2) for estimating the position of the center of
gravity in the 3-D space and, hence, the hand pose.
The method proposed for the estimation of the center
of gravity is quite robust with respect to changes in
the hand shape. This also allows the adoption by the
user of a relaxed hand posture during the use of the
3-D mouse proposed; thus, the use of this 3-D mouse
becomes more comfortable.

The measures

The above discussed process for estimating the cen-
ter of gravity of the hand is obviously an approximate
technique, since it leads to optimal estimations only
if fingers are moved together and the hand is main-
tained quite planar. On the other hand, the adoption
of this approach keeps the computational cost very
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Figure 3: Centers of gravity, hand in the normal po-
sition as observed through G and B cameras.
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Figure 4: Shapes of the possible hand postures ob-
served through the G camera: H N, normal; H R, ro-
tated; HC, closed, with features points.

low, which has an asymptotical complexity equal to
N x M where N, M are the image dimensions. More-
over, the latter steps can be performed during the
binaryzation, while the coordinates of points A, B,
C, D, and the centers of gravity Og and Ob, can
be directly estimated. Therefore, the computational
complexity of the algorithm proposed for hand pose
estimation is an O(NM).

For the recognition of hand postures, a technique
based on the estimation of the ratio between the di-
mensions of the maximum enclosing rectangle has
been adopted. Since the hand postures have been de-
fined with respect to the system of coordinates G, only
the corresponding images are considered for the esti-
mation of the maximum enclosing rectangle. In Fig.4,
the typical maximum enclosing rectangles obtained by
considering the hand in the different postures are re-
ported. The ratio, R,, between the maximum length,
M (e.g., Agy — Cygy), and the maximum width, M.,
(e.g., Dys — Byg,) —i.e, R, = M;/M,, — is indepen-
dent of the distance from the hand and the camera
G. The mechanism of posture recognition is simply
based on a couple of thresholds 7, and T, applied on

the ratio R,: HR if Ry >T,
Hand Posture := { HC if R, <1
HN otherwise

One of the proposed postures can be used for
switching off the hand pose tracking in accordance
with the behavior of traditional 2-D mice. The esti-
mations which are needed for the hand postures recog-
nition can be performed together with those which are
needed for the hand pose estimation; thus, the global
computational complexity remains an O(NM).

During the hand-tracking, discontinuities in the
position of the hand center of gravity could be ob-
served when the hand changes its posture — e.g., pass-
ing from the normal position to that if hand closed,
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Figure 5: Prediction/correction approach applied on
each hand pose component.

HN — HC'. On the other hand, these discontinuities
are strongly attenuated in image sequences with low
resolution. In order to compensate this effect, suit-
able offsets could be added, and these offsets should
be estimated by measuring the hand that has to be
tracked (i.e., during a calibration procedure). More-
over, the process adopted for estimating the center of
gravity mapped on camera B has the attenuation of
the discontinuities (due to changes in hand postures)
as a side effect. Therefore, in our experiments no off-
set has been adopted. The robustness with respect
to this type of discontinuities is also improved by the
filtering stage discussed in the next subsection.

3.1 Motion smoothing

In order to avoid discontinuities due to noise and for
improving the system robustness a phase of smooth-
ing has been introduced after the hand pose estima-
tion process. It has been obtained by defining an it-
erative process of prediction/correction. In Fig.5, the
schema of the prediction/correction model and pro-
cess is described. This technique is applied to each
hand pose component, P = (X,Y, 7). The mathe-

matical model adopted is polynomial such as in [3]:
Sp(t) =bo+bi t4+bs * +....  Fb,t" +0o(t), (3)

where: b; for i = 0, .., n are the model parameters, o(t)
models the noise (e.g., Gaussian), and n is the order
of the model. The motion model is defined by means
of the polynomial interpolation by using the last Q
points. For the polynomial model the parameters are
also estimated by considering the values at the last @
time instants; thus, defining an over-determined sys-
tem of @ equations in n 4+ 1 unknowns. In the case
of first-order model (i.e., b, = 0 for n > 1), equation
(3) becomes S(t) = by + b1t + o(t). If the last @ time
instants are considered, then an over-determined sys-
tem of () equations with by and b; as unknowns is
defined. Without loss of generality, At can be con-
sidered constant with respect to time; hence, in the
over-determined system of equations time ¢ can be
scaled with respect to the beginning of the temporal
window comprised of ¢} time instants. Thus the @
equations assume the form:

S(g) =bo + big+0o(q) for ¢=0,...,Q—1.

The least-square estimation consists in finding the pa-
rameters bg, b1 which minimize:

Q-1

> " (S(e) = o(g) — b —brg)*.

¢=0

In order to minimize the above expression, the deriva-
tive of the above equation with respect to by and b1 is

Sc(t

taken. Hence, the derived equations are posed equal
to zero, obtaining a determined system of equations.
It should be noted that the matrix of coefficients of
the system of equations depends only on the dimen-
sion of the temporal window ). This allows to esti-
mate this matrix only one time when the model di-
mensions are defined and not at each time instant,
thus reducing the computational effort (see [3] for a
comparison between the autoregressive and the poly-
nomial model). The values of model parameters are
used at each time instant in equation (3) to estimate
the predicted value Sp(t) according to Fig.5. As can
be noted, the model parameters are estimated on the
basis of the history of corrected estimations (Sc(j)
per j =t — At,...,t — QAt). Model parameters are
used to estimate the predicted displacement, Sp(t),
and this is compared with the measured, Sm(t), in
order to obtain the predicted/corrected displacement,
Sc(t). The correction is based on a heuristic consider-
ations founded on the statistic behavior of predicted
and measured displacements [3].

By using motion models with prediction/correction
techniques for tracking objects, the noise in measure-
ments is strongly reduced. Moreover, these techniques
trim the motion components at high frequence. This
effect is more evident when the dimension @ of the
temporal window is increased, leading to a decrease
in the bandwidth. In the case of tracking of positions
(i-e., trajectories), the reduction of the high frequency
components leads to smooth the curvature of moving
object trajectory. This is compensated by the fact
that when the trajectory presents high values of cur-
vature (e.g., in the presence of a direction inversion)
a higher number of points (corresponding to hand po-
sitions) are received since the hand has usually a low
velocity.

4 Experimental Results

In order to validate the approach proposed for hand
pose tracking with posture recognition as mouse but-
tons, several real image sequences at different resolu-
tions have been used. The geometry of the image ac-
quisition system adopted has the following features:
O = (X,,Y,,Z,) = (1048,0,0) pixels, @ = 65 de-
grees, [ = 1097 pixels, I' = 3842 pixels (the pixel
dimension has been normalized in both cameras). It
should be noted that two different cameras have been
used, on which a previous calibration was performed
(by considering lens used and their set) in order to
get accurate camera parameters.

In Fig.6, the mean values of the relative errors, £r,
which have been obtained by using the proposed tech-
nique for estimating the hand pose as a function of
the image resolution, are reported. The mean val-
ues have been e estimated by considering 400 images
(i.e., s = 400) belonging to different image sequences,
where the hand has been moved in a range equal to
4100 for the X-axis, +45 for the Y-axis, and 400540
for the Z-axis. By observing the above-mentioned fig-
ure it can be noted that the mean errors for the X and
Y components increase their values with the decreas-
ing of the image resolution, while the opposite trend
is noticed for Z. This fact is due to the perspective
projection law, where the coordinates on the image
plane depend on the ratio between the X, Y values
and Z.
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Figure 6: Mean values of the relative errors at differ-
ent image resolutions.

g gl in
hand postures (through camera G, 15 frames for sec-
onds, step 4).

In Fig.7, a sequence of images presenting the typ-
ical hand behavior with changes of hand postures is
shown. As regards this sequence, the behavior of 3-D
components of the hand center of gravity measured
with the proposed system as a function of the image
resolution is depicted in Fig.8. From these figures it
can be observed that very accurate estimations of the
hand pose are obtained by using images at higher res-
olutions, while some errors are encountered when low
image resolution is adopted — see for example 46 x 36
and 23 x 28.

In Fig.9, the results produced by the posture recog-
nition algorithm at different image resolution (from
740 x 576 to 23x 18) are reported. In our experiments,
the thresholds for identifying the hand postures have
been assumed to be: T, = 2.7, and T, = 1.3. As can
be observed from these curves, for the two smaller
resolutions manifest errors have been obtained, while
at the higher resolutions correct posture recognitions
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Figure 8: Behavior of the hand 3-D pose components
with respect to image resolution (from 740 x 576 to
23 x 18 pixels).

have been performed. By comparing the patterns
of motion components of the hand pose in time (see
Fig.8) with those of the hand posture, it can be ob-
served that no discontinuities are present in corre-
spondence of changes in hand postures. This con-
firms the robustness of the algorithm with respect to
the hand shape as previously discussed.

In Fig.10, the performance achievable by imple-
menting the above algorithm for hand pose tracking
and postures recognition on a 486 DX 33 MHz is re-
ported for reference. The performance trend confirms
that the algorithm complexity is an O(NM). As can
be noted at 92 x 72 pixels of image resolution 15 es-
timations per second are performed.

The above experiments have demonstrated that the
approach proposed for the hand pose estimation is
very robust with respect to noise. It should be noted
that a 3-D mouse is usually adopted in a system where
the user has a direct feedback about the hand move-
ments and changes of status. In our experiments,
by using the system proposed at low resolution, it
has been observed that the accuracy obtained largely
guarantees a robust hand pose tracking. In fact, as
it can be observed from the above mentioned experi-
ments good results can be obtained even at the lowest
image resolution.

By observing Fig.6 and the differences among the
patterns obtained at different image resolutions it can
be noted that the best compromise between accuracy
and image resolution (i.e., computational cost) is ob-
tained by using 92 x 72 pixels of image resolution. At



Figure 9: Results produced by the posture recogni-
tion algorithm with respect to image resolution (from
740 x 576 to 23 x 18 pixels). A positive and the neg-
ative value for the signal marks the detection of the
HC and H R postures, respectively.

Figure 10: Performance of the algorithm proposed on
a 486 DX 33 MHz based machine as a function of
image resolution.

this image resolution, even the algorithm for recogniz-
ing the hand postures gives good results (see Fig.9)
and, thus, the whole process of estimation and recog-
nition can be executed 15 times per second on a non-
dedicated machine.

5 Conclusions

A robust and computationally cheeper vision-based
3-D mouse was proposed. This is based on a method
for hand pose tracking and gesture recognition in the
3-D space by using stereo vision. The main feature
of this technique consists in the fact that the hand
pose is estimated at each time instant by evaluation
only the center of gravity, while hand posture recog-
nition is transformed in a mono-dimensional prob-
lem. Hand pose tracking is very robust since a predic-
tion/correction mechanism was used. This approach
allows the adoption of the technique proposed even at
low image resolution, as demonstrated by tests car-
ried out on several real image sequences at different
image resolutions. In addition, the performance on
a reference machine with respect to image resolution
was also evaluated. The results have showed that this
technique is suitable to be used as a basis for the im-
plementation of a dedicated and low cost 3-D mouse
device.
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