BE—3F - BUKF - BIREE - FHIEM - @RE  EFA ISR IINRERARBE - HEFEDSE

150 FH EE LRSI AR A AR SR R —(E e g A 2
Development of a Free-Hand Pointer Using an
Active Stereo Vision System
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Abstract

Human hands play an important role in human-computer interface. It will be most
desirable if the user is allowed to use his free hands to communicate with the computer
without holding or touching any physical tool. In this work, we have developed a system
of free-hand pointer by tracking the index finger with an active binocular vision system.
Here, we do not need any assumptions on the length and width of finger. Both the
fingertip and the finger orientation in the left and right images obtained with the binocular
vision system are detected. Then, the 3D finger position and direction are computed by
using the camera parameters of the vision system. Our free hand pointer can be operated
in two modes when computing the projection direction: the finger-orientation mode and the
eye-to-fingertip mode. The experimental results favor the eye-to-fingertip mode for its
robustness. In order to allow the finger to move in a wider 3D space without reducing the
pointing resolution, we utilize a well-calibrated active stereo vision system which has a
relatively small field of view but can control its stereo cameras to fixate at the moving
finger. Our experiments have successfully demonstrated the feasibility of developing a
free-hand pointer using an active binocular vision system.

Keywords: Stereo Vision, Active Vision, Visual Tracking, Free-Hand Pointer.
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1 Introduction

Human hands play an important role in
human-computer interface. = They usually
function through keyboards, mouses, digitiz-
ers, touch panels, and so on. However, it will
be most desirable if the user is allowed to use
his free hands to communicate with the com-
puter without holding or touching any phys-
ical tool. In this work, we have developed a
system of free-hand pointer for presentation
by tracking the finger of the speaker with an
active binocular vision system.

There are many related works of human-
computer interaction which utilize human
hand/finger tracking. In “Charade” [1],
Baudel and Beaudouin-Lafon developed a sys-
tem for remote control of objects. The user
was recommended to wear a data-glove, and a
set of gestures were defined to represent some
meaningful operations. Their system would
recognize the gestures of the user and execute
the associated operations. In free-hand track-
ing, Freeman and Weissman [12] designed a
system which allowed the user to control the
television by moving the open hand. Rehg
and Kanade [8] defined a kinematic model for
hand with 27 degrees of freedom (DOFs), and
developed a system that could track articu-
lated structures with high degrees of freedom.
In [5] and [6], Kuch and Huang proposed an-
other model to describe the human hand, and
applied it to vision-based human-computer in-
terface. In (7], Kuniyoshi et al. tracked two
fingers of the user with a stereo vision system.
By observing the user’s operation, their Sys-
tem could learn the task and then command
a robot to do some assembly jobs.

Another interesting system is the “Finger-
Pointer” (3], which provided multi-modal
computer interface. In that system, users
communicated with the computer by gestures
and voice. It could recognize some simple pre-
defined gestures and the pointing direction of
the finger. However, the system assumed that
the finger length and width were known @ pri-

ori, which might limit the flexibility and reli-
ability of their system.

Hand/finger tracking has many applica-
tions on human-computer interaction. In this
paper, we focus on applying finger tracking to
free-hand pointer for presentation. In an oral
presentation, one usually uses a rod pointer or
a laser pointer to point at a site on the black-
board or on the projection screen where he
wants the audience to pay their attention to.
However, it is more comfortable and conve-
nient if we can design a computer vision Sys-
tem to understand where the presenter’s fin-
ger is pointing to. Our free-hand pointer SyS-
tem does not need to know the finger length
and width in advance. We use stereo vi-
sion to compute 3D finger position and direc-
tion without building a complicated 3D hand
model. The methods used to detect the finger
position and to compute the finger direction
are simple and efficient. A well-calibrated ac-
tive binocular vision system — the IIS (Insti-
tute of Information Science) head — helps to
track and fixate the moving finger in a wider
3D space.

The system used in the experiments con-
sists of a Sparc Station 20, two CCD cameras,
a Datacell §2200, and the IIS head. The IIS
head is a computer-controllable robot head
on which two CCD cameras are mounted.
The IIS head and the two cameras form our
stereo vision system which is precisely cali-
brated such that the 3D estimation error is
less than 1 mm [9] for an object locating at
one meter away from the IIS head. Datacell
52200 is used to grab the stereo images, and
the workstation is used for image processing.

In the following, we will describe our free-
hand pointer whose block diagram is shown
in Figure 1. First, the left and right images
taken with our binocular head are binarized
with Otsu’s method. In the initial stage, i.e.,
for the first image, we use mathematical mor-
phology to detect and segment the finger, as
described in section 2.1. Local search with
prediction is used to efficiently track the finger
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in the subsequent images, which is described
in section 2.4. Time-consuming global search
of finger will be invoked again only if the sys-
tem loses track of the finger. Once the finger
is detected and segmented, we use a simple
and efficient algorithm to extract the fingertip
and the finger orientation, as described in sec-
tions 2.2 and 2.3. Then, with the calibrated
camera parameters, 3D fingertip position and
finger direction can be computed by using the
2D fingertip position and finger direction ob-
tained from the left and right images. We
propose two ways for computing the 3D pro-
jection site on a given projection plane, which
will be described in section 3. Once the 3D
projection site is determined, a cursor (or a
mark) can be projected onto that site accord-
ingly. If the detected fingertip moves toward
the image boundary, the cameras will be con-
trolled to fixate at the fingertip so that the
fingertip can remain within the field of view,
as describe in section 4.

The paper is organized as follows. Section
2 describes the details of the methods used
to extract the fingertip and the finger orien-
tation in 2D images. Section 3 explains how
we determine the site on the projection screen
where a cursor is to be projected onto. In
the above two sections, we tentatively assume
that the stereo cameras are fixed. However,
this assumption greatly limits the 3D space
where the finger can move around. To allow
the finger to move in a wider 3D space with-
out reducing the pointing resolution of the 3D
free-hand pointer, we utilize a well-calibrated
binocular head (i.e., the IIS) to fixate at the
moving finger, which is described in section 4.
Finally, some experimental results are given
in section 5 and conclusions in section 6.

Figure 2: The left image is the original gray level
image (512 x 480) and the right is the binarized
image with threshold (= 85) determined by Otsu’s
method.

2 Extraction of Fingertips
and Finger Orientation in
2D Images

2.1 Finger Detection

After grabbing a pair of stereo images, we first
detect where the finger is in both images. The
following is our algorithm for finger detection:

1. Image binarization.
2. Morphological closing for reducing noise.

3. Morphological opening for detecting fin-
ger.

4. Labeling and identification of the finger.

Suppose the background is much darker
than the hand, the contrast of the image is
very sharp and it is relatively easy to select
a threshold for binarization. We assume the
black and white parts of the image will form
two Gaussian distributions, and then apply
Otsu’s method [4] to determine the threshold
automatically. The resulted image is shown
in Figure 2.

Sometimes, the image of the hand may
have some shadows, which may significantly
affect the results of the subsequent processing.
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Figure 1: The block diagram of our free-hand pointer.

Hence, we first use a morphological closing to
remove the noise.

Next, we want to extract the finger from
the image. We know that the finger is the
thin part compared with the palm. Hence, the
finger can easily be separated from the palm
by using a morphological opening. We extract
the finger with the operation: I’ =I —I0o K,
where I’ is the resulted image, I is the original
image, and K is the structuring element used
for opening.

To speed up the system, we assume that
the pointing direction of the finger is approx-
imately vertical in the first pair of stereo im-
ages (i.e., an initial finger position). Hence,
we can use a 1D structuring element for open-
ing rather then a 2D structuring element. The
1D opening operation is much faster than
the 2D opening operation. Besides, the re-
sult obtained by using the 1D opening is less
noisy. Figure 3 shows the result. The size
of the structuring element can be chosen ac-
cording to the threshold determined by apply-
ing Otsu’s algorithm to the histogram of the
length of horizontal segments. Here, the hor-
izontal segments are obtained by crossing a
horizontal scanline through the binary image
containing the finger.

Since the background is dark enough in our
experiments, the result of the morphological
finger detection is not very noisy, and we only

Figure 3: The left image is the result of 1D open-

ing with kernel size of 95. The right image is
the result image of 2D opening with kernel size
of 47 x 47.

have to identify the largest connected compo-
nent to be the target (i.e., the finger).

2.2 Extraction of Fingertip

To locate the fingertip, we first define two
types of finger edge points, Group-A points
and Group-B points, which are described be-
low. In the initial mode, Group-A points
are the edge points of the finger that are
connected with the palm part, and Group-B
points are the edge points of the finger that
are not connected with the palm, as described
in Figure 4. In the tracking mode, the defi-
nition of Group-A and Group-B points has to
be modified because we do not process the en-
tire image but only a partial image contain-
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Figure 4: Two types of finger edge points, Group-
A and Group-B, in the initial mode (left) and the
tracking mode (right).

ing the finger. In the tracking mode, we de-
fine Group-A points to be the edge points of
the finger that are connected with the window
boundary, and Group-B points to be the edge
points that are not in Group-A.

Next, we define root to be the centroid of
Group-A, and tip to be the farthest edge point
from root and belonging to Group-B. Notice
that, once the mid-line of the finger is com-
puted as described in section 2.3, the tip will
be modified to be tip’, the intersection-point.
of the mid-line and Group-B edge points. As
shown in Figure 5, we define cen to be the fin-
ger centroid, win to be the center of the cur-
rent tracking window, finger-vector to be the
vector from tip to cen, and width to be the
length of the segment passing through cen of
the finger and orthogonal to the finger vector.
To define WIN, the starting point for tracing
the mid-line, we first locate the point which is
width/2 away from tip along the finger-vector.
Then, the position of this point is modified to
be the middle point along the vector orthog-
onal to the finger-vector, and is then denoted
as WIN. This point WIN will be used for de-
termining the mid-line of the finger, as de-
scribed in section 2.3, which will be used for
determining both the fingertip and the finger
orientation.

A

g win
ﬁﬁ’ggr-vector

width

mid-line

Figure 5: The feature points and the mid-line of
a finger.

2.3 Extraction of Finger Orienta-
tion

Our method for determining the mid-line (or
skeleton) of the finger starts from the image
point WIN. In order to reduce the computa-
tion time, we do not locate all the points on
the mid-line. Instead, we locate only a few
candidate points on the mid-line and then de-
termine the mid-line of the finger by fitting a
line to those candidate points. Qur algorithm
is as follows:

1. Start from WIN, which is obtained in sec-
tion 2.2. Choose WIN to be the first
candidate point on the mid-line.

2. Temporarily choose the next candidate
point (only a tentative candidate point)
to be the point which is width/4 away
from WIN and is along the direction from
tip to WIN.

3. Next, we find the line segment which is
orthogonal to the direction from tip to
WIN and passing through the tentative
candidate point found in step 2. Modify
the second candidate point to be the mid-
point of the above orthogonal line seg-
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ment.

4. Locate the next candidate point by fol-
lowing the direction determined by the
previous two candidate points for another
distance of width/4. Then, modify it to
be the mid-point along the orthogonal di-
rection. The width of the finger passing
through this point along the orthogonal
direction is computed, which is to be used
in the test in the next step.

5. If the width obtained in step 4 is larger
than a threshold determined by Otsu’s
method (i.e., out of the finger part), go
to step 6. Otherwise, repeat step 4.

6. Compute the 2D mid-line of the finger by
fitting a straight line to those candidate
points found above.

Once the mid-line of the finger is deter-
mined, the fingertip (¢¢p’) can be obtained by
finding the intersection point of the mid-line
and the Group-B edge points. Another use of
the 2D mid-line is to compute the 3D mid-
line (or skeleton) using stereo triangulation.
This 3D mid-line can then be regarded as the
3D finger orientation and used in the finger-
orientation mode, which will be described in
section 3.

2.4 PFinger Tracking

Because processing the whole image for each
frame is very time-consuming, we adopt two
seacch schemes to reduce the processing time.

2.4.1 Scheme I: Tracking by Local
Search

This tracking scheme is based on local search.
The goal of this scheme is to make sure that
the center of the tracking window is always
located near the fingertip. One idea is to use

the displacement (Disp) of the centroid of the
detected finger to estimate the movement of
the finger (Mov) and then adjust the posi-
tion of the tracking window accordingly. How-
ever, without performing finger detection (in a
more global sense), it is not trivial to compute
the real Disp. In fact, if we set the center of
the initial tracking window to be WIN of the
previous frame (which is obtained in section
2.2), and compute the centroid by considering
only the part of the finger trimmed by this ini-
tial tracking window in both the current and
the previous images, Disp and Mov may be
quite different, especially when the finger mo-
tion is along the finger-vector (see the right
figure in Figure 6 for an example). Notice that
the movement of the finger along the finger-
vector is not equal to the displacement of the
finger centroid, which is because the tracking
window is not shifted yet and hence the finger
area in the new image will be quite different
from that in the previous one. There can be
many ways to deal with the above problem.
The following is just a simple rule for choosing
Mov', the movement of the tracking window
(see Figure 7).

1. If the Disp is smaller then width/2, Mov'
is.set to be 2x Disp.

2. If the Disp is larger than width, Mov' is
set to be Disp.

3. If the Disp is between width/2 and width,
Mov' is set to be width.

In our experiments, the tracking window
(or the trimming window) is set to have the
width of 3 x width and is initially centered at
WIN of the previous frame. Within this initial
tracking window, we compute the centroid of
the trimmed finger for both the current and
previous frames, and accordingly, update the
tracking window by Mov', as described above.
Once the tracking window is updated to a bet-
ter position, we can then extract the fingertip
and determine the mid-line (skeleton) of the
finger within this new tracking window (sup-
posedly better centered) using the algorithms
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Figure 6: The movement of the finger versus the
displacement of the finger centroid. The darker
finger is the original finger and the black points are
the centroids of the two trimmed fingers. The left
shows the finger moves leftward 30 pixels and the
centroid displacement is approximately the same.
The right shows the finger moves downward 30
pixels, but the centroid displacement is only ap-
proximately 15 pixels.

described in sections 2.2 and 2.3. During the
process of extracting the fingertip, WIN (i.e.,
the first candidate point on the mid-line) will
be found and will be used as the center of the
tracking window for the next frame. This pro-
cess goes iteratively until it fails to track the
finger. If this happens, we switch to scheme
IT described below.

Mov r

width T

width  width Disp
2

Figure 7: The rule for determining the movement
of the tracking window Mov' from the displace-
ment of the finger centroid Disp.

2.4.2 Scheme II: Tracking by Hierar-
chical Globa! Search

The above local search scheme will work well
under the assumption that the movement of
the finger between two frames is not too large.
It fails if the finger moves too fast. In or-
der to solve this problem, we can use another
tracking scheme, tracking scheme II, which is
based on the hierarchical (coarse-to-fine) con-
cept. The algorithra is as follows.

1. For each new image pair, we first sub-
sample the image from 512 x 480 to
64 x 60, and compute the approximate
positions of the root and tip, using the
algorithms described in sections 2.1 and
2:2.

2. Move the center of tracking window to
the approximate tip and the finger is
surely over there. Then, extract the fin-
gertip and the mid-line in the fine level
(the 512 x 480 level) using the algorithms
described in sections 2.2 and 2.3.

3 Determination of Projec-
tion Site

Once the 2D position of the fingertip and the
2D orientation of the finger in both the left
and right images are obtained (with the meth-
ods described in section 2), we can compute
the 3D position of the fingertip and the 3D
orientation of the finger using the calibrated
camera parameters of the stereo cameras. In
the following, we propose two approaches to
determine the pointing direction of the finger,
which can be used to compute the projection
site of the cursor (or the mark). One is the
finger-orientation mode which computes the
pointing site by using the finger orientation
and position of the fingertip. The other is the
eye-to-fingertip mode which determines the
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pointing site by computing the 3D ray deter-
mined by the eye position (the pseudo origin)
and the fingertip position. Details of these
two modes for determining the 3D pointing
ray are described below. As soon as the 3D
pointing ray is determined, the projection site
can be easily computed by intersecting the 3D
pointing ray with the projection screen.

3.1 Finger-Orientation Mode

In this section, we introduce the first mode
of our free-hand pointer system, the finger-
orientation mode, which uses the information
of the finger orientation. The following is the
algorithm used for finger-orientation mode:

1. Select several points on the mid-line of
the finger in the left image.

2. Compute their corresponding points by
finding the intersection points of their
epipolar lines in the right image and the
mid-line of the finger in the right image.

3. Compute the 3D positions of these se-
lected points, and fit a 3D line to them.
Then, we can determine the pointing site
by intersecting the 3D line with the pro-
jection screen.

3.2 Eye-to-Fingertip Mode

In the finger-orientation mode, the resolution
of the finger pointer is not very high. Also, its
performance is quite sensitive to noise. Hence,
we propose another mode, the eye-to-fingertip
mode, to solve this problem. In the eye-to-
fingertip mode, we first detect the 3D eye po-
sition of the speaker and set this position as
the origin. Then, we compute the position of
the fingertip, and determine a vector from the

eye to the fingertip. Thus, we can determine
where the vector is pointing to on the projec-
tion screen. Since the distance between the
fingertip and the eye is much longer than the
length of the finger, its pointing performance
is less sensitive to noise. A minor disadvan-
tage is that the user has to raise up his (or
her) hand high enough such that the finger
is between the eye and the projection screen.
The following is the algorithm used for the
eye-to-fingertip mode:

1. Determine the eye (pseudo origin) posi-
tion:

(2) Move the fingertip to any two points
between the center of projection
screen and the right eye (or the left
eye) and compute their positions.
Hence, we can get the direction vec-
tor between the eye and the center
of projection screen.

(b) With the knowledge of the average
distance between the eye and hand,
we can have a rough estimate of the
3D eye position. Regard it as the
origin.

2. While moving the fingertip, keep on de-
tecting the 3D position of the fingertip,
and compute the intersection point of the
eye-to-fingertip vector and the projection
screen.

4 Finger Tracking in a Wider
Space

For visual tracking systems using fixed cam-
eras, the field of view of the camera limits the
3D space where the target can be tracked.
This limitation can be removed if the cam-
era can be controlled to fixate at the moving
target. This kind of vision system with mov-
able camera is called an active vision system.
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Another approach to remove this space limi-
tation is to use a lens (or a camera system)
with a wider field of view. However, this ap-
proach will make the target look smaller in the
images, thus reduce the resolution and accu-
racy in extracting the 3D position of the tar-
get. In the application of free-hand pointer for
presentation, the pointing resolution is quite
important. Hence, we adopt the approach of
using an active vision system.

In our laboratory, we have mounted two
cameras on a six DOFs robot head (referred
to as the IIS head). The IIS head has four
revolute joints and two prismatic joints, as
shown in Figure 8. The top two joints of
the IIS head are for camera verge (or gazing).
The next two joints are for tilting and pan-
ning the stereo cameras. All of the above four
joints are revolute and are mounted on an X-
Y table which is composed of two prismatic
joints. The lenses of the binocular head are
motorized to focus on objects at different dis-
tances. Due to the difficulty in acquiring ac-
curate kinematic and camera parameters, the
use of active vision system is not very popu-
lar yet. However, our IIS head has been cal-
ibrated with a four-stage method [9, 11, 10]
and can achieve a very high accuracy which
will induce only one pixel prediction error and
0.2 pixel epipolar error. Therefore, it is easy
and straightforward for us to use the IIS head
to track and fixate at the finger of the speaker
in a much wider 3D space.

5 Experiments

First, we compare the computational cost and
the flexibility of the two tracking schemes de-
scribed in section 2.4. As can be seen from
Table 1, more than half of the computational
time was spent on image transfer. In scheme
I, only a small portion of the image is trans-
ferred to the computer, while in scheme II,
the whole image is transferred. Therefore,

Figure 8: The IIS head used in our experiments.

scheme I is much faster than scheme II, but
it is less flexible because the finger is not al-
lowed to move too much between two consecu-
tive frames. One strategy is to track the finger
with scheme I most of the time, and automat-
ically switch to scheme II when the system
loses track of the finger. However, the time
for image transfer will be greatly reduced af-
ter we use a frame grabber with faster image
transfer rate.

We will next show some experimental re-
sults for the two pointing modes, the finger-
orientation mode and the eye-to-finger mode.
Figure 9 illustrates the operation of our free-
hand pointer in the eye-to-fingertip mode.
Stereo images taken with the IIS head are
used to compute the 3D finger position and
direction based on the known camera param-
eters. A mark is projected on the projection
screen at the site computed from the fingertip
position, pre-determined eye position,.and the
given position and orientation of the projec-
tion screen. Figures 10 and 11 show the result
of using the eye-to-fingertip mode to write a
W,
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Figures 12 and 13 show the result of using
the finger-orientation mode to write a “Y”.
In this mode, user’s finger direction should
be as perpendicular as possible with the base-
line of the left and right cameras. If the di-
rection of the finger in the image is almost
parallel with the epipolar line, it will cause
some difficulty in determining 3D finger di-
rection. There is no such limitation for the
eye-to-fingertip mode because only the finger-
tip is used to compute the 3D finger direction
by use of a pre-determined eye position.

Table 1. Computational time for two
different tracking schemes. (unit: second)

Time Image Image Result
Required | Transfer | Processing | Displaying
Scheme I 0.10 0.08 0.02
Scheme I 0.30 0.20 0.02

Figure 9: This figure illustrates the operation of

our free-hand pointer. The speaker is pointing
his index finger to the projection screen (under
the word “3D”). The IIS head on the left takes
the stereo image pairs to be processed. According
to the projection site determined from the stereo
image pairs, the computer then controls a PC to
project its cursor to the word “3D”

6 Conclusions

In this work, we have developed a system
for human-computer interaction, namely, the

Figure 10: The image trajectory of the finger
in the stereo image pairs when using the eye-to-
fingertip mode to write a “W?”.
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Figure 11: The pointing trajectory on the projec-
tion screen when using the eye-to-fingertip mode
to write a “W".

free-hand pointer, by using the finger tracking
technique based on an active binocular vision
system. We have proposed two modes when
implementing the free-hand pointer—the eye-
to-fingertip mode and the finger-orientation
mode. The system can automatically deter-
mine the threshold for image binarization and
the kernel size for morphological opening. By
defining two types of finger edge points, we
can extract the finger features more easily
and faster. The space limitation of the fin-
ger movement is removed by using a well-
calibrated active binocular vision system —
the IIS head. Our experiments have success-
fully demonstrated that the free-hand pointer
is feasible, and can be implemented with an
active binocular vision system.

In this paper, we assume that the finger is
bright and the background is dark. It is a
challenging work to extend the system to a
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Figure 12: The image trajectory of the finger in
the stereo image pairs using the finger-orientation
mode to write a “Y”.

Figure 13: The pointing trajectory on the pro-
Jection screen when using the finger-orientation
mode to write a “Y”.

more complex background, and we are work-
ing on it now. Eventually, for this work to
be practical and useful, one should build an
active binocular vision system with a much
larger stereo baseline and mount it on the ceil-
ing to have a better viewpoint. Each cam-
era should be able to pan and tilt indepen-
dently. The zooming and focusing of the lens
should be able to be controlled by the com-
puter. It will be even better if one can use a
fixed camera having a wide-angle lens (or even
a omni-directional lens) to cover a wide 3D
space where the presenter can move around.
This camera can be put at the center of the
stereo baseline, and its images can be used to
control the motion of the two active cameras.
Another application of this work is to use this
system as an input device for a 3D signature

recognition system, where the 3D signature is
the trajectory drawn by the user’s finger in
the 3D space. We are currently investigating
its feasibility.
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