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ABSTRACT

Three-dimensional eye-motion tracking using dual
cameras is presented in this paper. The system consists of
two arbitrary orientation USB cameras mounted on
tripod. The two-dimensional positions of pupil center
were obtained using template matching technique. The
three-dimensional positions of pupil center were then
computed using Direct Linear Transformation technique.
The algorithm was validated by comparing an eye model
movement in world Euclidean coordinate system and
DLT system. The system yielded error 0.2072, 0.1675,
and 0.3797 pixel for X,Y, and Z axes respectively with
range of error from 0 to 1 pixel.

1. INTRODUCTION

Eye-motion tracking is an extensive research area in
biomedical engineering and computer vision. Recent
advances in understanding of the motor control of eye
movements and new findings in the anatomy of
extraocular muscles have greatly increased the interest in
a complete three-dimensional (3D) description of eye
position [1-5].

Scleral Search Coil method has been used
successfully to measure horizontal, vertical and torsional
components of the eye [1,2]. However, this technique is
expensive and invasive, limiting the measurement
duration to about 30 mins because of discomfort during
recording process [3]. Parker et al. [4] proposed a method
to measure 3D components based on digital signal
processing. The measurement was done by analyzing
marker on several printed eye images. Although the result
was promising, this method did not support real time
processing. Shih et al. [5] proposed a satisfactory 3D eye
tracking system using multiple infrared reflections and
stereo CCD cameras. The 3D gaze was measured by
comparing infrared mark and pupil center. Patients were
required to fix their heads to get accurate tracking result
from table-mounted eye-motion tracking system. The
drawbacks of such system are that it is complicated to use
and associated high costs.

In this research, we introduce a real time 3D eye-
motion tracking system without infrared reflections. We
attempted to reduce the cost by designing an eye-motion
tracking system using two images acquired from two
arbitrarily oriented USB cameras. The 3D coordinates of
pupil center were then estimated using DLT technique
proposed in [6].

This work is organized as follows: Section Il explains
the proposed system and method. Experimental results
are provided in Section Ill. Discussions and conclusions
are given in Section IV.

2. PROPOSED SYSTEM AND METHOD
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Figure 1. 3D eye coordinates acquiring method using
two arbitrarily oriented cameras.

The eye-motion tracking system consists of 3 parts: (i)
two arbitrarily oriented USB cameras, (ii) personal
computer (PC) and (iii) the 3D eye tracking software
created using Visual C++ and OpenCV library [7]. We
used Oker 177 web camera (Shenzhen Golden Tiger &
Dragon Technology Develop Co., Ltd, Guangdong,
China) with sampling rate of 60 Hz, focus range of 30
mm to infinitive, and resolution of 2 megapixels. The two
cameras were installed on small tripod in order to provide
stable and comfortable environment during the
experiment process. The 2.2 GHz Intel Pentium PC with
Windows XP operating system was used in the system.



The 3D eye coordinates acquiring method is shown in
Fig. 1. First, we applied camera modeling and calibration
to obtain intrinsic and extrinsic camera parameters which
would be used in DLT algorithm. The pupil detection
process using template matching was then conducted to
obtain 2D positions of pupil center. The 3D coordinates
of pupil center were then extracted using DLT technique.

2.1. Camera Modeling and Calibration
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Figure 2. Perspective transformation from world
Euclidean coordinate system to camera Euclidean
coordinate system.

A point located in real 3D space (world Euclidean
coordinate syste ) can be expressed as point [x y z 1]".
A point [x y z 1]' taken by a camera undergoes a linear
transformation from 3D projective space to 2D projective
space as shown in Fig.2. Point [u v w]" in camera
coordinate system is obtained by examining the following
homogeneous coordinate formula:
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Matrices K and [l | Oz] in (1) are instrinsic
parameters which define physical parameters of the
camera. Matrix K is camera calibration matrix defined as
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where f is focal length in camera projection; a and b are
conversion factor from physical unit to pixel unit in the x
and y directions respectively; and (u,,Vo) is a principal
point in camera projection.
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Matrix [l3| O3] is defined as
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which defines camera location and orientation in world
Euclidean coordinate system. Rotation matrix R
expresses three elementary rotations of camera Euclidean
coordinate axes which respect to the world Euclidean
coordinate system. Rotation along x, y, and z are termed
as pan, tilt, and roll respectively. Translation vector T
gives three elements of the translation of the origin of the
world Euclidean coordinate system with respect to

camera Euclidean coordinate system. Matrix O; is vector
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consists of extrinsic parameter

[0 0 0]. To obtain matrix M, observing each known point

X=[x y z 1]" and its corresponding 2D image point
[u v w]" will yield an equation:
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If n such points in world euclidean coordinate system
are available, A will be of size 2n x 12. M can be solved
by performing Singular Value Decomposition (SVD) of
A to derive A = UDV". U is left singular vector, D is
diagonal matrix consists of singular values of A, and V is
right singular vector of A. The last column of V is the
solution for M. To separate extrinsic parameter, observe
that M in (1) can be written as M=[KR|-KRT]=[A|b].
Then we can obtain translation matrix T by solving
equation T = -A’b. To determine R, we decompose A
into a product of two matrices K and R using QR
decomposition.

2.2.  Pupil Detection
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Flgure 3. Pupil detection using plastic eye model:
(a) original images, (b) segmentation using thresholding,
(c) removing small artifact at pupil’s boundary using
morphology, (d) result of template matching with
correlation coefficient.




The pupil detection process is shown in Fig. 3. The
image frames were captured from two different videos of
two cameras with arbitrary orientation. The captured
frames shown in Fig. 3.a were first segmented to binary
images using thresholding. The thresholding results were
shown in Fig. 3.b. The remaining artifact at the pupil’s
border was removed using basic opening-closing
morphological process. The morphological results were
shown in Fig. 3.c.
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Figure 4. Template image used in experiment:

(a) template of plastic eye model; (b) template of real
human eye with eyelid interference; (c) template of
plastic eye model after thresholding; (d) template of real
human eye after thresholding.

To locate the pupil, template matching technique was
then applied. The pupil template for tracking plastic eye
model was circular disk as shown in Fig.4.a. The pupil
template for tracking real human eye was a half-circular
disk to include the case of matching in the presence of
eyelid drop where the pupil appeared as half-circular
shape as shown in Fig. 4.b. The templates were first
converted to binary images (Fig.4.c and Fig.4.d) before
used in matching process. The template image was then
slided through the binary image of captured frames
during the matching process. The similarity measurement
used in the matching procedure was correlation
coefficient p_(X,Y)defined as
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where X is the eye image and Y is the template,
C.(X,Y)is covariance, 57 and &2 are variances.

In this experiment, the best match was found when the
template matching result achieved the maximum value of
0.(X,Y). The template matching result was a region

inside the black rectangle as shown in Fig.3.d.

2.3. 3D Coordinates Extraction
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Figure 5. 3D coordinates extraction

Direct Linear Transformation is a method that extracts
3D coordinates of the object from 2D coordinates in
multiple photographs taken at arbitrary poses around the
object. In this research, we used two cameras which were
located approximately 6 cm in front of plastic eye model
as shown in Fig.5. Camera modeling and calibration
process Yyielded intrinsic and extrinsic parameters.
Parameters for the first and second cameras were inserted
into matrix M” and M’’ respectively. Note that (u’,v’) and
(u*’, v’*) are 2D coordinates resulted from image 1 and
image 2 respectively. Thus, to estimate 3D coordinates
(x,y,2) of pupil center, the following homogenous
equation can be solved:
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where miT are the row i" of the projection matrix M, while
X is matrix [xy z 1]".

3. EXPERIMENTAL RESULT

To validate the 3D positions extracted from each video
frame, we compared real and computed movements of
plastic eye model in XY, and Z axes. Real movement is
an eye model movement in world Euclidean coordinate
system. We measured manually the X,Y, and Z movement
using a ruler. Computed movements were derived from
DLT technique. The experiments were repeated 5 times
for each axis. From experimental results, we found that
every 1 mm movement in world Euclidean coordinate
system yielded + 1 pixel movement in DLT system.



TABLE I. COMPARISON RESULT OF X-AXIS MOVEMENT
Exp. Real X-Axis Computed X-Axis Error
Movement (mm) Movement (pixel) (pixel)
¥ 5 5.1453 0.1453
2" 5 5.2989 0.2989
3" 5 5.2972 0.2972
4" 5 5.0181 0.0181
5" 5 5.1246 0.1246
Root Mean Square of Error 0.2072
TABLE Il COMPARISON RESULT OF Y-AXIS MOVEMENT
Exp. Real Y-Axis Computed Y-Axis Error
Movement(mm) | Movement (pixel) (pixel)
¥ 5 4.7414 0.2586
2" 5 5.2460 0.2460
3" 5 5.1008 0.1098
4" 5 4.9731 0.0269
5" 5 4.9882 0.0118
Root Mean Square of Error 0.1675
TABLE Il COMPARISON RESULT OF Z-AXIS MOVEMENT
Exp. Real Z-Axis Computed Z-Axis Error
Movement(mm) Movement (pixel) (pixel)
1 5 5.6912 0.6912
2" 5 5.3576 0.3576
3" 5 5.0199 0.0199
4" 5 5.2827 0.2827
5" 5 5.1872 0.1872
Root Mean Square of Error 0.3797

The experimental results show that the system yielded
error approximately 0.2072, 0.1675, and 0.3797 pixel for
X, Y, and Z axes respectively with range of error 0 to 1
pixel. The error are considered within acceptable
tolerance. Most error were caused by inaccurate pupil
detection which supplies wrong 2D coordinate in DLT
system.

The second experiment was system implementation
using real human eye as shown in Fig.6. We were
interested in testing the performance of pupil detection
algorithm when the subject fully opened his eye (Fig.
6.a.1 and Fig. 6.a.2), closed his eye (Fig. 6.e.1 and Fig.
6.6.2), and opened only a half of his eye (Fig. 6.b.1, Fig.
6.b.2, Fig. 6.c.1, and Fig.6.c.2). We also asked the
subject to wear eyeglasses to check whether the
algorithm worked in the presence of interference caused
by eyeglasses and some reflections of unwanted light
sources (Fig. 6.f.1, Fig.6.f.2, Fig.6.9.1, Fig.6.9.2,
Fig.6.h.1, and Fig.6.h.2). The subject was also asked to
blink his eye and to lean his head towards left and right
direction. The fail cases were mainly caused by large
ambiguity of black area resulted by tresholding
segmentation process The algorithm detected the
eyebrow or the other areas instead of the pupil.

4. CONCLUSION AND DISCUSSION

Three-dimensional eye-motion tracking system has been
presented in this paper. The DLT techniques were
adopted to derive dynamic 3D information from arbitrary
orientation cameras. The 3D eye tracking system was
then validated in X, Y, and Z directions by comparing
real and computed movements. The system was also
tested using real human eye. The proposed system
successfully detected 3D coordinates within acceptable
error tolerance. Future work will be done to improve
accuracy of pupil detection process.
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Figure 6. 2D tracking using arbitrary orientation cameras:
success cases on tracking full eye (a.1 and a.2), half-closed eye (b.1 ,b.2,c.1, and c.2),
almost closed eye (d.1 and d.2). Fail cases on tracking full closed eye (e.1 and e.2).
Success cases on tracking full eye interfered by eyeglasses (f.1,f.2,g.1, and g.2) and
fail cases on tracking full closed eye interfered by eyeglasses (h.1 and h.2).



