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Introduction

We developed a new eye tracking system by adopting an IEEE-1394b or an USB3.0 digital camera
that provides high sensitivity, high resolution, and high frame rate. The system is non-invasive and
inexpensive and can be used for mice, monkeys, and humans. Infrared light illuminates the eye and the
reflected image of the iris and the black image of the pupil are captured by the camera. The center of
the pupil is calculated and tracked over time. The movement of the head is compensated by using the
reflected image of the infrared light.
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1. Evaluation of the System's Accuracy

We evaluated system accuracy by using the synthetic eye. We used 8 calibration points (-10,10),
(0,10), (10,10), (-10,0), (0,0), (10,0), (-10,-10), (10,-10). We set the eye 25 points, horizontal angle -10 to
+10 degrees and vertical angle -10 to 10 degrees at intervals of 5degrees. We measured the eyes’ gaze
angles for 1 second at each setting.
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3. An example of monkey eye movements
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2. Measuring of Mouse's Eye Movements

Methods

3. Measuring of Monkey's Eye Movements
We measured monkey's eye movements by our method and the search coil method at the same
time.

The passive calibration

When the subject spontaneously moves its eye, the system defines the rotation center of the pupil,
the rotation radius of the pupil center, the cornea curvature center and the length between the pupil
center and the cornea curvature center.
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4. Evaluation of the System's Accuracy of Gaze Points in 3D
We set left and right synthetic eyes horizontal angle (1,-1), (1.5,-1.5), (2.0,-2.0), (2.5, -2.5),

(3.0,-3.0), (3.5,-3.5), (4.0,-4.0), (5.0,-5.0), (6.0, -6.0), (8.0, -8.0), (10.0, 10.0) [deg], vertical angle O
[deg]. We measured left and right eyes’ gaze angles and positions for 1 second at each setting.

The view axis vector in the camera coordinate system

There are two way to measure the view axis. The first method [A] treats only the pupil center
position. This method is used when the subject's head is fixed tightly. The second method [B] treats
the pupil center position and the center position of illumination's reflection on the cornea. This method
is used when subject's head is fairly stationary.
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5. Measuring of Human Gaze Points in 3D

We measured gaze positions in 3-D space, sampling frequency was 500Hz. The subject moved his
gaze 5 ways. 1)The center to left, left to center. 2)The center to up-left, up-left to center. 3)The center
to up, and up to center. 4)The center to up-right, up-right to center. 5) The center to right, right to
center.
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4. Gaze angles and position calculated by the data measured from the synthetic eyes

Left and right horizontal angle mean errors are -0.037, -0.084 [deg]. Their standard deviations are
0.036,0.030 [deg]. Maximum error was 15.1mm at depth 687.1mm, after applied a 10 points (20ms)
moving average filter, maximum error decreased.
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The active calibration and the target coordinate system

When the subject fixates small targets (more than 3 points) that appear on the computer display,
the system provides a transition matrix for the eye position from the camera coordinate system to the
target coordinate system.
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vectors (C1-9) in the camera coordinate system and calculate
transition matrix from these vectors and the respective required
view axis vectors (T1-9) in the target coordinate system .
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The gaze point in 3D space

We calculated the horizontal/vertical gaze angle of each eye by processing its video-image. The
origin was set on the center of eyes. “HL” is the horizontal gaze angle of the left eye and “HR” is that of
the right eye. “HL” is positive and “HR” is negative in the figure. C corresponds to the inter-ocular
distance, ¥60mm, though differences can be detected among individuals. According to the law of
sines, the target position of the gaze in X-Z plane can be described as follows. Then we calculated the
vertical position. “VL” and “VR” is the vertical gaze angle of each eye. We used average of them .

depth Z T
A

gaze position “=5 HL vertical Y
T ition
b= 1L HR gaze posi
+ C - + 2 y ®
B A c=m—a—>
A B C VL+VR
HL — —_ y = z tan( )
HR sina sinb sinc 2
a b B C
%/2 c 00 < » Horizontal X (q;,z) = (B(josa— E’BSlna) VL+VR
(0.-C/2) (C/2,0) © cosasinb C o sin a sin b) C/ 2 s> depthZ
pr— —_— Z -
a, b, c: the three angle of the triangle. sin ¢ 2’ sin ¢ (0,0)
A, B, C: the three sides of the triangle. ’

Results
’
1. System S aCCU ra Cy * Camera Cooridnate
» Target Coordinate
25 05
Method A ST e e 104 o STy 10 o % ¢ e e T Horizontal
Head fixed tightly 20 mean error 0.028 [deg]
§v15 1 §7 5- ga 5 . 3 é’ sd 0.098 [deq]
S 10 - 8 01 S 07 T g Vertical
T £ ® .| ]! T mean error 0.096 [deg]
L ) L 5- > 51+ 7 Y 2 sd 0.071 [deg]
-10 — =107 ; .
10 -5 0 5 10 -10 -5 0 5 10 - = -05 . 0.0 0.5
Horizontal [deg] Horizontal [deg] Horizontal [deg] Horizontal [deg]
25 - 0.5 -
Method B L R 10 P T T 10- ' Horizontal
Head is fairly statio 20 mean error -0.042 [deg]
S . S 5- T 5- .« > sd 0.138 [deg]
3 15— o, T, S, ‘
= . . § 0- o T 0- FANNEP NN AR ® 0.0- Vertical
.}:3 10 . t S S ~GE) ‘ mean error 0.047 [deq]
s S 54 . . L 51 & ¢ & 8 . = sd 0.139 [deq]
5 -
-10 - 10— 3 05 ‘
01 | I I I I I I I I I T T I 1 I ' I I T
10 5 0 5 10 -10 -5 0 5 10 -0 -5 0 5 10 -0.5 . 00 0.5
Horizontal [deg] Horizontal [deg] Horizontal [deg]

Horizontal [deg]

Camera coordinate  Target coordinate Superimposed image Errors in target coordinate

2. An example of mouse eye movements (OKNs) in the camera coordinate system by method A
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5. An example of human gaze positions.
Gaze positions of a subject (with a 10 points (20ms) moving average filter).
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Conclusion

By using the data measured from the synthetic eyes, we found that the system can measure the eye
movement better than 1 degree accuracy and delay time is 6ms at 334Hz (depends on camera
capturing sampling rate). This system can be used for mice, monkeys and humans. By using this
system, we succeeded in characterizing vergence eye movements of humans when ocular fixation

shifted between two targets placed at different distances in 3-D space.
Supported by KAKENHI (24650105).




