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| ntroduction

We have developed a new system based on on-line image processing to measure eye position

noninvasively. We use an infrared LED to illuminate the eye of a subject, whose head movement is lightly
restricted, and record images of the subject’s pupil using a CCD camera with a sampling frequency of
60Hz. The image of the pupil in each video-frame is digitized by a video capture board and transferred to
a personal computer. The outline of the pupil and the reflection center of the illumination on the cornea
are then detected using image-processing software, and the pupil 1s approximated by an ellipse. Using the
shape, size of the ellipse and reflection center, we estimate the subject’s view axis in the camera-
coordinate system (the origin is the center of the eye rotation and the x-y plane parallels the plane of the
CCD camera) and the diameter of the pupil. To calculate the transformation matrix to transfer a vector
from the camera-coordinate system to the target-coordinate system (the origin 1s the same as above and the
x-y plane parallels the plane of the targets), we ask the subject to fixate each of the 9 targets displayed on a
screen. We measure the subject’s eye positions in the camera-coordinate system and compare them to the
respective required eye positions in the target-coordinate system. After this calibration process, we are
able to measure the subject’s eye position in the targets’ plane. The accuracy of the measurement is bette:
than 1 degree. We use Red Hat Linux 6.1 as the operating system, Video for Linux as the device driver for
the video capture board, and the X Window system for display. This system can be used for both monkeys

and humans. The program is available at http://www.etl.go.jp/~matsuda/eye/.




M ethod

1.Calibration.

To obtain values listed below which are necessary for the measurement, we
ask the subject to fixate each of the 5 (more than 3) targets displayed on a screen
and capture images of itseye. The subject’'s head movement must be restricted.

1) The eye rotation center (X0, YO0).

I1) The pupil center rotation radius (Rp)

111) The cornea curvature center rotation radius (Rc).

1v) The length between the reflection on the cornea and the cornea curvature center in each axis (a,[3).
V) The coordinate system transformation matrix.

2.Measurement.

1) Find the pupil center and the illumination's reflection center using image-processing.
11) Calculate the subject's view axis vector in the camera-coordinate system.
111) Transfer the subject's view axis vector from the camera-coordinate system to the target-coordinate
system, using the transformation matrix.
Iv) Calculate view axis angles in the target-coordinate system.
v) Output angles as voltage by using D/A converter (option).




1 System outline

Computer with video
capture board

Stimulus display

CCD camera

2\ILED
CRT
Eye

Head(lightly restricted)

1. All equipment can be bought on the market.

2. The CCD camera can be arranged at any position within the range where a
picture of the pupil can be taken.

3. The IrLED can be arranged at any position within the range where a picture
of the illumination's reflection on the cornea can be taken.




System equipment

model memo price(about)

CCDCamera  |XC-EI50 (Sony)  |Fower SUbPly D& 70 | g3000

Use 56 LEDs.
IrLED SLR931A (Sanyo) Power supply. <$15
Video Capture |GV-VCP2/PCI(10 |Any board adopt Video for <$120
Card data) Linux.
DA12-

DA converter AL (PCI)(Contec) D/A Converter PCl bus <$600

IBM PC Pentium [11

Compatible 700MHz RedHat Linux 6.1 <$2000

total <$6000




|mage-processing

The outline of the pupil and the reflection center on the cornea are
detected using image-processing software. The Pupil is approximated
by an ellipse expression. The center of the pupil, the pupil radius,
minor-axis major-axis ratio and the minor axis slope are calculated from
the expression. The processing timeislessthan 1ms.




There is an another method to obtain the pupil center, by using the pupil
barycenter. But our method surpasses the barycenter method in accuracy
when the pupil is hidden by the eyelid. Furthermore our method can obtain
the exact diameter of a pupil even when the pupil is hidden by the eyelid.

To compare the accuracy of these methods, we measured the center of a
circle in y-axis, which was partly hidden, shown the following figure, by
two methods. We also measured the diameter of a circle, which was partly
hidden, to reveal our method's performance.
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1. In our method, the gap ratio is less than 0.1% when the hidden

ratio 1s 30 %.

2. In our method, the diameter ratio is less than 0.1% when the

hidden ratio is 30%.
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Measured center in y-axis of partly hidden circle.

Measured diameter of partly hidden circle.
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Cornea curvature center 1s obtained from the illumination's reflection on the
cornea. reflection

o
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CCD camera
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CCD camera
of lect Suppose that the cornea is a part
reriection of a sphere, we refer to the center of
IrLED that sphere as cornea curvature center.
If the illumination and CCD camerais
IrLED located farther enough than the cornea
cornea curvature center movements, the
location relation of the cornea
curvature center and the center of
5 illumination's reflection on the cornea

iIsaways same. Inthisfigure, a and 3
are fixed.
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M easurement

Find the view axis vector and the rotation center in the camera-coordinate
system from the pupil center and the cornea curvature center.

pupil center (X,,Y,)
AN

rotation center  (X,,Y,)
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éyeball

pupil center

The view axis in the camera-coordinate system.
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The view axis vector can be measured by using the pupil center and
the cornea curvature center without fixing the head. The head movements
can be measured at the same time as well.

[deg]
X-direction eye movements.
-251
M Measured eye movements
are not influenced by head
s movements.
9 10 11 12 [seq]
[pixel]
220 X-direction head movements.
1[mm]
210° Movements of the eye
rotation center is considered
200 as head movements.

9 10 11 12 [sec]




Find the view axis vector in the target-coordinate system by using

the transformation matrix.

(Cx,Cy,C2)
The view axis vector in the
camera-coordinate system

(Tx, Ty, Tz)
The view axis vector in the
target-coordinate system

CRT

The camera-coordinate system

CRT

X

+

The target-coordinate system




Measurement example
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o Example
Step 1) Input targets information

Input targets information in display order to the program. In this
example, we use 5 targets.

14cm
4P
Y
No X Position Y Position 2 Position
1 |0.000000 0. 000000 200. 000000 E 3
2 -14. 000000 14 . 000000 200. 000000 1 ¢14cm
3 14 . 000000 14 . 000000 200. 000000 X
4 -14. 000000 -14 . 000000 200. 000000 Z 5 —
5 14 . 000000 -14 . 000000 200. 000000
b
7
8
9
1]:4 Cancel N Z CRT

j)K 200cm




Step 2) Calibration

We ask the subject to fixate each of the 5 targets displayed on a
screen, and store values obtained from image-processing.

Command View Window Method 00:00:25

CcalibPoint: 1 + - R

Pupil Gt_mter:
d
[deg] X-movements
4.
O 10[ %C] [pixel] Eye movements ~Center position- [x-red, y-green, pupil radivs-blne, relisbility-yellow]
4.
Ldeg] y-movements
4.
° 10[sec]
4.
0 5 10 1s el
Stimulus movements Captured computer

image.




Step 3) Calculate parameters.

1) Click mouse suitable position and find average pupil center Pn(Xpn, Ypn) and illumination's
reflect center on cornea Rn(Xrn, Y rn) correspond to each target.

Pl(xpl’YFﬂ) PZ(XDZ’YPZ>
Rl(xrl’le) RZ(XrZ’YrZ)

I1) Calculate values listed below.
The eye rotation center (Xo,Y0).
The pupil center rotation radius (Rp).
The cornea curvature center rotation radius (Rc).

The length between reflection on cornea and the cornea curvature center in each axis (a, f3).

111) Calculate the transformation matrix from i) and ii).




Step 4) Measurement.

The red line indicates x view axis angle in the target-coordinate
system. The green line indicates y view axis angle in the target-
coordinate system. The blue line indicates pupil radius.

Cormand View Window Method 00:03:02

[deg] Eve movements -Object coordinates— [x-red, y-green, pupi radins-blue, reliabiline—yellow] [pixel]

a0




Conclusions
This system is very inexpensive compared with other products.

By using an €llipse approximation, this system can measure the exact eye
position and pupil diameter even if the pupil is hidden by the eyelid.

This system can measure eye position without fixing subject's head.
This system can measure subject’'s head movement.

The accuracy of the measurement is better than 1 degree.

Sampling frequency is 60Hz(save to file) or 30Hz (D/A converter).

This system can be used for human, monkey and mouse.




Appendix

Ellipseexpression:  x?+axy-+by?+cx+dy+e=0 C,=X2+aX_ Y +bY2+cX_+dY _+e
Center of pupil: aY +C ac-2d PR p TR R TR
XY = P
o Yol5 4b-a* bl [[b1) b1l
a,=——+4/|—| +1 a,=—— -
r1>r2 a2 0 Pupil radius:rl miner axis slope a2 a a a
rl<r2 az 0 Pupil radius:r2 miner axis slope al & 0 C,(@+]) e
r1>r2 a=0  Pupil radius:rl miner axis slope o "7\ b2 raa 41 27\ b2 ean, +1
rl<r2 a=0  Pupil radius:r2 miner axisslope 0
-C
a=0 r=y/-Cy Mo= b1

The rotation center (Xo,Y0).

y y
The rotation center projected on Xy plane exists J&x >

on the extended line of ellipses minor axes. The 1 X
subject's head movement must be restricted. The

rotation center is calculated from many images by y / (Xs,Yo0)
using least squares.




The pupil rotation radius Rp.

The angle between view axis and xy planeisarcsin of (minor axis/ mgjor axis). The pupil
rotation center is calculated from this angle and length between the rotation center projected on

xy plane (X0, Yo0) and the pupil center projected on xy plane (Xp, Yp). The subject's head
movement must be restricted.

.., minor axis
B=sin(

)

major axis
A X — X
—Z—QOD Rotate the pup|I
Z
y y minor axis
i Xpupil N X
S major axis

R = \/(Xp_xo)2+(Yp_Yo)2 - (><p_>(o)2+(Yp_Yo)2
" cosd - 1_( minor axis )2
major axis



The length between the reflection on cornea and the cornea curvature center in each axis (a,[3).

The pupil center, the cornea curvature center and the rotation center exist on the same

line, and a and (3 are always the same. So a and [3 are calculated from captured images by
using least squares. The subject's head movement must be restricted.

reflection (X .Y 1) reflection (X Y )

(X cliY cl)/ f (X CZ’Y C2)
/ a,x+b,y+c,=0 / a,Xx+b,y+c,=0
X =X 1-0 X o=X ;-0
Y cle rl_[3 Y c2=Y rZ'B
X gt Y +¢,=0 HX oH,Y o 1C,=0

a'l(x rl-a)"'bl(Y rl_B)+C1:O aQ(X rz'a)"'bz(Y rZ-B)+C2:0



The cornea curvature center rotation radius Rc.

The cornea curvature center rotation radius Rc is obtained from length between the
cornea curvature center and the rotation center projected on xy plane, and length between the
pupil center and the rotation center projected on xy plane and the pupil rotation radius Rp.

R =V XX HYYo)? o

\/(X -Xo)2+(Y Y )2 R; pupil center (X ,,Y)
\ rotation center (X ,Y )
R.=R R, 3
CCD camera

/cornea curvature center (X .Y )

pupil center
cornea
HERNE'! R,
cornea curvature center \ $Rp$ R,
+

eyeball rotation center




The transformation matrix.

To obtain the transformation matrix, which transfers a vector from the camera-coordinate
system to the target-coordinate system, we ask the subject to fixate each of the 9 (more than 3
points) targets displayed on a screen. We measure the subject's view axis vector (Cv1-9) in the
camera-coordinate system, and calculate the transformation matrix from their vectors and their
respective required view axis vector (Tv1-9) in the target-coordinate system by using least

squares.
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