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Abstract

An eye mouse interface that can be used to operate a computer using the movement of the

eyes is described. We developed this eye-tracking system for eye motion disability

rehabilitation. When the user watches the screen of a computer, a charge-coupled device

will catch images of the user’s eye and transmit it to the computer. A program, based on a new

cross-line tracking and stabilizing algorithm, will locate the center point of the pupil in the

images. The calibration factors and energy factors are designed for coordinate mapping and

blink functions. After the system transfers the coordinates of pupil center in the images to the

display coordinate, it will determine the point at which the user gazed on the display, then

transfer that location to the game subroutine program. We used this eye-tracking system as a

joystick to play a game with an application program in a multimedia environment. The

experimental results verify the feasibility and validity of this eye-game system and the

rehabilitation effects for the user’s visual movement.

r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Eye-tracking devices were initiating in military applications for guiding weapons
systems while freeing the pilot’s hands for guiding the aircraft through combat aerial
maneuvers. Usually, these devices include a detection device to detect the bio-
electromagnetic signals or image sequences generated by eye movements. There have
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been various eye-tracking systems developed over the past 30 years. The image-type
eye-tracking system that we adopted in this study consists of a charge-coupled device
(CCD) camera, an image capture card and an LCD projector, as shown in Fig. 1.

The eye-tracking device has become one of the most important human–machine
interfaces in which eye movements are related to the information-processing
demands of a task. For example, in the eye-tracking experiments by Lin et al. [1], a
new search method, superior to the existing methods, was used. The eye opening and
closing actions activate additional commands, used for controlling robots. In order
to save much computer search time on the image of the face, this system uses many
search checkers to search the binary shadows. When coming across extraneous
features, it can quickly skip over them without performing a detailed template
comparison. This method is called diagonal-box checker search. This system allows
the handicapped an opportunity to perform some simple tasks without the help of
others. Wagner and Galiana [2] adopted template matching with correlation
calculation to find the locations of eyes. Spindler and Chaumette [3] used an off-line
calibration and gaze coordinate filtering for a visual servo task. Grattan and Palmer
[4,5] developed a microcomputer-based system for the disabled that relies upon
differential reflection from the eyeball. The input blink is used to activate the data
presentation as a binary tree or matrix scan.

When the head movements are much slower than the iris movements, Xie et al. [6]
presented a method for compensating for the head movements using cascaded
tracking of the white and dark regions in the eye’s image. Martin and Schovance [7]
suggested a very complicated eye movement control model with muscle mass and
tendon tension parameters. Allison et al. [8] used an integrated head and eye-
tracking system to investigate compensatory vestibulo-ocular responses. The
measurement of three-dimensional (3-D) viewing behavior requires a relatively large
computational effort. Talmi and Liu [9] used highlight detection and displacement
vector transformation in the determination of the 3-D eye position. In 3-D
multimedia system visualization, eye blinking can be detected by calculating the
values of the squared frame differences (SFD) of the facial image blocks [10]. Human
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visual tracking and evaluation systems comprise a field of significant interest and
importance.

Here a new image-processing method, based on a new cross-line tracking and
stabilizing algorithm, is proposed for calculating the location and diameter of the
pupil using inexpensive optical hardware. The CCD camera used in this system was
built from an observation camera component set. On the back of the camera, a mini
sender is mounted which transmits the video signal to a frame grabber at the
computer. The user must set the camera behind the user’s face and focus the camera
onto one of the user’s eyes. The system can judge the gazing direction from the
information of the gray level of the eye with special image-processing algorithms.
However, this method need not require the user’s head to remain totally motionless
[11], because the user’s eye will not go out of focus when the user’s head move.

We will discuss the construction of the system, the image-processing approach and
the blink and eye close functions. The computer automatically processes the eye-
image captured by the CCD and acquires the users eye activity. This system is able to
digitally record where and what someone is looking at. We used this eye-tracking
system as a ‘visual’ joystick to play a game using a multimedia application program.

2. Cross-line tracking and stabilizing algorithm

The practical application of this eye-tracking device is discussed next. First, a
special CCD driven by an image capture card captures the eyeball image. The eyeball
image is then transmitted to a PC for pre-image processing. The pre-image
processing includes two steps: transferring a RGB image color formula into a gray
scale image represented by 8 bits. A threshold value is set and the gray scales of all
pixels are divided into two groups. The gray scale of one group, which is over the
threshold value, is set to 255. The other group, which is less than the threshold value,
is set to 0. Therefore, the transferred image is a black and white image and only
shows a pupil and eyelashes. Subsequently, the brightness of the image in the x and y

directions is evaluated. According to the evaluation of the brightness in the x and y

directions, the position of the centroid of the pupil is obtained. Thus, the total
number of black pixels, which represents the area of the pupil in the image, can be
calculated to identify the eye blink conditions. However, this method is time
consuming and cannot avoid the noise problem. Furthermore, many advanced
template matching algorithms and feature extraction methods have been developed
for locating the positions of eyes [12–15].

A cross-line tracking method is used to process the image of the eye especially for
the user who has problems in ocular motility dysfunction or eye movement
disorders. In this new method we can only process one row and one column of an
image instead the entire image matrix and find the gazing point when user’s eye
sway. The first step is to find the position of the center point of the pupil. Suppose
that the pattern of a pupil is black and circular, then any line that is perpendicular
and passes through the midpoint of the subtense of circle will also pass through the
center of circle. Before the cross-line thresholding process can be performed, the
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pupil pixel contrast must be enhanced using a weighting operation. Assume that D is
the distance from the center point of the cross-line to a pixel ðxi; yiÞ:

f ðxi; yiÞ
0 ¼ Daþ f ðxi; yiÞ; ð1Þ

where f ðxi; yiÞ is the gray level of a pixel at the location ðxi; yiÞ: f ðxi; yiÞ
0 is the gray

level value after the weighting operation. a is a weighting factor which is adjustable.
Accordingly, the pixel in the pupil will obtain the value f ðxi; yiÞ

0; smaller than a
specified data.

As shown in Fig. 2, assume that the center of cross-line is ðx0; y0Þ and the end-
points of the horizontal and vertical segments are ðx1; y0Þ; ðx2; y0Þ; ðx0; y1Þ; ðx0; y2Þ: The
position of the center point of the pupil ðxc; ycÞ can then be expressed as

xc ¼ ðx1 þ x2Þ=2;

yc ¼ ðy1 þ y2Þ=2:

In the pupil, the length of the horizontal and vertical black segment xL; yL can be
expressed as

xL ¼ ðx2 � x1Þ;

yL ¼ ðy2 � y1Þ:

If the user closes his eye, then we may find there is no horizontal or vertical black
segment. So we can let

xc ¼ x0
c;

yc ¼ y0
c;

where ðx0
c; y

0
cÞ is the center point of the pupil in the last state.
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In this system, the image-processing rate is 12–15 frames/s and the maximum eye
movement velocity is 70 pixels/s. In addition, the length of the horizontal and
vertical black segment xL; yL always remains in the range of 40–80 pixels. If the new
cross-line center is set at ðx0; y0Þ this will be the present center point of the pupil
ðxc; ycÞ: The new cross-line is guaranteed to intersect the center of the pupil. The eye-
tracking task can then continue.

The above method is very fast, but there are two defects:

(a) Noise yields because we only use the information from the cross-line of the
entire pupil.

(b) The user’s eye will sway while the user is watching a target.

So we must add a stabilizing algorithm in the tracking method. If we select the
center of the cross-line as the cursor position, the cursor will sway too fast and be
unsuitable for use. In order to solve the cursor sway problems, the following steps
are introduced to increase the cursor stability.

Let the moving vector of the cursor be

~vvðtÞ ¼
xðtÞ

yðtÞ

" #
; ð2Þ

where xðtÞ and yðtÞ are the variations in the coordinates of the pupil center at t � 1
and t:

From the following equation, we can judge if the eyeball movement directions are
coincident. In other words, if the direction of movement is reliable, the moving
vector must be in accord with Eq. (3).

~vvðtÞ
jj~vvðtÞjj

¼
~vvðt � nÞ
jj~vvðt � nÞjj

: ð3Þ

If the sampling data can satisfy the above equation many times, we can infer that
the gazing direction movements, n; are the number of coincident movement
directions. The larger the value of n; the more reliable the eyeball movement
direction. Let ~vvoðtÞ be the output vector:

~vvoðtÞ ¼

~vvðtÞ �~vvðt � 1Þ
mðk � nÞ

if npk;

~vvðtÞ if n > k:

8<
: ð4Þ

The value of k and m can be determined by the user, and the recommended values
are m ¼ 1 and k ¼ 3:

The above equation neglects eye wavering when someone is gazing at a target. A
tolerance value is therefore added to Eq. (3) to account for the wavering condition.
The stabilizing algorithm can be expressed as

~vvðt � nÞ
jj~vvðt � nÞjj

� pp
~vvðtÞ
jj~vvðtÞjj

p
~vvðt � nÞ
jj~vvðt � nÞjj

þ p; ð5Þ

where p is the tolerance value.
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One example of the stabilizing algorithm is shown in Fig. 3. In Fig. 3 m ¼ 1 and
k ¼ 2; the solid line is the ith velocity ~vvi of the center of the pupil. The dashed line is
the ith velocity of the gazing point ~vvoi; as output according to the algorithm. ~vvo1 ¼
ðv1 � 0Þ=2 represents the first output, here the summation of coincide times n ¼ 0:
The 2nd direction is different from the 3rd direction, so n still is 0. That is ~vv3a~vv2 )
n ¼ 0: The 5th direction is the same with the 6th moving direction and velocity
deviation is smaller than tolerance value p; so n ¼ 1:

~vv5 � pp~vv6p~vv5 þ p ) n ¼ 1 ) ~vvo6 ¼ ~vv6:

If the direction coincides and lasts for specified intervals, the output gazing point
will align with the center of pupil very fast (Fig. 4(A)). However, if the direction is
inconsistent (or the direction of n3 is larger than the tolerance value p), the output
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Fig. 3. One example of the stabilizing algorithm.

Fig. 4. Center of the pupil (short cross-hairs) and output gazing point (long cross-hairs): (A)

superposition; (B) separately.
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gazing point will not follow the center of pupil (Fig. 4(B)). This method avoids
cursor swaying caused by signal noise or an inexperienced user.

3. Coordinates mapping of gazing point

System calibration is very important for transforming the pupil center coordinates
in the image into gazing point coordinates in the screen [16,17]. In this system the
CCD is mounted in the user’s head, so the coordinates mapping is not very sensitive
to head movement. When calibration begins, the user is asked to focus his gaze upon
the center of the target, which will appear on the screen. As shown in Fig. 5, the
screen center and four margin points ðScx;ScyÞ; ðRx1;Ry1Þ; ðRx2;Ry2Þ; ðRx3;Ry3Þ;
ðRx4;Ry4Þ were adopted for calibration. Beginning at center, then from the top to
bottom, left to right, every two seconds the target will shift to the next position. In a
standard calibration process, a user shifts his gaze to the target until he has
completed the calibration sequence of five gazing points. The corresponding
locations for the center of the pupil ðMcx;McyÞ; ðMx1;My1Þ; ðMx2;My2Þ; ðMx3;My3Þ;
ðMx4;My4Þ are obtained in the same sequence. The coordinate transformation
coefficients ðbxn;bynÞ are then obtained as follows:

ðbxn;bynÞ ¼
lxðRxn � ScxÞ

Mxn � Mcx

þ dx;
lyðRyn � ScyÞ

Myn � Mcy

þ dy

� �
; n ¼ 1; 2; 3; 4; ð6Þ

where lx; ly are the coordinate proportional factors and dx; dy are the coordinate
shift factors.

The coordinate transformation coefficients ðbxn;bynÞ also indicate the ability of the
user to use the eye-game system. In our system, coordinate transformation
coefficients under 6 indicates an excellent ability, 6–15 indicates a good ability,
greater than 15 indicates poor ability.

The values ðMcx;McyÞ; ðMx1;My1Þ; ðMx2;My2Þ; ðMx3;My3Þ; ðMx4;My4Þ in the
image indicate the margins which should not be exceeded when a user is looking at
the screen. If the system detects that the margins have been exceeded, it will
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recommend that the user keep his head as still as possible through an alarm. If a
margin is exceeded continually, then a compensation shift is needed. For example, if
ðMx;MyÞ exceeds the margin ðMxs;MysÞ 12 times (or for 1 s), the compensation shift
ðAx;AyÞ can be expressed as follows:

Ax ¼ Mx � Mxs;

Ay ¼ My � Mys: ð7Þ

Immediately after the calibration process, the user will be able to move the aiming
cursor with his eye at an update rate of 12–15 frames/s. The relationship of gazing
point ðSx;SyÞ corresponding to the pupil center ðMx;MyÞ can be expressed as

Region I

Sx ¼ Scx þ bx1 Mx þ Ax �
My þ Ay � Mcy

a1

� �
;

Sy ¼ Scy þ by2 My þ Ay �
Mx þ Ax � Mcx

a2

� �
;

a1 ¼ bx2

My2 � Mcy

Rx2 � Scx

� �
;

a2 ¼ by1

Mx1 � Mcy

Ry2 � Scy

� �
:

Region II

Sx ¼ Scx þ bx3 Mx þ Ax �
My þ Ay � Mcy

a3

� �
;

Sy ¼ Scy þ by2 My þ Ay �
Mx þ Ax � Mcx

a4

� �
;

a3 ¼ bx2

My2 � Mcy

Rx3 � Scx

� �
;

a4 ¼ by3

Mx3 � Mcy

Ry2 � Scy

� �
:

Region III

Sx ¼ Scx þ bx3 Mx þ Ax �
My þ Ay � Mcy

a5

� �
;

Sy ¼ Scy þ by4 My þ Ay �
Mx þ Ax � Mcx

a6

� �
;

a5 ¼ bx4

My4 � Mcy

Rx3 � Scx

� �
;

a6 ¼ by3

Mx3 � Mcy

Ry4 � Scy

� �
:
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Region IV

Sx ¼ Scx þ bx1 Mx þ Ax �
My þ Ay � Mcy

a7

� �
;

Sy ¼ Scy þ by2 My þ Ay �
Mx þ Ax � Mcx

a8

� �
;

a7 ¼ bx4

My4 � Mcy

Rx1 � Scx

� �
;

a8 ¼ by1

Mx1 � Mcy

Ry4 � Scy

� �
:

4. Eye blink and eye close functions

According to the variations in the vertical black segment, yL; we can obtain the
diameter of the pupil, which appears as a black circle. The pupil allows light to enter
the eye through neurological input to the iris muscles, which control the pupil
diameter. In a bright environment, the pupil may be constricted to an opening of less
than 2mm in diameter. In a dim environment, the pupil may widen to over 8mm.
Such a change represents about a 17-fold increase in the pupil area. The pupil
changes size in response to not only ambient light levels but also other things, such as
visual fatigue, and exciting conditions, etc. This means that a signal from the scene
upon which the eye is focusing can also affect the size of the pupil. When someone is
performing a close task, the pupil shrinks to sharpen the image. On the contrary, the
pupil becomes larger when one is watching a distant object. As shown in Fig. 6,
humans periodically blink to lubricate their eyes. The closing of the eyelids will yield
variations in the vertical black segment, yL: The sampling rate is 12 samples/s. The
interval of a blink is about 0.2 s. The scaling factor for the pixel to pupil diameter is
0.1mm/pixel in our system.

In the eye-game system, the user has a feature that ‘fires’ or ‘emits dead light’ with
a slow blink (wink). To perform a ‘firing’ function, the user closes the eye being
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Fig. 6. Variations in the vertical black segment yL in a periodic blink.
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tracked for 1 s until a ring sound appears from the sound blaster card (Fig. 7). As
soon as the sound appears, the user opens his eye and completes the ‘firing’ task. To
perform a ‘dead light’ emission function, the user closes eye being tracked for 2 s
until a bell sound appears from the sound blaster card. As soon as the sound
appears, the user opens his eye and completes the ‘dead light emission’ task (Fig. 8).

In the eye-game design, the user must take a rest if he engages in the game too
long. An energy bar is used to monitor the amount of time the user is engaged with
the game. If the user closes his eye, the energy will increase. If the energy runs out,
the game is over. All of these functions can be integrated using the following
expression:

wt ¼
Xn

i¼1

w0i

where when wt > 0; increase the energy bar and send out music;when wt > w1; ready
to ‘fire’ and send a ring signal;when wt > w2; ready to ‘emit dead light’ and send a bell
signal.

wt is the summation of the energy increase factor. It will be reset if the user opens
his eye. Energy will be lost if the pixel number of the vertical black segment becomes
yL > 20 or the energy increase factor becomes w0i ¼ 0:

w0i is the energy increased factor in the interval from the time the user closes and
opens his eyes (Table 1).
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Fig. 7. Variations in the vertical black segment yL in a slow blink for firing.
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w1;w2 are the threshold values, which are adjustable for controlling the length of
time the user performs a ‘firing’ or ‘dead light emitting’ task. In this system, the
default values for w1 and w2 are 12 and 24.

5. Destruction window

A rectangular area on the display device to a viewport is called the ‘destruction
window’ in the game. If a major part of the target is in the destruction window, the
target is exploded. Since the airplane is flying and rotating at all times, it is not
suitable to only check if the centroid of the airplane is in the destruction window.
Here the airplane is represented by a cross-line shape. We adopted a modified
windowing and clipping algorithm to judge if the firing mission is successful. The
specified steps for the windowing algorithm are shown as follows (Fig. 9):

(a) set the boundaries of the destruction window: x ¼ xmin; x ¼ xmax; y ¼ ymin;
y ¼ ymax

set the end point of the target skeleton of the airplane p1ðx1; y1Þ; p2ðx2; y2Þ;
p3ðx3; y3Þ; p4ðx4; y4Þ
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Table 1

Relationship between pixel number of the vertical black segment and energy increase factor w0

Pixel number of vertical black segment yL Energy increasing factor w0

yL > 20 0

20XyL > 10 0.2

10XyL > 5 0.3

5XyL > 0 1

Fig. 9. Destruction window boundaries and the target skeleton.
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initialize: r1 ¼ 0; r2 ¼ 1; r3 ¼ 0; r4 ¼ 1; (let r1�r2 and r3�r4 of the lines be in
the window) D1 ¼ 0; D2 ¼ 0 (assume D1 and D2 are the percentage)

(b) loop
compute L1; L2; L3; L4

L1 ¼ x1 � xmin; L2 ¼ x2 � xmin; L3 ¼ x3 � xmin; L4 ¼ x4 � xmin for the left
boundary of the destruction window
L1 ¼ xmax � x1; L2 ¼ xmax � x2; L3 ¼ xmax � x3; L4 ¼ xmax � x4 for the right
boundary of the destruction window
L1 ¼ y1 � ymin; L2 ¼ y2 � ymin; L3 ¼ y3 � ymin; L4 ¼ y4 � ymin for the lower
boundary of the destruction window
L1 ¼ ymax � y1; L2 ¼ ymax � y2; L3 ¼ ymax � y3; L4 ¼ ymax � y4 for the upper
boundary of the destruction window

(c) if L1o0 & L2o0 & L3o0 & L4o0; then the target is missed
(d) if L1; L2 are different sign

ra ¼ L1=ðL1 � L2Þ
if L3; L4 are different sign
rb ¼ L3=ðL3 � L4Þ

(e) if L1o0; r1 ¼ maxðra; r1Þ
if L2o0; r2 ¼ minðra; r2Þ
if L3o0; r3 ¼ minðrb; r3Þ
if L4o0; r4 ¼ minðrb; r4Þ

(f) return to (b)
until all boundaries are processed

(g) if r2Xr1; let D1 ¼ r2 � r1
if r4Xr3; let D2 ¼ r4 � r3
if D1 þ D2 >a specified value, then destroy the target

(h) otherwise, the target is missed

6. Experiments

In the experimental setup, the CCD camera has a sensor of a low illumination
intensity of 0.01 lx. This sensor can capture an image without any additional light
source. In order to connect the CCD to computers or visors, an installation kit and
various lenses are needed. One installation kit is an angle adjustment element and the
other is a mounting fixture element. On the top or the bottom of the CCD, a
connecting element, an L-shaped mounting screw to one end of which is connected
to a screw nut is positioned to connect the angle adjustment element. When a user
wears the eye-game device, the first thing to do is to adjust a suitable weighting factor
a and a thresholding value. The cross-line will shrink if a is too high or the threshold
value is too low (Fig. 10). The cross-line will dilate if a is too low or the threshold
value is too high (Fig. 11). If the room lighting and display area on the screen are
causing a white portion in the pupil image, the user must change the position of the
screen, turn off some lighting, or adjust the angle adjustment element. In most cases,
this eye-game system cannot work with the user wearing glasses. When the user
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wears glasses, the reflection from the surface of the lens may obscure the image of the
eye, causing insufficient image information to make an accurate measurement of the
cross-line intersection.

The eye-game system calibration process is shown in Fig. 12. The user must
focus his gaze on the top, left, middle, right, bottom points in the screen. The
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Fig. 10. Weighting factora result is too high or the threshold value is too low.

Fig. 11. Weighting factora result is too low or the threshold value is too high.
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user can see the movement of his eye in the screen. The system notes when the
user gazes at the right point, the pupil center moves to the left in the image of
the user’s eye. The coordinate transformation coefficients ðbxn;bynÞ are useful
for evaluating the gaze ability of the user. Three examples are shown in Fig. 13. Case
(A) is an ideal case, Case (B) presents a user with poor gazing ability when he gazes
at the top point. Case (C) is that of a user with poor ability gazing at the right
point. The coordinate transformation coefficients for these three cases are shown in
Table 2.

From 1998 to 2000, a prototype system was developed for three broadcasting
exhibitions in Taipei, Taiwan. In the public test bed, over 5000 people used this
device. We found that nearly 10% of the users had problems gazing at the four
corners of the screen (Table 3).

One background the game story example is described as follows. A superman
can emit dead light with his eyes to fight against evil. First, he attacks a spaceport
with his eyes. When he occupies the spaceport, he must emit laser light from his eyes
to weld the cracks in the spaceport. He then uses the missile in the spaceport to
destroy the enemy spaceship by eye gaze or blink function (Figs. 14(A) and (B)).
Anytime the user closes his eye, the energy will increase and different music will play
to tell him if the enemy will come from the right or left side. Moreover, the user will
enter a ‘blind mode’ to play the game with the keyboard per 3min. In the ‘blind
mode’ user must close his eye to relax and hear the music to attack enemy.
The energy status bar is on the right side of Fig. 14(C). All of the subroutines
are packaged with Direct3D, dynamic link library (DLL) and component object
model (COM).
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Because the eye-game system is very interesting, this computer game played using
the eye-tracking device is suitable for rehabilitating eye movement dysfunction of
children. We selected many users who had poor eye-tracking ability for preliminary
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Fig. 13. (A) Ideal case, (B) poor gazing ability at the top point and (C) poor gazing ability at the right

point.

Table 2

Coordinate transformation coefficients for three cases

Coefficients Case (A) Case (B) Case (C)

bx1 6 6.2 6.2

bx3 6 6.3 19.3

by2 6 17.2 8.5

by4 6 9.3 8.9

Table 3

Percentage of users with poor gazing ability at the four corners of the screen

Coefficients Percentage

bx1 > 15 1.97

bx3 > 15 3.05

by2 > 15 3.26

by4 > 15 2.15
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testing. Fig. 15 shows the case study in which improvement in the eye-tracking ability
was shown after using this computer game. We defined improvement degree using

Id ¼ ðba=bb � 1Þ 	 100%;

where ba is the coordinate transformation coefficient for first-time use and bb the
coordinate transformation coefficient after the user has practiced for 2 weeks.
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Fig. 14. Multimedia game screen with eye-tracking device.
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As shown in Fig. 15, we can see that the largest coordinate transformation
coefficient is improved (decrease) by 50–110% after the user has practiced with this
system 30min/day for 2 weeks. Certainly, it is partially because the experience of the
user is accumulated. However, we can also see that the subject’s eye has become
more agile. It is helpful for children who have problems in misalignment of the eyes
or inefficiency in using both eyes together.

7. Conclusion

This eye-game system is composed of cross-line tracking, coordinate mapping and
blink weighting methods. These methods are suitable for real-time extraction of the
position of the pupil in the eye image because they are computationally inexpensive.
These methods were applied to a man–machine interface and implemented on a
prototype hardware system. Preliminary evaluation experiments using this prototype
system were introduced to demonstrate the effectiveness of the eye-game system
rehabilitative function. This system is worthy of further research.
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