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Introduction

In a vision-based user interface, people can interact
with computers by pointing with their eyes [1]. The
direction of eye gaze expresses the intent of user. The
precise mapping from image co-ordinates to computer
monitor screen co-ordinates in real time is necessary for
efficient computer control.

Advanced remote eye gaze trackers that are being
researched today basically try to eliminate two problems,
the need of calibration per user session, and the large
restriction on head motion. A system suggested by
Morimoto et al. [2] estimates eye gaze without calibration
and allowing free head motion. But it requires the
calibration of the camera with respect to the monitor and
light positions, and a model of the user’s eye. Experimental
results show an accuracy of about 3° using synthetic
images. Another system described by Yoo et al. [3] uses
four LEDs around the monitor screen to project these
corners on the corneal surface and the fifth LED is placed
near the CCD camera lens to create a bright pupil image.
Using the invariance property of cross ratios under
perspective, they compute the point of regard with an
accuracy of about 2°. The advantage of this method is that
it does not require camera calibration. Newman et al. [4]
gives example of system that first computes the face pose
in 3D, and then compute the eye gaze. The system runs in
real time, but the accuracy is very low, about 5°.

The objective of this study is to compare calibration
techniques for pupil/eye corner gaze tracking system.

Calibration techniques

A calibration procedure is required to compute the
mapping between the measurements and the eye
orientation. A typical calibration procedure presents the
user a set of visual targets that the user has to look at while
the corresponding measurement is taken. From these
correspondences, a mapping or calibration function can be
computed.

In this paper we will present four calibration
techniques: a standard calibration using linear and second
order models; 2D mapping with interpolation; a mapping
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with developed model, describing eye image formation
process.

A standard calibration set consists of 5, 9 or 25
points. The simplest linear calibration model takes into
account only 5 calibration points, usually four points in the
corners and one in the centre. The mapping between screen
coordinates and the measurements is done using following
equation:

()

{sx =ay+a;-x,

sy, =by+b -y,

where (s,, s,) are screen coordinates and (x, y) is the pupil-
corneal reflection vector. The coefficients ay, a; and by, b;
are the unknowns and can be founded using least squares.

A second order polynomial calibration function can
be used with a set of 9 or 25 calibration points. The
polynomial is defined as:

2

{Sx =d +a1x+a2y+a3xy+a4x2 +a5y2,

s, =by +bx+byy+byxy+b,x* +bsy?,

where the coefficients a, - a; and b, - b; are the unknowns
and can be founded using least squares.

Zhu and Yang [5] construct a 2D linear mapping
from the vector between the eye corner and the iris centre
to the gaze angle. After calibration, the gaze direction is
computed by interpolation.

For example, suppose the screen coordinates and the
eye corner to iris vector used for calibration in points P;
and P, are respectively {(sv, S,1), (v, ¥1)} and {(sx2 8y2),
(x5 y2)}. Then after the measurement of a corner-iris
vector (x, ) is taken, the screen coordinates is computed as
follows:
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The experimental setup of pupil/eye corner gaze
tracking system is shown in Fig. 1. The model was
developed to describe eye image formation process [6].

SCREEN

Pan-tilt
mechanism

Fig. 1. Experimental setup of pupil/eye corner gaze tracking
system and co-ordinates systems, for image formation.

X and Y axis of laboratory co-ordinate system are
oriented as the same axis of computer monitor screen. Axis
Z is perpendicular to monitor screen. Other co-ordinates
system X’Y’Z’ is related to image sensor, which is used in
video camera. The eye rotations are described in laboratory
system. We could obtain the eye image, by linear
projection of eye structure to X'Y" plane of camera system.

We aligned a unit vector e along eye optical axis. The
projections of the e vector to plane X’Y’ is proportional to
measured pupil centre coordinates. We assume that
orientation system X’Y’Z’ is defined by two angles. One
parameter defines proportionality between end of vector e
and real pupil movements on image sensor.

The gaze point coordinates on screen depend on
distance from eye to screen. Also we must take into
account that eye sight axis doesn’t correspond with eye
optical axis, because the last doesn’t go through the fovea.
For every eye we have one parameter — the angle between
optical and sight axis. So minimum number of model
parameters is 6.

An example of simulated results for a fixation of 25
calibration points square grid is shown in Fig. 2.
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Fig. 2. Experimental results for a fixation of 25 calibration points.

“0” - simulated, “*” - measured
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Method

The calibration procedure was done using a set of 25
dots distributed evenly on the screen (Fig. 3). Only one dot
was displayed at a time at a random order. Saccadic eye
movements have a typical duration of 30 — 100 ms and a
latency of 100 — 300 ms. The duration of dot appearance
was chosen for two seconds, to obtain sufficient calibration
data. To pay the maximum user attention, the radius of
displayed dot was decreasing.
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Fig. 3. Calibration points in screen

After calibration procedure the subject had to look at
a set of 25 experimental points appearing at a random
position of the screen. So each experiment had unique
experimental points at random positions. These
experimental points were used to test the calibration
techniques.

Video sequences were recorded with VOG eye
tracking system, developed in our laboratory. The
recording was done for both eyes simultaneously. Each
video sequence was analyzed with the same pupil centre
detection method (coordinates averaging) [7]. Elimination
of head movements was done using eye inner corner
tracking with normalized correlation coefficient [8].

The  experimental pupil-eye corner  vector
measurements were mapped to the screen coordinates
using five different techniques:

1) linear calibration model using a set of 5
calibration points;

2) second order polynomial calibration model using
a set of 9 calibration points;

3) second order polynomial calibration model using
a set of 25 calibration points;

4) interpolation using a set of 25 calibration points;

5) a model based mapping using a set of 25

calibration points.
The mapping error was calculated for each technique
at each experimental point:

e:\/(xe_xm)z_(Ye_Ym)za (4)
where (x,, y.) — the actual coordinates of experimental
point, (x, , v,) — coordinates of mapped pupil/eye corner
vector.



Results

A mapping examples with linear calibration model
using a set of 5 calibration points and with second order
polynomial model using a set of 25 calibration points is
shown on Fig. 4 and 5 respectively.
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Fig. 4. Experimental points mapped to screen coordinates with
linear calibration model. “0” — actual experimental point; “+” —
left eye data; “*” — right eye data
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Fig. 5. Experimental points mapped to screen coordinates with
polynomial calibration model. “0” — actual experimental point;
“+” —left eye data; “*” — right eye data

Fig. 6 represents the mapping errors of different
calibration techniques for 5 subjects. The results of
mapping errors are presented in the next order for each
subject: 1. linear calibration model using a set of 5
calibration points; 2. second order polynomial calibration
model using a set of 9 calibration points; 3. second order
polynomial calibration model using a set of 25 calibration
points; 4. interpolation using a set of 25 calibration points;
5. a model based mapping using a set of 25 calibration
points. This numeration of calibration techniques is
common in Fig. 7 and in Table 1.

The averaged mapping errors over all experimental
points are shown on Fig. 7.

To compare the differences between calibration
techniques, a paired Student test was performed. The
alternative hypothesis H=1 u, > u, was tested at the
significance level 0.05. The results are presented Table 1.

67

90

80 -

s0f 44~

Error, pixels

401 1

0444 -+

20F T

Subject

Fig. 6. Mapping errors of different calibration techniques for 5
subjects. “0” — mean value, “+”- standard deviation
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Fig. 7. Averaged mapping errors of different calibration

techniques.. “0” — mean value, “+”- standard deviation

Table 1. Paired Student test results (p=0.05)

Hypothesis H p-value
Hy >y H=1 7.3550e-005
Hy > U H=1 2.7899¢-007
Hy > Uy H=1 0.0318
Hy > U H=1 4.5595e-004
Hy > Uy H=1 0.0365
Hy > 1 H=0 0.9842
> s H=1 4.8057e-005
Hy > U H=0 0.3367
My > s H=0 0.8938
Hy > Us H=1 0.0216

Discussion

In accordance with Table 1 we can arrange
calibration techniques by the mean error in decreasing
order:

e linear calibration model set of 5
calibration points;

interpolation using a set of 25 calibration points;

using a



e second order polynomial calibration model using by Gaze System for the Disabled; Registration Number: V-
a set of 9 calibration points; 06003) and FP6/IST Network of Excellence project

e a model based mapping using a set of 25  COGAIN (contract 511598).
calibration points

e second order polynomial calibration model using
a set of 25 calibration points;

There is no significant difference between a mapping

with developed model, describing eye image formation
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Video-oculography (VOG) is the most suitable eye tracking method in Human Computer Interaction. The precise mapping from
image co-ordinates to computer monitor screen co-ordinates in real time is necessary for efficient computer control. During this study,
the calibrations techniques were investigated. It was noticed that, there is no significant difference between a mapping with developed
model, describing eye image formation process in the sensor, and with polynomial calibration. Polynomial calibration model do not
allow a free head motion and requires frequent recalibration. A model based mapping is tolerant to head motions. An improved model
could take an advantage over polynomial mapping. Ill. 7, bibl. 8 (in English, summaries in English, Russian, Lithuanian).

H. Pamanayckac. KanuGpupoBanmue BuaeooKyJorpadguueckoil cucTeMbl H3MepeHHsl JBMKeHMH Iya3 // DJIeKTPOHMKAa M
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Buneookynorpagus — MeTon M3MepeHHs IBIDKCHUH TI71a3, HanOojee IMOAXOMIIIMN Uil NpUMEHeHHs B MHTepdeiicax denmoBek—
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Videookulografija — akiy judesiy matavimo metodas, labiausiai tinkantis Zmogaus ir kompiuterio saveikai. Norint efektyviai valdyti
kompiuterj akies kampines koordinates reikia tiksliai perskai¢iuoti i monitoriaus koordinates. Siame darbe buvo tiriami kalibravimo
metodai. Pastebéta, kad néra didelio skirtumo tarp perskai¢iavimo naudojant sukurta modelj, kuris apraso akies vaizdo susidaryma
sensoriuje, ir perskai¢iavimo naudojant 2-osios eilés polinomus. Naudojant polinomus galva negali laisvai judéti, daznai reikia
pakartotinai kalibruoti. Naudojant modeli, galvos judesiai labiau toleruojami. Patobulintas modelis biity dar pranasesnis uz kalibravima
naudojant polinomus. Il. 7, bibl. 8 (angly kalba; santraukos angly, rusy ir lietuviy k.).
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