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Abstract. The video-based, head-free, remote eye-gaze detection system based on
detection of the pupil and the corneal reflection was developed using stereo-
calibrated two cameras. The gaze detection theory assumed the linear relationship;
6=kIr’l. Here, 0 is the angle between the line of sight and the line connecting
between the pupil and the camera, and Ir’| indicates the size of the corneal
reflection - pupil center vector. Three novel easy calibration methods were
proposed; ‘automatic’, ‘one-point’, and ‘two-point’. In the ‘automatic’, the user
does not have to fixate the specific location in the PC screen. In the ‘one-point’,
the angular difference between the optical and visual axes of the eye was
determined and used for compensation. The ‘two-point’ was proposed to
compensate the nonlinear relationship between Ir’l and 0, which occurs when 0 is
large. The precision of gaze detection was compared among the three methods
using the developed gaze detection system.

Keywords: eye-gaze detection, pupil, corneal reflection, user calibration,
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1 Introduction

So far, several non-contact, remote, eye-gaze detection systems allowing head
displacements have been developed for human monitoring or human interface [1][2].
However, the current systems require some effort by the user that he or she must
fixate several points on a PC screen for gaze calibration [3][4]. Moreover, in many of
the other systems, a movable range of the user’s head is narrow.

We have already developed a precise head-free eye-gaze detection system with
three cameras [5]. To detect pupil easily and to generate the corneal reflection, which
are necessary to estimate the eye-gaze point, the near-infrared LEDs were installed in
each camera. Two of the cameras are stereo-calibrated wide view cameras, which
detect 3-D positions of the pupils. Another one is a narrow view camera with a pan-
tilt drive unit. The latter camera tracks one of the pupils and detects the angle of the
line of sight by high resolution. The angle was determined using the corneal reflection
- pupil center vector.
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Although the resolution of eye-gaze detection of this system was high, the system
can detect only one eye. Moreover, the pan-tilt unit may obstruct the progress of
development of the system by its high cost and dynamic mechanism, and so on. So, in
the present study, we develop two camera systems in which the function of the narrow
camera is installed in those of the stereo-calibrated two cameras.

In addition, in the three camera system, we proposed two easy calibration methods:
the moving target and two-point calibration methods [5]. Both methods used only the
inclination of the corneal reflection - pupil center vector for calibration. Accordingly,
by using the size as well as the inclination of the vector, the improvement of the
precision is expected. Moreover, in the two-camera system, four points of gaze on the
screen can be detected. Averaging them may increase the resolution of gaze detection.

Recently, the recent research showed that the gaze distribution of the infant with
autism is peculiar [5], and the application of the eye-gaze detection system to the
autism diagnosis support system is expected. In addition, the medical screening at the
stage of the infant is hoped for. However, it is difficult to make infants fixate several
calibration points. So we propose three easy calibration methods and compare them in
the developed two-camera system experimentally.

2 System Configuration and Eye-Gaze Detection Theory

Each optical system of the developed two-camera system consists of a NTSC B/W
video camera having a near-infrared sensitivity, a 25 mm lens, an infrared pass filter
(IR80), and light sources having many infrared LEDs (Fig. 1(a)). The two cameras are
driven with slightly shifting synchronization. The LEDs are lit synchronized with the
exposure period (500us). A PC captures the images of the user’s face via an image
grabbing board and then detects the centers of a pupil and a corneal reflection for each
are detected.

The two cameras are separately set under a 19 inch display. By camera calibration,
the camera position, O, comes to be known in the world coordinate system (Fig. 1(b)).
By stereo matching, the 3-D pupil center position, P, is detected. Let a gaze point, Q,
be the intersection between the line of sight and a visual object plane (PC screen,
known), the line of sight and the position of Q are determined by the two angles (0
and ¢) and the position of P. To understand this theory easily, we define a virtual gaze
plane, H, which is perpendicular to line OP and passes the camera position, O. The
plane rotates along with the pupil position. The intersection of plane H and line PQ is
defined as point T. The position of T in the coordinates system of H is expressed by 0
and 0.

In the gaze detection theory, the angels, 6 and ¢, are related to the corneal
reflection - pupil center vector, r, (Fig.1 (b)). Here, actually the vector is calculated as
the corresponding 3-D vector, r’, and is used. The direction of r’, ¢’, is defined as the
angle from the horizontal axis in the camera image. Actually ¢’ is compensated by the
pose of the camera. First, the theory assumes ¢’=¢. Here, ¢ is angle between line OT
and the horizontal axis on the plane H. This horizontal axis is defined as the nodal line
between plane H and the horizontal plane in the world coordinate system. Second, the
theory assumes a linear relationship between Ir’l and 0, as follows.
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0=kIr| (1)

Therefore, obtaining the value of k in eq. (1) means the gaze calibration. However,
in general, there is the several-degree difference between the visual axis and the
optical axis of the eye. This difference produces the errors in gaze point detection. To
determine the point precisely, the user must fixate one calibration point at least. In
addition, when 0 is large, the relationship between Ir’l and 6 may become nonlinear. It
depends on the user individual.

Since the system in this study has the two cameras, the gaze detection theory is
expanded as shown in Fig. 2.

Line of Sight

Pupil cente

Subject

(@ (b)

Fig. 1. (a) System appearance and (b) gaze detection theory. (a) The light source arranging the
infrared LEDs having two different wavelength in two concentric rings (inner: 850 nm, outer:
940 nm) is attached to each camera. When the inner LEDs turn on, the pupils become bright.
When the outer LEDs turn on, they become dark. These two groups of LEDs are alternately
turned on synchronously with the field of the camera. By differentiating the consecutive bright
and dark pupil images, the pupils become conspicuous in the difference image due to
cancellation of the background images except for the pupils. The pupils are detected in the
difference image. (b) See in the text.
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Fig. 2. The expanded gaze detection theory. P indicates one of the two eyes. O and Oy indicate
the positions of the two cameras. If the calibration value, k, is determined, the two lines of sight
can be calculated for one eye. For another eye, the two lines of sight can be also determined.
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3 Eye-Gaze Calibration Methods

We tried the following three calibration methods. (a) ‘Automatic’ calibration
method: The user does not need to fixate any known point. In Fig. 2, the vectors
OLT. and OgTy are determined by k, Ir’yl, Ir’rl, ¢’ and ¢g’. Ty and Ty are projected
onto the gaze projection plane, G. To minimize the distance between the two
projected points (T’ and T g’) on plane G, the value of k was determined. This
method assumes to detect the optical axis of the eyeball. (b) ‘One-point’ calibration
method: The user fixates one point presented at the center of the PC screen. The
horizontal and vertical angular differences between the optical and visual axes
(AQy, AQy) are recorded. The value of & is also determined by the same method as
method (a). They are used for gaze detection. (c) ‘“Two-point’ calibration method:
The user fixates not only the calibration point presented at the center but also
another point presented at the top of the screen. This method is proposed to
compensate the nonlinear relationship between # and Irl; this may occur when 0 is
large. The following equations are used.
kIr'l klr'i<é6
={81 ' ' 1 ‘ B 2)
g Hk,(r'l-Ir'g 1) klr'l>0,,

where 6 and Ir’gl indicate the averages of 6 and Ir’| when the user fixated the center

calibration point. The values of k and (AQ,, AQ,) obtained by method (b) are used for
gaze detection. The value of k is used as k;.

4 Experiments

Three university students participated in the experiments. In the calibration procedure,
the subject fixated the two calibration points; the center and top of the screen. After
calibration procedure, the subject fixated nine targets evenly arranged on the PC
screen one by one. 30 gaze points (1 sec) were acquired for each target. In both
procedures, the distance between the subject’s face and the PC screen was
approximately 80 cm. Fig. 3 (a)-(c) compared the gaze point distributions among the
three calibration methods for subject KY. Each dot shows the average of both eyes’
gaze points. Fig. 3 (d) compares the average gaze detection errors in visual angle
among the three calibration methods. The three subjects showed the average errors of
2.16 deg in the ‘automatic’, 1.37 deg in the ‘one-point’, and 0.94 deg in the ‘two-
point’ calibration method.

In another experiment, the same three subjects moved back and forth by +10 cm
and right and left by +5 cm. At seven positions within the range, they fixated the nine
targets. Here, either was selected from among the one-point and two-point calibration
methods depending on subjects. The average and SD of the gaze error for the three
subjects was 0.92+0.40 deg.
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Fig. 3. Comparison of results among three easy calibration methods

5 Conclusions

The eye-gaze detection system using the stereo-calibrated two cameras was
developed. The three novel easy calibration methods were proposed. The automatic
and one-point calibration methods may be useful for the infant. If calibrated well, the
developed gaze detection system experimentally showed the average gaze error less
than 0.92+0.40 deg for 20 cm-back and forth, and 10 cm-right and left head

movements.
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