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(57) ABSTRACT 

Asystem and method for calibration-free tracking of a user’s 
eye gaze vector and point of regard even if substantial head 
movement or rotation occurs. The preferred embodiment 
includes tWo synchronized interlaced cameras, each vieWing 
the user’s eye and having on-aXis lighting that is alternately 
modulated. An image difference betWeen lighted and 
unlighted images of the eye is used to identify a user’s pupil. 
A plane containing the gaZe vector is de?ned by rotating a 
base plane through the angle in a camera image plane 
betWeen a pupil center, a ?rst glint, and a second glint. The 
intersection of tWo such planes (one from each camera), 
de?nes the gaZe vector. The gaZe position is the intersection 
of the gaZe vector With the object being vieWed by the user. 
Alternate embodiments are also described. 
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FIG. 3 (PRIOR ART) 
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CALIBRATION-FREE EYE GAZE TRACKING 

FIELD OF THE INVENTION 

[0001] This invention relates to the determination of a 
user’s eye gaze vector and point of regard by analysis of 
images taken of a user’s eye. The invention relates more 
speci?cally to eye gaZe tracking Without the need to cali 
brate for speci?c users’ eye geometries and to subsequently 
recalibrate for user head position. 

BACKGROUND OF THE INVENTION 

[0002] Eye gaZe tracking technology has proven to be 
useful in many different ?elds, including human-computer 
interfaces for assisting disabled people interact With a com 
puter. The eye gaZe tracker can be used as a mouse emulator 
for a personal computer, for example, helping disabled 
people to move a cursor on a display screen to control their 

environment and communicate messages. GaZe tracking can 
also be used for industrial control, aviation, and emergency 
room situations Where both hands are needed for tasks other 
than operation of a computer but Where an available com 
puter is useful. There is also signi?cant research interest in 
eye gaZe tracking for babies and animals to better under 
stand such subjects’ behavior and visual processes. Com 
mercial eye gaZe tracking systems are made by ISCAN 
Incorporated (Burlington Mass.), LC Technologies (Fairfax 
Va.), and Applied Science Laboratories (Bedford Mass.). 

[0003] There are many different schemes for detecting 
both the direction in Which a user is looking and the point 
upon Which the user’s vision is ?xated. Any particular eye 
gaZe tracking technology should be relatively inexpensive, 
reliable, unobtrusive, easily learned and used and generally 
operator-friendly to be Widely accepted. The corneal re?ec 
tion method of eye gaZe tracking is increasing in popularity, 
and is Well-described in the following US. patents, Which 
are hereby incorporated by reference: US. Pat. Nos. 4,595, 
990, 4,836,670, 4,950,069, 4,973,149, 5,016,282, 5,231,674, 
5,471,542, 5,861,940, 6,204,828. These tWo articles also 
describe corneal re?ection eye gaZe tracking and are also 
hereby incorporated by reference: “Spatially Dynamic Cali 
bration of an Eye-Tracking System”, K. White, Jr. et al., 
IEEE Transactions on Systems, Man, and Cybernetics, vol. 
23, no. 4, July/August 1993, p. 1162-1168, referred to 
hereafter as White, and “Effectiveness of Pupil Area Detec 
tion Technique”, Y. EbisaWa et al., Proceedings of the 15th 
Annual International Conference of IEEE Engineering in 
Medicine and Biology Society, vol. 15, October 1993, p. 
1268-1269. 

[0004] Corneal re?ection eye gaZe tracking systems 
project light toWard the eye and monitor the angular differ 
ence betWeen pupil position and the re?ection of the light 
beam. Near-infrared light is often employed, as users cannot 
see this light and are therefore not distracted by it. Usually 
only one eye is monitored, and it isn’t critical Which eye is 
monitored. The light re?ected from the eye has tWo major 
components. The ?rst component is a ‘glint’, Which is a very 
small and very bright virtual image of the light source 
re?ected from the front surface of the corneal bulge of the 
eye. The glint position remains relatively ?xed in an observ 
er’s image ?eld as long as the user’s head remains stationary 
and the corneal sphere rotates around a ?xed point. The 
second component is light that has entered the eye and has 
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been re?ected back out from the retina. This light serves to 
illuminate the pupil of the eye from behind, causing the 
pupil to appear as a bright disk against a darker background. 
This retrore?ection, or “bright eye” effect familiar to ?ash 
photographers, provides a very high contrast image. Unlike 
the glint, the pupil center’s position in the image ?eld moves 
signi?cantly as the eye rotates. An oculometer determines 
the center of the pupil and the glint, and the change in the 
distance and direction betWeen the tWo as the eye is rotated. 
The orientation of the eyeball can be inferred from the 
differential motion of the pupil center relative to the glint. 
The eye is often modeled as a sphere of about 13.3 mm 
radius having a spherical corneal bulge of about 8 mm 
radius; the eyes of different users Will have variations from 
these typical values, but individual dimensional values do 
not generally vary signi?cantly in the short term. 

[0005] As shoWn in prior art FIG. 1, the main components 
of a corneal re?ection eye gaZe tracking system include a 
video camera sensitive to near-infrared light, a near-infrared 
light source (often a light-emitting diode) typically mounted 
to shine along the optical axis of the camera, and a computer 
system for analyZing images captured by the camera. The 
on-axis light source is positioned at or near the focal center 
of the camera. Image processing techniques such as intensity 
thresholding and edge detection identify the glint and the 
pupil from the image captured by the camera using on-axis 
light, and locate the pupil center in the camera’s ?eld of vieW 
as shoWn in prior art FIG. 2. 

[0006] Human eyes do not have equal resolution over the 
entire ?eld of vieW, nor is the portion of the retina providing 
the most distinct vision located precisely on the optical axis. 
The eye directs its gaZe With great accuracy because the 
photoreceptors of the human retina are not uniformly dis 
tributed but instead shoW a pronounced density peak in a 
small region knoWn as the fovea centralis. In this region, 
Which subtends a visual angle of about one degree, the 
receptor density increases to about ten times the average 
density. The nervous system thus attempts to keep the image 
of the region of current interest centered accurately on the 
fovea as this gives the highest visual acuity. A distinction is 
made betWeen the optical axis of the user’s eye versus the 
foveal axis along Which the most acute vision is achieved. 
As shoWn in prior art FIG. 3, the optical axis is a line going 
from the center of the spherical corneal bulge through the 
center of the pupil. The optical axis and foveal axis are offset 
in each eye by an inWard horiZontal angle of about ?ve 
degrees, With a variation of about one and one half degrees 
in the population. The offsets of the foveal axes With respect 
to the optical axes of a user’s eyes enable better stereoscopic 
vision of nearby objects. The offsets vary from one indi 
vidual to the next, but individual offsets do not vary signi? 
cantly in the short term. For this application, the gaZe vector 
is de?ned as the optical axis of the eye. The gaZe position or 
point of regard is de?ned as the intersection point of the gaZe 
vector With the object being vieWed (e. g. a point on a display 
screen some distance from the eye). Adjustments for the 
foveal axis offsets are typically made after determination of 
the gaZe vector; a default offset angle value may be used 
unless values from a onetime measurement of a particular 
user’s offset angles are available. 

[0007] Unfortunately, calibration is required for all exist 
ing eye gaZe tracking systems to establish the parameters 
describing the mapping of camera image coordinates to 
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display screen coordinates. Different calibration and gaze 
direction calculation methods may be categorized by the 
actual physical measures they require. Some eye gaze track 
ing systems use implicit models that map directly from pupil 
and glint positions in the camera’s image plane to the point 
of regard in screen coordinates. Other systems use physi 
cally-based eXplicit models that take into account eyeball 
radius, radius of curvature of the cornea, offset angle 
betWeen the optical aXis and the foveal axis, head and eye 
position in space, and distance betWeen the center of the 
eyeball and the center of the pupil as measured for a 
particular user. During calibration, the user may be asked to 
?X his or her gaZe upon certain “knoWn” points in a display. 
At each coordinate location, a sample of corresponding gaZe 
vectors is computed and used to adapt the system to the 
speci?c properties of the user’s eye, reducing the error in the 
estimate of the gaZe vector to an acceptable level for 
subsequent operation. The user may also be asked to click a 
mouse button after visually ?Xating on a target, but this 
approach may add synchroniZation problems, i.e. the user 
could look aWay from the target and then click the mouse 
button. Also, With this approach the system Would get only 
one mouse click for each target, so there Would be no chance 
to average out involuntary eye movements. Alternately, 
during calibration, the user may visually track a moving 
calibration icon on a display that traverses a discrete set of 
knoWn screen coordinates. Calibration may need to be 
performed on a per-user or per-tracking-session basis, 
depending on the precision and repeatability of the tracking 
system. 
[0008] Prior art eye gaZe tracking systems also require 
subsequent recalibration to accurately adjust for head 
motion. U.S. Pat. No. 5,016,282 teaches the use of three 
reference points on calibration glasses to create a model of 
the head and determine the position and orientation of the 
head for the eye gaZe tracking system. HoWever, it is not 
likely that users Will generally be Willing to Wear special 
glasses merely to enable the system to account for head 
motion in everyday use. Other commercial eye gaZe tracking 
systems are head mounted, and therefore have no relative 
head motion dif?culties to resolve. HoWever, these systems 
are mainly designed for military or virtual reality applica 
tions Wherein the user typically also Wears a head mounted 
display device coupled to the eye gaZe tracking device. Head 
mounted displays are inconvenient and not generally suit 
able for long periods of computer Work in of?ce and home 
environments. Details of camera calibration and conversion 
of measured tWo-dimensional points in the image plane to 
three-dimensional coordinates in real space are described in 
“A Flexible NeW Technique for Camera Calibration”, Z. 
Zhang, IEEE Transactions on Pattern Analysis and Machine 
Intelligence, 22(11): 1330-1334, 2000, (also available as 
Technical Report MSR-TR-98-71 at http://research.mi 
crosoft.com/~Zhang/Papers/TR98-71.pdf), Which is hereby 
incorporated by reference. 
[0009] White offers an improvement in remote eye gaZe 
tracking in the presence of lateral head translations (e.g. 
parallel to a display screen) of up to 20 cm. White uses a 
second light source to passively recalibrate the system. The 
second light source creates a second glint. White claims that 
a single initial static (no head motion) calibration can be 
dynamically adjusted as the head moves, leading to 
improved accuracy under an eXpanded range of head 
motions Without a signi?cantly increased system cost. 
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Unfortunately, White’s system compensates only for lateral 
head displacements, i.e. not for motion to/from the gaZe 
position, and not for rotation. Rotation of a user’s head is 
particularly troublesome for prior art gaZe tracking systems 
as it changes the distance from the eye to both the object 
under observation and to the camera generating images of 
the eye. 

[0010] While the aforementioned prior art methods are 
useful advances in the ?eld of eye gaZe tracking, systems 
that do not require calibration Would increase user conve 
nience and broaden the acceptance of eye gaZe tracking 
technology. Asystem for providing eye gaZe tracking requir 
ing little or no knoWledge of individual users’ eye geom 
etries, and requiring no subsequent calibration for head 
movement is therefore needed. 

SUMMARY OF THE INVENTION 

[0011] It is accordingly an object of this invention to 
devise a system and method for eye gaZe tracking Wherein 
calibration for individual users’ eye geometries is not 
required. 

[0012] It is a related object of the invention to devise a 
system and method for eye gaZe tracking Wherein subse 
quent recalibration for head movement is not required. 

[0013] It is a related object of the invention to determine 
a gaZe vector and to compute a point of regard as the 
intersection of the gaZe vector and an observed object. 

[0014] It is a related object of the preferred embodiment of 
the invention that tWo cameras each having a co-located and 
co-oriented light source are used to capture images of a 
user’s eye. It is a related object of the preferred embodiment 
of the invention to capture images of a user’s eye such that 
the pupil center in each image and glints generated by each 
light source may be readily identi?ed and located in the 
image plane of each camera. 

[0015] It is a related object of the preferred embodiment of 
the invention to compute a ?rst angle betWeen three points 
in the image plane of the ?rst camera, speci?cally the angle 
betWeen the pupil center, the ?rst glint (generated by the ?rst 
camera’s light source) and the second glint (generated by the 
second camera’s light source). Similarly, it is a related object 
of the preferred embodiment of the invention to compute a 
second angle betWeen three points in the image plane of the 
second camera, speci?cally the angle betWeen the pupil 
center, the second glint and the ?rst glint. 

[0016] It is a related object of the preferred embodiment to 
de?ne a base plane spanning the ?rst camera’s focal center, 
the second camera’s focal center, and the common point in 
space (on the eye) at Which light from one camera’s light 
source re?ects to the other camera. It is a related object of 
the preferred embodiment of the invention to de?ne a ?rst 
plane by rotating the base plane by the ?rst angle about a line 
from the focal center of the ?rst camera and the ?rst glint in 
the ?rst camera’s image plane. The intersection of the ?rst 
plane With the display screen plane de?nes a ?rst line 
containing the point of regard. Similarly, it is a related object 
of the preferred embodiment of the invention to de?ne a 
second plane by rotating the base plane by the second angle 
about a line from the focal center of the second camera and 
the second glint in the second camera’s image plane. The 
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intersection of the second plane With the display screen 
plane de?nes a second line containing the point of regard. 

[0017] It is a related object of the preferred embodiment of 
the invention to compute the gaze vector as a line de?ned by 
the intersection betWeen the ?rst plane and the second plane 
and extending from the user’s eye toWard an observed 
object. The point of regard is computed from the intersection 
of the gaZe vector With the observed object, Which corre 
sponds to the intersection of the ?rst line and the second line 
When the observed object is planar. Correction for foveal 
aXis offsets may be added. 

[0018] It is a related object of the second embodiment that 
each of the tWo cameras require only light originally emitted 
by its oWn on-aXis light source. It is a related object of the 
second embodiment of the invention to compute a ?rst plane 
including a ?rst glint position in the ?rst camera’s image 
plane, a pupil center position in the ?rst camera’s image 
plane, and the focal center of the ?rst camera. Similarly, it 
is a related object of the second embodiment of the invention 
to compute a second plane including a second glint position 
in the second camera’s image plane, a pupil center in the 
second camera’s image plane, and the focal center of the 
second camera. The intersection of the ?rst plane With the 
display screen plane de?nes a ?rst line containing the point 
of regard. The intersection of the second plane With the 
display screen plane de?nes a second line containing the 
point of regard. The gaZe vector is a line de?ned by the 
intersection betWeen the ?rst plane and the second plane and 
extending from the user’s eye toWard an observed object. 
The point of regard is computed from the intersection of the 
gaZe vector With the observed object, Which corresponds to 
the intersection of the ?rst line and the second line When the 
observed object is planar. 

[0019] It is a related object of the third embodiment of the 
invention to use a single camera having a co-located and 
co-oriented light source to capture images of a user’s eye 
including glints and a pupil center. It is a related object of the 
third embodiment of the invention to determine the distance 
in the camera’s image plane betWeen the pupil center and the 
glint. Using an estimated distance betWeen the user’s eye 
and an observed object, and a one-time measurement of the 
user’s corneal curvature, the gaZe vector and point of regard 
are determined. 

[0020] The foregoing objects are believed to be satis?ed 
by the embodiments of the present invention as described 
beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] FIG. 1 is a prior art diagram of an eye gaZe 
tracking system. 
[0022] FIG. 2 is a prior art diagram of a user’s eye as 
vieWed by a camera. 

[0023] FIG. 3 is a prior art diagram of the foveal and 
optical aXes and their offset angle. 

[0024] FIG. 4 is a diagram of the system of the preferred 
embodiment of the present invention. 

[0025] FIG. 5 is a diagram of the user’s eye according to 
the preferred embodiment of the present invention. 

[0026] FIG. 6 is a diagram of the user’s eye including a 
?rst plane Agp containing the gaZe vector according to the 
preferred embodiment of the present invention. 
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[0027] FIG. 7 is a vieW of the user’s eye as seen by the 
?rst camera according to the preferred embodiment of the 
present invention. 

[0028] FIG. 8 is a diagram of the user’s eye according to 
the preferred embodiment of the present invention. 

[0029] FIG. 9 is a diagram of the user’s eye including a 
second plane Bip containing the gaZe vector according to the 
preferred embodiment of the present invention. 

[0030] FIG. 10 is a vieW of the user’s eye as seen by the 
second camera according to the preferred embodiment of the 
present invention. 

[0031] FIG. 11 is a diagram of the user’s eye including a 
gaZe vector de?ned by the intersection of the ?rst plane and 
the second plane, and a point of regard, according to the 
preferred embodiment of the present invention. 

[0032] FIG. 12 is a ?oWchart of the eye gaZe tracking 
method according to the preferred embodiment of the 
present invention. 

[0033] FIG. 13 is a diagram of a second embodiment of 
the present invention. 

[0034] FIG. 14 is a diagram of a third embodiment of the 
present invention. 

DETAILED DESCRIPTION 

[0035] Referring noW to FIG. 4, a diagram of the system 
of the preferred embodiment of the present invention is 
shoWn. The system preferably includes a computer 400, a 
?rst camera 402, a second camera 404, a ?rst light source 
406, a second light source 408, a video decoder 410, a ?rst 
frame grabber 412, and a second frame grabber 414. First 
camera 402 and second camera 404 are each video cameras, 
spaced apart, generating respective video signals represent 
ing repeating interlaced scans of a respective image ?eld. In 
a conventional interlaced video camera, odd-numbered ras 
ter roWs are typically scanned from left to right and then top 
to bottom, and then even-numbered raster roWs are scanned 
in the same manner during each repetition. Vertical and 
horiZontal synchroniZation signals from ?rst camera 402 are 
fed into video decoder 410, Which passes the synchroniZa 
tion signals to second camera 404, Which responsively scans 
its image ?eld in time With the scans of ?rst camera 402. 
Alternately, each of the cameras could be driven by syn 
chroniZation signals originating from computer 400, video 
decoder 410, or from another signal source. Both cameras 
are aimed at and focused upon one of the user’s eyes and is 
equipped With tracking mechanisms (not shoWn), Well 
knoWn to those of ordinary skill in the art, that actively keep 
the cameras aimed at the user’s eye. These tracking mecha 
nisms sometimes operate by rapidly adjusting the orientation 
of each camera to keep the brightest portion of the image 
centered in its respective ?eld of vieW. Note that in the 
preferred embodiment no ?Xed rotational reference for 
either camera is required, i.e. either camera could be rolled 
about its optical aXis Without causing dif?culties. 

[0036] First light source 406 and second light source 408 
are preferably light-emitting diodes (LEDs) that produce 
light of near-infrared Wavelengths When energiZed. First 
light source 406 is positioned to emit light substantially 
along the optical aXis of ?rst camera 402 in the direction of 
its ?eld of vieW. Second light source 408 is similarly 
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positioned to emit light substantially along the optical aXis 
of second camera 404 in the direction of its ?eld of vieW. The 
brightness of each light source, When energiZed, is adjusted 
to keep the image brightness in the eye area of each camera’s 
?eld of vieW substantially the same. The duty cycle of each 
light source can be adjusted doWnWard to enable production 
of pulses of brighter light intensity. 

[0037] One method of acquiring a clearly de?ned and easy 
to process pupil image is to generate a difference image by 
effectively subtracting an unlit image of the eye from a lit 
image of the eye. In the preferred embodiment, video 
decoder 410 generates an even ?eld control signal 416 
Whenever even-numbered raster roWs are being scanned by 
the cameras, and generates an odd ?eld control signal 418 
Whenever odd-numbered raster roWs are being scanned by 
the cameras. Even ?eld control signal 416 triggers the 
illumination of ?rst light source 406, and odd ?eld control 
signal 418 triggers the illumination of second light source 
408. The tWo light sources are thus alternately energiZed 
during each alternately interlaced camera scan. The result is 
that each camera produces images composed of tWo ?elds, 
each illuminated by a different light source, one on-aXis and 
the other off-axis. Images from the cameras are captured by 
?rst frame grabber 412 and second frame grabber 414, 
digitiZed, and then forWarded to computer 400 for subse 
quent processing. Subtracting the roWs eXposed by off-axis 
light from the corresponding roW eXposed by the on-aXis 
light in images from ?rst camera 402 produces a difference 
image that very clearly identi?es the pupil as seen by ?rst 
camera 402. A similar subtraction performed on images 
from second camera 404 produces a difference image that 
very clearly identi?es the pupil as seen by second camera 
404, as described in Us. Pat. No. 5,016,282. Alternate 
lighting is not an essential aspect of the invention but Works 
particularly Well. 

[0038] The relative positions and orientations of ?rst cam 
era 402, second camera 404, and the object being vieWed by 
the user (eg a display screen) are knoWn from a onetime 
user-independent calibration of the system of the present 
invention performed When the system components are ?rst 
deployed. Attachment of the cameras to the display screen at 
knoWn points Would simplify the initial calibration, but 
cameras need not be positioned on the display screen or in 
the plane of the display screen. Similarly, the optical param 
eters of both cameras (e.g. focal length) and the siZe of the 
display screen are assumed to be knoWn, and the user’s 
cornea is assumed to be rotationally symmetric about the 
optical ads. 

[0039] Referring noW to FIG. 5, a diagram of a user’s eye 
is shoWn in accordance With the preferred embodiment of 
the present invention. Point A is the position of ?rst focal 
center 500 of ?rst camera 402 and the position of ?rst light 
source 406. Apinhole camera model is used With a perspec 
tive projection to the image plane. Light from ?rst light 
source 406 re?ects from the user’s cornea at point G back to 
?rst camera 402, producing a ?rst glint 508 in the image 
from ?rst camera 402. Point B is the position of second focal 
center 502 of second camera 404 and the position of second 
light source 408. Light emitted from an off-axis light source 
(e. g. second light source 408) re?ects from the user’s cornea 
at point H and is visible by ?rst camera 402 as second glint 
510. Identi?cation of Which glint is due to Which light source 
is simpli?ed by use of alternate lighting during image 
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capture as described above. Point C is the center of curvature 
504 of the corneal bulge (note, the corneal bulge is usually 
modeled as spherical but of course in reality the corneal 
bulge is not a complete sphere Within the eyeball). Point P 
is pupil center 506. Points G and H lie on plane ABC. Point 
P‘ is the point of regard 514 on display screen 512, ie the 
intersection point betWeen line CP (Which is the optical aXis 
and gaZe vector 516) and display screen 512 plane. Image 
plane 518 is a plane orthogonal to the optical aXis of ?rst 
camera 402 (for clarity, image plane 518 is shoWn in front 
of ?rst focal center 500, but in reality image plane 518 Will 
be behind ?rst focal center 500 and points on image plane 
518 Will be projections). Point g 520 is the image of 
(on-axis) ?rst glint 508 in image plane 518. Point h 522 is 
the image of (off-axis) second glint 510 in image plane 518. 
Point p 524 is the image of pupil center 506 in image plane 
518. 

[0040] Referring noW to FIG. 6, a diagram of the user’s 
eye is shoWn including a ?rst plane Agp 600 according to the 
preferred embodiment of the present invention. Plane Agp 
600 includes (on-axis) ?rst light source 406 and ?rst camera 
402 focal center, the image of ?rst glint 508 in image plane 
518 (point g), and the image of pupil center 506 in image 
plane 518 (point p). Points C, G, g, and A are collinear. 
Points C, P, and P‘ are collinear. Points A, p, and P are 
collinear. The plane Agp spanning lines CGA and CPP‘ 
Would therefore include lines PG and line AP‘. Plane Agp 
600 can be considered to be plane ABC (Which also includes 
points H and h) rotated around line CGA by a measurable 
angle 0t. Line L 602 is the intersection betWeen plane Agp 
and the screen plane. Hence the gaZe vector intersects With 
the display screen plane at point P‘ on line L. Determination 
of line L alone may be of particular utility, depending on the 
application that uses gaZe information. For eXample, the 
intersection of line L With a scroll bar can determine the 
position of the scroll bar slider, assuming that the user is 
looking at the scroll bar at a speci?c time. Determination of 
partial gaZe information, eg line L, is an object of this 
invention. 

[0041] Referring noW to FIG. 7, a vieW of the user’s eye 
as seen by ?rst camera 402 is shoWn according to the 
preferred embodiment of the present invention. The identi 
ties and locations in the image plane of ?rst camera 402 of 
projected ?rst glint 508 (at point g) and projected second 
glint 510 (at point h) are determined from analysis of the 
images taken by ?rst camera 402 When ?rst light source 406 
and second light source 408 Were energiZed, preferably in an 
alternating manner as described above. In other Words, the 
image of ?rst glint 508 is due to ?rst light source 406, and 
the image of second glint 510 is due to second light source 
408, so if the light sources are alternately energiZed only one 
glint Will appear in each interlaced scan made by ?rst camera 
402. Projected pupil center 506 (at point p) is also identi?ed 
and located, preferably from the difference image generated 
by subtraction of even and odd interlaced scans and subse 
quent processing via conventional image analysis tech 
niques. Angle 0t separating plane ABC and Agp 600 is 
therefore merely the angle pgh betWeen line gh and line gp 
in this Figure, Which is a vieW along the aXis of plane 
rotation. 

[0042] Alternately, line gp can be determined Without 
estimating an eXact point de?ning pupil center 506 location 
in image plane 518. Line gp can be a line that eXtends from 
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the glint image through the pupil image to maximize the 
symmetry of the pupil image. If the portion of the pupil 
image on one side of line gp Were “folded over” line gp onto 
the other portion of the pupil image, the overall differential 
pupil area Would be minimiZed. Alternately, line gp can be 
chosen to go through the “center of mass” of the pupil 
image, ie a homogeneous slab of material shaped like the 
pupil image and of uniform thickness Would balance if 
suspended on line gp. The pupil image Will not be circular 
nor even elliptical if there are distortions in the corneal lens. 
HoWever, it can be shoWn that When modeling the eye as a 
corneal lens attached to a spherical ball, the line of sight 
must lie on the plane passing through the glint and the 
symmetry line of the pupil as imaged via perspective pro 
jection onto a camera’s image plane. Under this model, the 
line of sight may not pass through the measured pupil center 
due to the distortion the corneal lens induces on the pupil 
image. 
[0043] Referring noW to FIG. 8, a diagram of the user’s 
eye is shoWn in accordance With the preferred embodiment 
of the present invention. This Figure is similar to FIG. 5, but 
describes the vieW of the user’s eye as seen by second 
camera 404. Light from second light source 408 re?ects 
from the user’s cornea at point I back to second camera 404, 
producing second glint 510 in the image plane 526 of second 
camera 404. Light emitted from ?rst light source 406 re?ects 
from the user’s cornea at point H and is visible by second 
camera 404 as ?rst glint 508. Points H and I lie on plane 
ABC. Second image plane 526 is a plane orthogonal to the 
optical aXis of second camera 402. Point i 528 is the image 
of second glint 510 in image plane 526. Point h 522 is the 
image of ?rst glint 508 in image plane 526. Point p 524 is 
the image of pupil center 506 in image plane 526. 

[0044] Referring noW to FIG. 9, a diagram of the user’s 
eye is shoWn including a second plane Bip 900 according to 
the preferred embodiment of the present invention. Plane 
Bip 900 includes second light source 408 and second camera 
404, second glint 510 in image plane 522, and pupil center 
506. Points C, I, and B are collinear. Points C, P, and P‘ are 
collinear. A plane spanning lines CIB and CPP‘ Would 
therefore include lines PI and line BP‘. Plane Bip 900 can be 
considered to be plane ABC (Which is also plane ABH) 
rotated around line CIB by a particular angle [3. 

[0045] Referring noW to FIG. 10, a vieW of the user’s eye 
as seen by second camera 404 is shoWn according to the 
preferred embodiment of the present invention. The identi 
ties and locations in the image plane 526 of second camera 
404 of ?rst glint 508 (at point h) and second glint 510 (at 
point i) are determined from analysis of the images taken by 
second camera 402 When ?rst light source 406 and second 
light source 408 Were energiZed, preferably in an alternating 
manner as described above. In other Words, ?rst glint 508 is 
due to ?rst light source 406, and second glint 510 is due to 
second light source 408, so if the light sources are alternately 
energiZed only one glint Will appear in each interlaced scan 
made by second camera 404. Pupil center 506 (at point p) is 
also identi?ed and located in image plane 526, preferably 
from the difference image generated by subtraction of inter 
laced scan roWs and subsequent processing techniques as 
described above. Angle [3 separating plane ABC and Bip 900 
is therefore merely the angle hip betWeen line ih and line ip 
in this Figure, Which is a vieW along the aXis of plane 
rotation. 
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[0046] Referring noW to FIG. 11, a diagram of a user’s 
eye including ?rst plane Agp 600 and second plane Bip 900 
is shoWn according to the preferred embodiment of the 
present invention. Line CPP‘ is the intersection of ?rst plane 
Agp 600 and second plane Bip 900. Note that point C, center 
of cornea curvature 504, need not be explicitly computed to 
determine either gaZe vector 516 or point of regard P‘514; 
point C can be indirectly determined if needed. The inter 
section of line CP (gaZe vector 516) With the pre-de?ned 
display screen 512 plane (or another observed object, 
Whether planar or not) is point of regard P‘514. Point P514 
is knoWn because the relative position of ?rst camera 402 
and second camera 404 to display screen 512 plane and to 
each other is knoWn, and the relative positions of ?rst glint 
508 and second glint 510 and pupil center 506 in image 
planes 518 and 526 are knoWn. 

[0047] In the above analysis, it is assumed that the eye is 
a sphere (a good ?rst approximation). HoWever, more 
detailed analysis shoWs that it is enough to assume that the 
eye has rotational symmetry around the aXis connecting the 
pupil center and the eyeball center. This is a good approxi 
mation eXcept for the case of large astigmatism. The inven 
tion therefore tracks eye gaZe properly for near-sighted and 
far-sighted users. While the invention has been described in 
a preferred embodiment employing tWo cameras, embodi 
ments using more than tWo cameras are also included Within 
the scope of the invention. Similarly, embodiments in Which 
both of the user’s eyes are tracked, each by at least one 
camera, is included Within the scope of the invention. 

[0048] Referring noW to FIG. 12, a ?oWchart of the eye 
gaZe tracking method is shoWn according to the preferred 
embodiment of the present invention. In step 1200, ?rst 
camera 402 generates an image of the user’s eye. In step 
1202, second camera 404 generates an image of the user’s 
eye. Each image may include interlaced scans and is passed 
to computer 400 as described above. In step 1204, for each 
image, computer 400 identi?es and locates pupil center 506 
and ?rst glint 508 and second glint 510 in the image planes. 
In step 1206, computer 400 computes the plane rotation 
angles 0t and [3. In step 1208, computer 400 identi?es gaZe 
vector 516 as the intersection line of ?rst plane 600 and 
second plane 900. In step 1210, computer 400 identi?es 
point of regard 514 from gaZe vector 516 and data describing 
the spatial arrangement of ?rst camera 402, second camera 
404, and display screen 512 plane (or another observed 
object, Whether planar or not). In step 1212, computer 400 
generates outputs describing gaZe vector 516 and point of 
regard 514 and begins another cycle of the method. 

[0049] Referring noW to FIG. 13, a diagram of a user’s 
eye according to a second embodiment of the present 
invention is shoWn. The second embodiment is identical to 
the preferred embodiment, eXcept that each of the tWo 
intersecting planes are computed from different data points. 
In this embodiment, it is not necessary for either camera to 
vieW re?ected light originally emitted by a light source other 
than its oWn, although this additional data can be used. 
HoWever, unlike the preferred embodiment, it is necessary in 
this second embodiment for the roll angle for each camera 
to be knoWn, i.e. some “up vector” or absolute orientation 
reference is needed. For each camera, the focal center FX of 
the camera 1300, the position of the pupil center PX 1302 as 
projected onto the image plane 1304 of the camera, and the 
position of the glint GX 1306 produced by that camera’s oWn 








