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INTRODUCTION

The terms eye movement measurement, eye tracking, and
oculogragphy refer to measurement of the orientation and
motion of the eye, either with respect to the head, or with
respect to the visual environment. This may include not
only rotations of the eye that cause changes in gaze direc-
tion, but also rotations of the eyeball about the line of sight,
called ocular torsion. Point-of-gaze is the point in the visual
environment whose image forms on the small, high acuity
area of the retina, called the fovea. Line-of-gaze is the
imaginary line connecting the eye to the point-of-gaze.
Sometimes the term gaze tracker is used to describe a
system whose primary function is to determine a subject’s
fixation point or line of gaze with respect to the visual
environment, rather than the dynamics of eyeball motion
with respect to the head.

Eye movement measurement devices have long been
used for research in reading, various aspects of visual
perception and cognition, neurology, instrument panel
layout, and advertising. Technological advances, especially
in the areas of digital processing and solid-state sensor
technology, have made eye tracking possible under pro-
gressively less and less restrictive conditions. In recent
years, uses have expanded to include computer application
usability research, communication devices for the disabled,
sports and gait research, Lasik surgery instrumentation,
and research requiring simultaneous fMRI (functional
magnetic resonance imaging) measurement. In the past
decade it has also become practical to measure ocular
torsion with optical, noncontacting methods.

Figure 1 shows some of the structures and dimensions of
the eye that are important in eye movement measurement
(1,2). In an idealized model, the optical axis of the eye is the
line that passes through the centers of curvature of the
cornea, and lens, and the center of rotation of the eyeball.
The visual axis (or line of sight) is the ray that passes from
the fovea, through the nodal points of the lens and inter-
sects the point-of-gaze. It is important to note that the
fovea is not centered on the retina, but rather is located
5-7° toward the temporal side. The visual and optical axes
are therefore, not identical. An idealized model of the eye
usually assumes the pupil and iris to be centered on the
optical axis, and assumes that the eyeball and eye socket
operate as a perfect ball and socket joint, with the eyeball
rotating about a single point within the eye socket.

The idealized model is often perfectly adequate for
making good measurements of gaze direction and eye
movement dynamics, but is not precisely accurate. For

example, the eye does not rotate about a single center of
rotation within the eye socket (3). The pupil is not precisely
centered with respect to the optical axis, visual axis, or iris,
and its center moves as the iris opens and closes (4).

Eye position with respect to the head can be described by
a three element rotation vector, by a four element rotation
specification called a quarternion, or by a set of three
angles that describe the positions of an imaginary set of
nested gimbals, with the outer gimbal fastened to the head,
and the eye attached to the inner most gimbal. In the latter
case, the three angles are usually referred to as Fick or
Euler angles, and consist of an azimuth (or horizontal)
angle, an elevation (or vertical) angle, and a roll (or torsion)
angle. In all cases rotations are measured from a somewhat
arbitrary reference position that loosely corresponds to
looking straight ahead when the head is upright. A com-
plete description of the methods and underlying mathe-
matics for specifying eye rotation is available in an article
by Haslwanter (5).

Gaze tracking devices usually report point-of-gaze in
terms of a coordinate system defined on a surface in the
environment; or an eye location in space plus a gaze direc-
tion vector, with respect to an environment coordinate frame.

Normal human eye movements fall into the broad cate-
gories of conjugate and nonconjugate movements. Conju-
gate movements, in which both eyes move together, include
the rapid, ballistic jumps between fixation points, called
saccades; smooth compensatory movements to hold the gaze
steady in the presence of head motion; smooth movements to
track objects that are moving across the visual field; and the
saw tooth pattern of movement called nystagmus that
occurs in response to an inertial rotation of the body or a
rotation of the visual field. There are also miniature motions
during the relatively stationary fixation periods, which are
<1° and are not perceived. Vergence is a nonconjugate
motion used to keep a visual target at the same position
on both retinas. As a visual target moves closer, the visual
axes of the two eyes rotate toward each other. Ocular torsion
occurs in response to inertial rotation or lateral acceleration,
or rotation of the visual field about a horizontal axis. It is
associated with perceptions of tilt. A thorough review of eye
movement behavior can be found in Hallett (6).

The eye movement measurement techniques currently
in most frequent use fall into the major categories of
magnetic search coil, a technique that measures magneti-
cally induced current in a tiny wire coil fastened to the eye;
electrooculography, which uses surface electrodes to mea-
sure the direction of an electrical potential between the
cornea and retina; and optical techniques that rely on
optical sensors to detect the position or motion of features
on the eye. Their optical technique category includes many
subcategories, and has the largest variety of different
systems in current use. Background theory and system
descriptions for eye movement measurement devices, in
all of these categories, are presented in the following
sections.

Eye tracker performance is usually described by some
subset of the following parameters. Accuracy is the expec-
ted difference between the measured value and the true
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Figure 1. Schematic diagram of the eye showing typical values of dimensions that are important in
eye movement measurement. The dimension values, which do vary between individuals, are derived

from Refs. 1 and 2.

value. Resolution is the smallest change that can be report-
ed by the device. Precision is the expected difference in
repeated measurements of the same true value. Range
describes the span of values that can be measured by
the device. Linearity is the degree to which a given change
in the real quantity results in a proportional change in
the measured value, usually expressed as percent of the
measurement range. Update rate is the frequency with
which data is output (samples per second). Bandwidth is
the range of sinusoidal input frequencies that can be
measured without significant distortion or attenuation.
Transport delay is the time required for data to pass
through the system and become available for use.

SCLERAL SEARCH COIL

The scleral search coil technique, first described by Robinson
(7), requires that a sensing element be placed on the eye.
The technique is based on the principle that a changing
electric field can induce a current in a coil of wire. If the
coil lies in a plane parallel to a uniform, alternating
current (ac) magnetic field, no current is induced. If the
plane of the coil is not parallel to the field lines, an ac
current will be induced in the coil. Current amplitude will
be proportional to the coil area projected onto the plane
that is perpendicular to the magnetic field lines. For exam-
ple, if the plane of the coil is tilted about an axis perpendi-
cular tothe magneticfield lines, the induced current will be
proportional to the sine of the tilt angle. A tilt in the
opposite direction results in an induced current with the
opposite phase (180° phase shift). The sign of the tilt angle

can, therefore, be deduced from the phase of the induced
current.

As shown in Fig. 2, a pair of Helmholz coils, which set up
uniform ac magnetic fields in both vertical and horizontal
axes, surrounds the subject’s head. The driving circuitry
ensures that the two fields are exactly 90° out of phase. An
induction coil, made of very fine wire, is held on the eye so
that it forms a circle about the limbus (iris—sclera bound-
ary). Robinson embedded the coil in a scleral contact lens,
which was held to the limbus by the action of a tiny suction
tube. Collewijn et al. (9) developed a technique for using an
annular ring made of silicone rubber and having a slightly
hollow inner surface. The ring adheres to the limbic area by
capillary action and does not require the suction tube. Fine
wire leads, from the induction coil, extend out of the eye at
the canthus (the corner of the eye). A drop of anesthetic is
generally administered prior to insertion, but the devise is
usually tolerated well once the anesthetic wears off (9).

The induction coil encloses an area that is approxi-
mately in the plane of the pupil. Horizontal eye movement
varies the current induced by the horizontal ac magnetic
field, and vertical motion varies the current induced by the
vertical field. By detecting the phase, as well as the ampli-
tude of the induced current, it is possible to obtain separate
analog signals proportional to the sine of vertical and
horizontal eye rotations. A simple calibration is required
to find the initial reference orientation of the eye.

It is possible to embed, in the annular ring, a second
induction coil that encloses an area having a component
parallel to the optical axis of the eye. The second coil is
shown in Fig. 3. Torsional eye movement can be computed
from the current induced in this second coil.
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Figure 2. Schematic illustrating the scleral search coil method of measuring eye movement.

(Adapted from a diagram in Ref. 8.)

When used with nonhuman primates, a magnetic induc-
tion coil is often implanted surgically, using a method
described by Judge et al. (10).

Scleral search coil systems can be expected to measure
with a resolution > 1 arc-min over a range of +15-20°, and
accuracy of ~ 1-2% of the range. Slippage of the annular
ring on the eyeball is possible, and can produces significant
additional error. Temporal bandwidth is a function of the
coil excitation frequency and filtering, and depends on the
specific implementation, but 0-200 Hz or better is probably
achievable. The accuracy of the torsional measurement is
generally assumed to be a fraction of a degree, but may be

Figure 3. Schematic showing the configuration of the second coil
in a dual induction coil system. The second coil forms a loop whose
enclosed area has a component parallel to the optical axis of the eye
(perpendicular to the plane of the pupil), and is used to measure
torsional movement. Although the diagram shows only one wind-
ing for each coil, the actual device uses multiple windings.

affected by slippage of the annulus as well as variation in
eyeball curvature, and is not well documented.

The method is distinctly invasive, and requires the head
to be confined within the Helmholz coil assembly, but does
not require the head to be rigidly fixed. It offers good
measurement performance, measures all three axes of
rotation simultaneously, and is not affected by eyelid clo-
sure, or ambient illumination. In the past, complete sys-
tems for use with humans have been commercially
available from C-N-C Engineering, Seattle, WA; and Ska-
lar Medical BV (11), The Netherlands. Current commercial
availability is uncertain. Systems for use with animals are
available from Riverbend Instruments, Inc., Birmingham,
AL (12).

ELECTRO-OCULOGRAPHY

Electro-oculography (EOG) has a relatively long history,
dating from the 1920s and 1930s (13-17). The retina of the
eye carries a slightly negative electrical charge, varying
from ~ 0.4 to 1.0 mV, with respect to the cornea, probably
because the retina has a higher metabolic rate. This charge
difference constitutes an electrical dipole, which is approxi-
mately, although not exactly, aligned with the optical axis
of the eye. Electro oculography refers to the use of surface
skin electrodes to measure the position of the cornea-
retinal dipole. When used with ac recording techniques
to measure nystagmus, or when used in a neurological test
setting to measure any type of eye movement, it is often
called electronystagmography (ENG).

Ideally, when the electrical dipole is midway between
two electrodes that have been placed near the eye, the
differential voltage between the electrodes would be zero,
and as the eye rotates from this position, the differential
voltage would increase with the sine of the angle. Although
this is indeed the qualitative result, in practice there is a
great deal of direct current (dc) drift. Skin conductance
varies over time, and the corneo-retinal potential changes
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Figure 4. Schematic illustrating the EOG method of measuring eye movement. (Adapted from a

diagram in Ref. 8.)

with light adaptation, alertness, and the diurnal cycle. In
fact, EOG is sometimes used explicitly to measure the
changes in corneo-retinal potential as a function of light
stimuli, rather than eye movement (18,19). Electromyo-
graphic activity from facial muscles can also interfere with
EOG measurement.

After cleaning the skin with an alcohol swab, electrodes
are often placed as shown in Fig. 4. In this case, the
differential voltage between the electrodes placed near
the outer canthi (junction of upper and lower eyelid) of
each eye is used to measure horizontal motion of the two
eyes together. It is also possible to use additional elec-
trodes near the nose, or on the bridge of the nose, to
measure the two horizontal eye positions independently.
The vertically positioned electrode pairs measure both
eyes together when wired as shown in the diagram, but
can also be used to measure vertical position of each eye,
independently. The electrode at the center of the forehead
is used as a reference. Other placement patterns can be used
as well.

The electrodes most often used are silver—silver chlor-
ide, self-adhesive models, designed as infant heart monitor
electrodes. They are connected to high gain, low impe-
dance, low noise, differential amplifiers. The output from
the differential amplifiers is now most commonly digitized
and input to digital processors for linearization, scaling,
and other processing. The ac coupling or frequent rezeroing
is required to keep the analog signal in range of the analog
to digital converters.

The high and unpredictable rate of dc drift makes this
technique less suitable than others for point of gaze mea-
surement. However, the drift is usually slower than eye
movement velocities, and EOG provides an excellent
means for measuring eye velocity profiles, slow and fast
phases of nystagmus, and patterns of fixations and sac-

cades, as long as the precise point of regard is unimportant.
Research laboratories often assemble their own EOG
devices from commercially available amplifiers, electrodes,
and digital data processing software packages. Both EOG
and ENG devices are sometimes used for neurological
testing in clinical settings, and commercially available
EOG or ENG devices are most often packaged as part of
neurological testing suites.

The EOG and ENG systems are commercially available
from: Cambridge Research Systems Ltd., UK (20); GN
Otometrics, Denmark (21); Guymark UK Ltd., UK (22);
Metrovision, Pérenchies, France (23), and Neuro Kinetics,
Inc., Pittsburgh, PA (24).

OPTICAL TECHNIQUES

Noncontacting optical sensors can be used to deduce the
orientation of the eyeball from the position of optical fea-
tures, optically detectable geometry, or the pattern of
reflectivity on the eye and the facial area surrounding
the eye. The sensors may range from a small number of
individual photodiodes to CCD or CMOS arrays, which
provide two-dimensional (2D) gray scale image data. In
most cases the eye area is illuminated with a near infrared
(IR) light that is within the sensitive spectral region for
solid-state light sensors, but minimally visible to the
human eye. Optics may be mounted to head gear and move
with the head, the head may be restrained to prevent or
limit motion with respect to optics that are not head
mounted, or movement with respect to non-head-mounted
optics may be allowed. In the latter case the sensor field of
view must either be large enough to accommodate the
expected head movement, or some component of the optical
assembly must automatically move to keep the sensor
aimed at the eye being measured.



OPTICAL SENSORS

Sensors used by optical eye trackers include the follow-
ing: Quadrant and bicell photodetectors: The disk
shaped detector surface is divided into two (bicell) or four
(quadrant) discrete photosensitive areas. The devices are
configured to produce analog signals (one for bicell detec-
tors, and two for quadrant detectors) proportional to the
difference in light intensity sensed on adjacent areas. The
signals are monotonically related to small displacements of
a light spot from the center of the detector either in one
(bicell) or two (quadrant) dimensions. The light spot must
remain completely on the detector surface, and displace-
ments must be smaller than the diameter of the spot.
Lateral effect photo diodes (position sensitive detectors): A
solid-state detector provides analog information propor-
tional to the one (1D) or two dimensional location of the
incident light center of gravity. Small arrays of discreet solid
state photosensors: The array provides a small number of
analog light intensity signals. Large, linear, photo-sensor
arrays: The array provides gray scale image data in a single
dimension. Large, 2D, solid-state, photosensor arrays (CCD
and CMOS): The array provides two dimensional gray scale
image data. Commercially available video cameras, based
on CCD and CMOS sensors provide analog and digital
signals in standard formats, usually at 50 or 60 fields/
second. Using a CCD chip that supports double the normal
pixel output rate, a small number of cameras are available
that output 120 fields/second. By using a subset of the video
lines for each field, these devices can also deliver field
update rates that are higher than 120 Hz. Some CMOS
sensor chips allow even more flexibility to receive data from
a dynamically determined subset of the pixels and to vary
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the update rate. Higher update rates always mean that each
pixel has less time to accumulate charge, resulting in less
effective sensitivity and lower signal to noise ratios.
Quadrant detectors, lateral effect photo diodes, and
small arrays of discrete photo sensors provide information
with low spatial bandwidth content. The information can
usually be processed at high temporal bandwidth with
relatively little digital processing requirement. Large lin-
ear and 2D arrays offer much richer spatial information,
but require more processing power to interpret the infor-
mation, often leading to reduced temporal bandwidth.

FEATURES OF THE EYE

The eye image features most often used for eye movement
measurement are Limbus: Boundary between the colored
iris and white sclera. Iris: “Colored” ring that opens and
closes to adjust pupil size. Pupil: Circular opening defined
by inner boundary of iris. First Purkinje image (corneal
reflection): Reflection of a light source from the outer sur-
face of the cornea. Fourth Purkinje image: Reflection of a
light source from the inner surface of the lens.

These features are shown schematically in Fig. 5.

The pattern of blood vessels on the retina, if imaged with
an opthalmoscope or fundus camera, also constitute mark-
ings that can be used to track eye movement, but this is a
less commonly used technique.

In some cases facial landmarks, such as the canthus
(corner of the eye, where the upper and lower eyelid meet),
another facial feature, or a dot placed on the skin, may be
used to compare with the location of features on the eye. As
discussed later on, facial features can also be used to guide
remote camera based trackers.

Pupil

Iris Corneal reflection

lllumination

4th Purkinje image
--reflection from rear surface of lens

Figure 5. Schematic illustrating the various features of the eye often used by optical eye movement
measurement techniques. (Adapted from a diagram in Ref. 8.)
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The iris has a distinctive pattern of radial markings that
can be used to track ocular torsion. Its inner boundary,
defining the pupil, is nominally circular and centered with
respect to the limbus. Detailed examination, however,
reveals a slightly noncircular shape that is off center
(usually toward the nasal side) with respect to the limbus.
Furthermore, both the shape and position of the pupil
change slightly with pupil diameter and vary across the
population. The characteristics of the pupil form are
described and quantified in considerable detail by Wyatt
(4). He found that pupil position tends to shift in the nasal
and superior directions (with respect to the limbus) as the
pupil contracts, and that pupil diameter and circularity
tend to decrease with age.

Light rays that enter the eye through the pupil are
reflected by the retina and directed back toward their
source. The eye therefore acts as a retroreflector. If the
eye is viewed by a detector that is coaxial with an illumina-
tion beam, as shown in Fig. 6, the retroreflected light from
the retina makes the pupil appear to be a bright, back lit
circle. Some of the retinal reflection can be received slightly
off axis from the illumination beam (25). Although the
bright pupil effect falls off sharply as the detector moves
off axis, this accounts for the “red eye” effect in flash
photography. In an idealized case, the apparent brightness
of the pupil retroreflection will vary inversely with the
square of pupil diameter (26). As shown by Nguyen et al.
(25), brightness of the retinal reflection also varies between
individuals and as a function of gaze direction with respect
to the illumination source, but these variations are small
compared to the effect of pupil diameter.

If the detector is off axis from the illumination beam, the
retroreflected light does not enter the detector and the
pupil appears as the familiar dark circle.

The corneal reflection is a virtual image that appears to
be just behind the plane of the pupil. If the cornea is
assumed to be spherical, the corneal reflection image will

form at point half way between the surface of the cornea
and its center of curvature, along a ray that is parallel to
the illumination beam and passing through the corneal
center of curvature. If the light source is far away com-
pared to the radius of the eyeball, then as the eye rotates,
the corneal reflection always appears to move the same
amount as the corneal center of curvature. A similar
analysis will show that the fourth Purkinje image forms
in almost the same plane as the corneal reflection, but
appears to move the same amount as the posterior lens
surface center of curvature.

FEATURE RECOGNITION

Systems that use 2D detector arrays typically perform a
pattern recognition task to identify features in the 2D
image. Digital processing power has always been a critical
limitation. When video cameras were first used as sensors,
analog preprocessing was often used to find edge points, or
other pixel subgroups, and thereby reduce the amount of
data that needed to be processed digitally. Algorithms
requiring relatively few computational steps were used
to process the reduced digital information in order to
recognize features and find their centers.

Increased digital processing capability has very signifi-
cantly eased, although by no means eliminated, this limitation.
It is now practical to digitally process 2D, gray scale image
buffers while maintaining reasonable, real-time update rates.
It has become possible to use, in real-time, elements of classical
digital image processing such as Sobel or other convolution
based edge detection algorithms, and circle or ellipse best-fit
algorithms. Less computationally intensive algorithms are
still often used, however, to maximize update rates.

Digital processing components in current use range
from commercially available PCs and frame grabbers to
custom processing boards that include field programmable



gate arrays (FPGAs) and digital signal processors (DSPs),
and microcontrollers.

When using an array sensor, the location of individual
boundary points on an image feature (e. g., the pupil) are
often identified with only single pixel resolution. If the
object covers multiple pixels, knowledge of the object shape
allows its position to be computed with subpixel resolution.
For example, if a group of pixels are thought to define the
edge of circular object, a least mean squared error circle fit
will define the circle center location with sub pixel resolu-
tion. If sufficient computation time is available, it is also
possible to use gray scale information to define edge points
with subpixel accuracy.

Pupil Recognition

The pupil is generally recognized as a circular or elliptical
area that is darker (in the case of a dark pupil image) or
brighter (in the case of a bright pupil image) than sur-
rounding features. The pupil is often partially occluded by
eyelids and corneal reflections, and algorithms must there-
fore recognize the circular or elliptical shape even when
occluded to some degree. Furthermore, it is important that
only the real pupil boundaries be used to determine the
center of the object, rather than the occlusion boundaries.
Examples of pupil detection algorithms can be found in Zhu
(27), Mulligan (28), Ohno et al. (29), Charlier et al. (30), and
Sheena (31).

The retroreflective property of the eye makes possible a
signal enhancement technique that can be exploited to help
identify the pupil (32-35). If a camera is equipped with
both a coaxial and off-axis illuminator, a bright pupil image
will be produced when only the coaxial illuminator is on,
and a dark pupil image will be produced when only the off-
axis source is on. If the illuminators are alternately acti-
vated for sequential camera images, the result will be
alternating bright and dark pupil images. Assuming ele-
ments in the camera field of view have not moved between
images, all other image features, which are not retrore-
flectors, will remain essentially unchanged.

If two such images are subtracted, one from the other,
the result should leave only the pupil image. In practice,
there will still be small differences in all parts of the image
due to the different illumination angles, but contrast
between the retroreflective pupil and the rest of the image
is still greatly enhanced. There are some drawbacks to the
technique. If the eye moves significantly between the
sequential images, subtraction results in a distorted pupil
image. The need to digitize and subtract two images
increases memory and processing requirements, and the
fact that two sequential images are required to create one
data sample limits the temporal bandwidth of the measure-
ment. Note that a similar result can be obtained with
images from two cameras that are carefully aligned with
respect to the same image plane, and an illumination
source that is coaxial with only one of them.

Corneal Reflection Recognition

The corneal reflection (first Purkinje image) is usually
recognized, within a larger 2D image, by its intense bright-
ness, predictable size and shape, and proximity to the

EYE MOVEMENT, MEASUREMENT TECHNIQUES FOR 7

pupil. It can, however, be confused with small reflections
from tear ducts or eyeglass frames, and reflections from
external sources emitting light in same spectral band as
the intended source. Its center can be identified with sub-
pixel accuracy only if it is large enough to cover multiple
pixels. Eizenman et al. (36) describe a technique for using
knowledge of brightness pattern across the corneal reflec-
tion (first Purkinjie image) to find its position, on a linear
array, with subpixel resolution. To accomplish this they
used a precisely designed illumination source to insure a
known pattern of luminance.

Fourth Purkinje Image Recognition

The fourth Purkinje image is very dim and very difficult to
reliably identify in a larger image. The one system in
common use that requires the fourth Purkinje image relies
on careful initial alignment to focus the image on a quad-
rant detector. The detector is not much larger than the
Purkinje image; and, in this case, automatic recognition in
a larger field is not necessary.

Face Recognition

In some cases wide-angle images are now used to recognize
the presence of a face, and to find the location of one or both
eyes. If the eye is identified in a wide angle image, and
assuming the camera is well calibrated to account for lens
or sensor distortions, it is reasonably straight forward to
compute the direction of the line extending from the cam-
era to the eye. Finding the distance to the eye is more
difficult. If the eye is identified on the images from two
cameras, it is possible to triangulate. If both eyes are
identified on a single camera image, knowledge of the true
interpupillary distance can be used to compute distance to
the face. However, head rotation with respect to the camera
will cause some error if not taken into account. Some face
recognition systems are able to determine head orienta-
tion. For example, Xiao et al. (37) and Matthew and Baker
(38) describe a method, based on a technique known as
active appearance modeling (39), to make real-time mea-
surements of the position and 3D orientation of a face.

Information about eye location can be used to direct a
separate sensor to obtain a more magnified view of the eye,
or the wide-angle image itself may also be used to find the
position of features within the eye. In the latter case, there
is a clear trade off between spatial resolution and wide-
angle coverage. Recognition of facial features can also be
exploited in order to use a facial landmark, such as the
canthus or the center of the eyeball as one of the elements
in a dual feature-tracking algorithm (40,41). However, the
plasticity of facial features makes it difficult to determine
their position with the same precision as the pupil and
Purkinjie images.

EYE ORIENTATION AS A FUNCTION OF SINGLE OR DUAL
FEATURE POSITION

If we have a sphere of radius r, with a mark on its outer
surface as shown in Fig. 7, and if we assume the center of
the sphere is fixed with respect to an observer, then the
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Figure 7. Schematic illustrating the principle behind single fea-
ture tracking. Observation of a single land mark on the sphere
allows determination of its orientation, so long as the center of the
sphere does not move.

observer can compute the rotation (6) of the sphere about
its center by noting the displacement (d) of the surface
mark.

6 = arcsin(d/r)

This is the principle behind single feature eye tracking.
However, if the center of the sphere moves with respect to
the observer, observation of a single mark provides no way
to distinguish such motion from rotation.

If there are two visible marks on the sphere, which are
fixed to the sphere at different distances from its center,
then observing the relative position of these marks does
allow rotation of the sphere to be distinguished from
translations. So long as the distance between the sphere
and observer remains the same or is independently known,
translation with respect to the observer can be unambigu-
ously distinguished from rotation.

If the two marks are located along the same radius line,
at distances r; and rs from the center of the sphere, as
shown in Fig. 8, then the rotation angle (6) of this radius
line, with respect to the line connecting the sphere and
observer, is

6 = arcsin( Ad/(rrs))

where Ad is the observed separation between the marks.
This is the basic principle behind dual feature tracking
techniques. The underlying sine function has a steep slope
at small angles, maximizing the sensitivity of the techni-
que. Note that if the distance between the observer and
sphere changes, the dual feature relation still leaves some
ambiguity since the apparent separation between the
marks will change as a function of distance.

In the case of the eye, referring to Fig. 1, the center of the
pupil or center of the iris is a mark that is ~ 9.8 mm from
the center of the eyeball. Although both images appear to
be just behind the plane of the pupil, the first Purkinje

Detector
plane
Ad
ry sin(6)

r> sin(6) :
Ad = (ry—ry) sin(6) E

Figure 8. Schematic illustrating the principle behind dual fea-
ture tracking. The relative position of the two landmarks defines
the orientation of the sphere, even if its center moves in a direction
parallel to the plane of the detector.

image moves the same amount, with eye rotation, as would
a mark ~ 5.6mm from the center of the eyeball (the
position of the anterior corneal surface center of curva-
ture); and the fourth Purkinje image moves the same
amount as would a mark ~ 11.5mm from the center of
the eyeball (the position of the posterior lens surface center
of curvature).

Eye Orientation as a Function of Just Pupil or Corneal
Reflection Position

The pupil, and corneal reflection (first Purkinje image) are
the features most commonly used for single-feature track-
ing. If a sensor and light source are mounted so that they do
not move with respect to a person’s head, either of these
features can be used as a marker to compute eye rotation in
the eye socket. Either the head must be stabilized with
some type of head restraint mechanism, or the sensor must
be mounted to head gear that moves with the subject.

When measuring only a single feature, any translation
of the head with respect to the sensor will be erroneously
interpreted as eye rotation. For example, if using pupil
position, a 1 mm motion of the head parallel to the detector
image plane may be mistaken for about a 5° eye rotation. If
the corneal reflection is the feature being tracked, a 1 mm
slippage will be indistinguishable from an ~ 12° eye
rotation.

Eye Orientation as a Function of Relative Pupil and Corneal
Reflection Positions (CR/Pupil)

The pupil and first Purkinje image (corneal reflection), or
the first and fourth Purkinje image are the most commonly
used feature pairs for dual feature tracking. The pupil to
corneal reflection technique (CR/Pupil) was first described
by Merchant et al. (42). As shown in Fig. 9, if the sensor
is close to the light source that produces the corneal
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Figure 9. Schematic illustrating the basic relation-
ship behind the pupil-to-corneal-reflection technique
for measurement eye movement. The diagram ass-
umes that the detector and illumination source are
coaxial, or very close together, and are very far from
the eye, compared to the radius of the eyeball. The
optical axis of the eye is rotated away from the de-
tector by an angle 0. From the vantage point of the
detector, the pupil and corneal reflection appear to be
separated by distance d.

reflection, the angle (6) of the eye optical axis with respect
to the sensor is described by

6 = arcsin(d /k)

where d is the apparent distance between the pupil and
corneal reflection (from the point of view of the sensor), and
k is the distance from the pupil to the corneal center of
curvature. If the sensor is not close to the illumination
source, the relation changesonly slightly solongasthe sensor
does not move with respect to the illumination source.

0 = arcsin((d—kq)/k)
kg = kersin(y)

where k., is half the cornea radius of curvature and v is the
angle between the illumination beam and the sensor line of
sight (see Fig. 10). If the sensor and illumination source are
very far away, compared to the radius of the eyeball, then v,
and hence k4, are constants. One drawback to the pupil to
corneal reflection technique is that the pupil center is not
completely stable with respect to the optical or visual axis,
but moves slightly as the pupil size changes (4). Theoreti-
cally, this effect can be measured in an individual and

Figure 10. Schematic illustrating the detected
pupil to corneal reflection separation (d) when the
detector and illuminator optical paths are not coax-
ial. The diagram assumes that the detector and il-
lumination source are far from the eye, so that lines
from the detector to various points on the eye are
essentially parallel, as are rays from the illumina-
tion source to various points on the eye. The angle 6
is between the eye and detector optical axes, and yis
the angle between the detector optical axis and the
illumination beam.

Corneal reflection
(virtual image of
illuminatorsource)

Corneal

center of Center of pupil
curvature AN K
+ v gx Eye optical axis

d=ksin @

To illumination source
and detector

accounted for (43,44), but would add to the time and effort
required to calibrate an individual. Note also that the
pupil-to-corneal-reflection vector is less sensitive to eye
rotation than either of the individual features. A 5° eye
rotation, from an initial position in which the pupil and
corneal reflections are aligned, causes the pupil and cor-
neal reflection images to separate by only ~ 0.4mm,
whereas the pupil center moves ~ 1 mm.

The equations given above describe the major effect, but
not all secondary effects, and are not precise. For example,
the cornea is not perfectly spherical, the eyeball does not
rotate about a perfectly stable central point, and the pupil
image is slightly magnified by the refractive power of the
cornea. To the extent that secondary effects are large
enough to be detected, they are often accounted for by
the results of an empirical calibration procedure, as dis-
cussed later.

The range of gaze angles that can be measured by
the pupil to corneal reflection technique is limited by the
range over which the corneal reflection remains visible to
the detector. In the horizontal axis, this range is usually
~ T0° visual angle for a given illumination source and
sensor pair. It is usually less in the vertical axis due to

Kk, = 1/2 corneal radius of curvature
=kysin?
(d-ky)=ksin @
] d=ksin 6- ky
Pupil center

» Eye optical axis

To detector

Corneal reflection

To illumination source
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occlusion of either the pupil or corneal reflection by the
eyelids. The range can be extended by using multiple
illumination sources, at different positions, to create multi-
ple corneal reflections, but the system must be able to
uniquely recognize each reflection even when not all are
visible.

Eye Orientation as a Function of Relative First and Fourth
Purkinje Image Positions (CR/4PI)

As described by Cornsweet and Crane (45), the first and
fourth Purkinje images can also be used for dual feature
tracking. The same type of arcsine relation applies, but
with d the apparent distance between the two Purkinje
images, and with % equal to the distance between the cor-
neal center of curvature and the posterior lens surface
center of curvature. The technique has the advantage that
the Purkinje image positions can be more precisely defined
than the pupil center. In addition, the separation of the
posterior lens surface and corneal centers of curvature
(~ 6 mm) is greater than that between the pupil and cor-
neal centers of curvature (~ 4.2mm), yielding greater
sensitivity to eye rotation than the pupil to corneal reflec-
tion technique. Drawbacks are that the fourth Purkinje
image is relatively dim and difficult to find, and is only
visible within the iris opening.

Eye Orientation as a Function of Relative Pupil or Iris and
Facial Landmark Positions

The relative position of the pupil or iris and a facial land-
mark can also be used to measure eye orientation. This is
sometimes done when image magnification and resolution
is such that the smaller Purkinje images cannot be reliably
detected, or the relative motion of the pupil and corneal
reflection cannot be sufficiently resolved. Since the facial
landmark does not move with eye rotation, the governing
relationship is described by

0 = arcsin( (d—d;)/r)

where d is the distance (in the camera image plane) from
the facial landmark to the pupil or iris center, d; is the
distance (also in the camera image plane) from the facial
landmark to the eye center of rotation, r is the distance
from the pupil or iris center to the eyeball center of rota-
tion, and 6 is the angle of the eye optical axis with respect to
the detector. If the head rotates with respect to the detec-
tor, d; will appear to shorten, in the direction perpendicular
to the rotation axis, by an amount proportional to the
cosine of the rotation angle. Advantages over other dual
feature techniques are greater sensitivity (larger change of
the measured quantity for a given eye rotation), and the
possibility of identifying the features in wider, less magni-
fied images. Disadvantages are that facial image features
are not stable, but usually move at least slightly as a
function of facial muscle activity, and head orientation
must also be measured or must remain stable with respect
to the detector. Zhu and Yang (40) describe a dual feature
technique using the relative position of the canthus and
iris; and Tomono et al. (41) describe an algorithm for using

the relative position of the pupil, and a computed position
of the center of the eyeball.

EYE ORIENTATION AS A FUNCTION OF FEATURE SHAPE

It is also possible to extract eye orientation information from
feature shape. A circle (e. g., the pupil outline or outer
boundary of the iris) appears elliptical if viewed from an
angle. As the circle tilts, the minor axis of the ellipse, which
is perpendicular to the axis of rotation, appears shortened by
the cosine of the rotation angle. A major drawback to using
pupil or iris ellipticity as an orientation measure is that, due
to symmetry considerations, the direction of rotation about
the rotation axis remains ambiguous. A second major lim-
itation is that the underlying cosine function has a shallow
slope at small angles resulting in poor sensitivity.

EYE ORIENTATION AS A FUNCTION OF REFLECTIVITY
PATTERN MOVEMENT

Different structures on the eye, primarily the pupil, iris,
and sclera have different reflectivity properties. As the eye
rotates this reflectivity pattern moves, and that property
can be exploited to measure eye movement. Movement of
the reflectivity pattern can be detected with small numbers
of individual photodetectors, and this, in turn, makes it
possible to achieve relatively high temporal bandwidth.
The technique was pioneered by Torok et al. (46) and Smith
and Warter (47), using a photomultiplier as the detector, and
further developed by Stark and Sandberg (48), Wheeless
et al. (49), Young (50), Findlay (51) and Reulen et al. (52).
The most prominent contrast feature in the pattern is
generally produced by the boundary between the iris
and sclera. Therefore, devices that use small arrays of
photodetectors to measure motion of this pattern are often
called limbus trackers.

The iris sclera boundary is easily visible along the
horizontal axis, but along the vertical axis it is usually
obscured by the eyelids. In fact the boundary between the
eyelids and iris are often the most prominent reflectivity
boundaries along the vertical axis. The eyelids do tend to
move in proportion to vertical eye motion, and are useful as
measures of vertical eye position; but motion of the reflec-
tivity pattern remains a much less dependable function of
vertical (as opposed to horizontal) eye rotation.

In principle, reflectivity pattern tracking is similar to
single feature tracking. As with single feature tracking,
any movement of the sensors with respect to the eye
produces erroneous measurements.

MEASURING POINT-OF-GAZE IN THE PRESENCE
OF HEAD MOTION

Dual feature techniques, such as the pupil to corneal
reflection method, permit computation of gaze direction
with respect to a detector. However, head motion may still
need to be measured in order to accurately determine the
point of gaze on other objects in the environment.

First, consider an example in which the head is free to
move with respect to a stationary detector, and the task is
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Figure 11. Relationship, in one plane, between point-of-gaze on a
flat scene and relative eye, detector, and scene positions. (From
Ref. 26.)

to measure point of gaze on other stationary objects in the
environment. This is illustrated by the two dimensional
example in Fig. 11. The point of gaze, defined by x, is
dependent not only on 6, which can be measured by one
of the dual feature tracking methods previously described,
but also on ¢ and d;, which define head position. If head
motion is small compared to distance to the detector and
scene surface, then changes in head position will have little
effect and can be ignored.

If the location of the eye in the environment space can be
independently measured, and if the detector and
scene surface positions are known with respect to the same
environment space, the following general algorithm can be
used to determine point of gaze on a surface. Use a dual
feature technique to determine direction of the gaze vector
with respect to the detector, and knowledge of the detector
orientation to express this as a direction in the environ-
ment space. Use the gaze direction and known start point
(the location of the eye in space) to write the parametric
equation for a line in the environment coordinate space.
Use knowledge of the scene surface position to solve for the

Apparent point of gaze in scene camera image

Scene camera

B\

Parallax error

D—
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intersection of a line and a plane. Ohno et al. (29) describe a
version of this strategy.

Next, consider an example in which the detector is
fastened to headgear worn by the subject. Single as well
as dual feature techniques may be adequate to measure
gaze direction with respect to the head (although single
feature methods will have larger errors if there is any
slippage of the headgear). In order to find point-of-gaze
on objects in the environment it is clearly necessary to
know the position and orientation of the head with respect
to those objects. The following strategies can be used.

1. A second camera can be mounted to the head gear so
that it shares the same reference frame as the eye
sensor, but points toward the subject’s field of view.
Point-of-gaze can be indicated as a cursor superim-
posed on the image from this scene camera.

2. Light-emitting diodes (LEDs) or other special emit-
ters can be fastened to an object in the environment,
such as the bezel of a computer monitor, and detected
by head mounted sensors to locate the object in the
head reference frame. Measurement of gaze in the
head reference frame can then be related to position
on that object.

3. A separate head tracking system can be used to
measure head position and orientation with respect
to the environment. This information can then be
used to compute the location and direction of the gaze
vector in the environment coordinate frame. If the
locations of surfaces are also known in the same
environment reference frame, it is possible to solve
for the intersection of a line (line-of-gaze) with a
surface, to find point-of-gaze on various surfaces in
the environment. A general method for doing this
computation is described in Appendix E of Leger
et al. (8). Duchowski (53) also describes specific algo-
rithms for handling this type of task.

In the case of the head mounted scene camera described
above, it is important to be aware of possible parallax error.
The scene camera is usually not viewing the scene from
exactly the same vantage point as the eye being tracked. As
shown in Fig. 12, eye rotation angle data can be mapped to

Line along which point of gaze
will be mapped in scene
camera field of view

Line of gaze
</
Eye Actual point of gaze
Scene plane Calibration plane

Figure 12. Parallax error when gaze direction is mapped (calibrated) to a scene camera image

plane that is different from the plane being fixated.
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Figure 13. Use of a beam splitter to minimize scene camera
parallax.

the scene camera image plane at a particular image plane
distance, but the relation changes as the image plane
distance changes. The resulting parallax error can be
easily corrected if there is knowledge of the distance, from
he subject to the gaze point. The parallax error may be
negligible if the distance to the gaze point is large compared
to the distance of the scene camera from the eye. It is also
possible, as shown in Fig. 13, to minimize parallax by
bending the scene camera optical path with a beam splitter,
such that the scene camera has the same vantage point as
the eye being measured (54).

If a person with normal ocular function is fixating a
point not infinitely far away, the lines of gaze from the two
eyes should converge. If the gaze angles of both eyes are
measured with head mounted optics, the intersection of
the two lines-of-gaze theoretically indicates the three-
dimensional (3D) point-of-gaze in space, with respect to
a head fixed coordinate system. If head position and orien-
tation are known, this can be transformed to a position in
environment space. Duchowski (53) describes an algorithm
for this computation. It should be noted that, in practice,
the measured lines-of-gaze from the two eyes will almost
never intersect. Neither the measurement nor the system
being measured is infinitely precise. The discrepancy can
be resolved as follows. Consider the two planes that are
parallel to the “vertical” axis of the head and which contain
the gaze vector from each of the two eyes. If the two lines-of-
gaze converge, these two planes will intersect along a line,
which is also intersected by the line-of-gaze from each eye.
The 3D point-of-gaze can be chosen to be either of these
intersection points or a point half way between the two.

As the point-of-gaze moves farther from the head, the
vergence angle (the angle formed by the gaze vector from
each eye) diminishes. The relation is reasonably sensitive
at close distances. As distances become longer, a very small
change in vergence corresponds to an increasingly large
change in distance, and moderate measurement noise or
error in the eye tracker may result in a very noisy or
inaccurate point of gaze computation.

MEASUREMENT OF TORSIONAL EYE MOVEMENT

Optical measurement of torsional eye movement was first
accomplished by offline photographic analysis techniques

and later by tracking artificial marks placed on the eye. For
example, Edelmann (55) created a visible mark by sand-
wiching a human hair between two contact lenses. Use of
standard surgical markers, applied just outside the limbus,
has also been reported (56), although this requires that a
local anesthetic be applied to the cornea.

Over the last decade or so it has become practical to
make real time measurements using the patterns that
are naturally visible on the iris, as captured by CCD or
CMOS cameras. This has generally been done either by
using a cross-correlation technique, or a template-matching
scheme to compare the iris over sequential video frames.
The first method, first described by Hatamian and
Anderson (57), and further developed and automated by
Clarke et al. (58) and Bucher et al. (5§9), cross-correlates
the pixel sequence from a 1 pixel wide path around the
pupil, sampled from each video frame, with that from an
initial reference frame.

It is important that the same strip of iris be sampled
each time, so unless the eye is stationary in the two
nontorsional degrees of freedom, the pupil center must
be accurately tracked. Even so, at eccentric eye positions,
geometric image distortions can cause errors. The points on
the iris that form a circle on the camera image plane when
the subject looks directly at the camera, begin to form a
more elliptical shape on the camera image plane as the
subject looks farther away from the camera. Moore et al.
(60), and Peterka et al. (61) describe a method for avoiding
this type of error by correctly computing the projection of
the eye onto the camera image plane and empirically
solving for parameters that correspond to physical charac-
teristics of the eye or eye-to-camera geometry. A template-
matching scheme described by Groen (62) and further
developed by Zhu et al. (63) is also designed to minimize
geometrical perspective errors by tracking distinctive land-
marks on the iris. Changes in pupil diameter can affect the
pattern of radial markings on the iris and lead to some
torsion measurement error. Guillemant et al. (64) des-
cribes a technique using neural network software to iden-
tify the pupil and iral patterns for torsion measurement.

CALIBRATION

Most eye tracking systems require a practical method to
relate a measured quantity, such as the relative position of
the pupil and corneal reflection, to a desired quantity, such
as point of gaze on a particular scene space. The underlying
relationships behind several techniques for measuring eye
orientation have been presented in preceding sections. In
practice, however, eye tracking systems often rely on com-
pletely empirical techniques to map the measured quantity
to gaze points on a scene space. The measured quantity is
recorded as a subject looks at several known points in the
scene space and either a polynomial curve fit, an inter-
polation scheme, or some combination is used to map
(transform) one to the other.

The process of gathering data to compute the transform
is referred to as the calibration. In this way, the precise
physical dimensions, such as the corneal radius of curva-
ture or angle between the optical and visual axis of the eye,



and precise geometrical relationships between detectors,
illumination sources and scene surfaces do not have to be
explicitly determined. Rather, these relations are automa-
tically incorporated in the implicitly determined function.

Theoretically, the calibration transformation can
remove any systematic error that is a function of the
measured variables. More calibration data points allow
higher order polynomial transforms or more interpolation
points, and usually improve the result, but with diminish-
ing returns. Too many calibration points also result in a
time consuming and onerous procedure. Systems often
require subjects to look at either five or nine target points,
and rarely > 20. In some cases, precise knowledge of the
geometrical relation between components, along with
knowledge of the underlying mechanism, can be used to
reduce the number or calibration points required while
preserving accuracy. Ohno et al. (29) describes a scheme
using this type of strategy.

A cascaded polynomial curve fit scheme, used with pupil
to corneal reflection method eye trackers, is described by
Sheena and Borah (43). The same paper describes a method
to account for changes in pupil position associated with
change in pupil diameter. A 2D interpolation scheme is
described by McConkie (65), and Kliegle and Olson (66).
Possible variations are unlimited, and available systems
employ a wide variety of calibration schemes. Sometimes,
in order to further reduce systematic error, the users of
commercially produced eye trackers add their own calibra-
tion and transform process onto data that has already been
processed by the manufacturer’s calibration and transform
scheme. Jacob (67) and Duchowsky (53) describe specific
examples.

Amir et al. (68) describe a method for using two cameras
and illumination sources to compute the location of the eye
optical axis with no calibration requirement. The pupil and
corneal reflection images, on each camera, can be used to
determine a plane that must contain the eye optical axis.
The intersection of the two planes, one computed from each
camera image, defines the optical axis. The orientation of
the visual axis relative to the optical axis of the eye varies
across the population, however, and this uncertainty can-
not be removed without requiring at least one calibration
point.

If eye tracker optics are head mounted, the calibration
transform is often designed to map gaze to the image plane
of a head mounted scene camera or a similar imaginary
plane that travels with the head. Head position and orien-
tation measurements can then be combined with this
result, as described in the previous section, to derive the
line-of-gaze in space, and to compute its intersection with
known surfaces.

COMPATIBILITY WITH EYEGLASSES AND CONTACT
LENSES

Eye glasses may present mechanical problems for systems
that require sensors to be very close to the eye. Systems
having sensors that are farther away and that view the eye
through the spectacle lens must contend with mirror reflec-
tions from the spectacle lens and frame, or obstruction by
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elements of the frame. Distortion of the image by the
spectacle lens usually does not present a significant pro-
blem since such effects are removed by the calibration
scheme. The biggest reflection problem is often posed by
the illumination source that is part of the eye tracking
system, especially since the sensor must be sensitive in the
spectral region of this light. Antireflective coatings are
usually not good enough to eliminate the problem.

The position of the specular reflection (mirror image of
the illumination source) is determined by the incidence
angle of the illumination beam with the spectacle lens
surface, and it is often possible to position the source so
that the specular reflection does not cover a feature of
interest, although this can become more difficult in the
case of very high power (high curvature) spectacle lenses. If
the specular reflection is not occluding an important fea-
ture, but is still in the sensor field of view, the system must
be able to distinguish the features of interest from the
specular reflection without confusion. This ability varies
among systems, but video based systems can often be used
successfully with eyeglasses.

Contact lenses also are often tolerated well by optical
eyetracking devices, but may sometimes present the fol-
lowing problems. An edge of the contact lens may some-
times be visible or generate a bright reflection, and may
confuse feature recognition, especially if the edge inter-
sects a feature of interest.

When a light source reflection from the outer surface of
the contact lens is visible to the detector, it usually appears
to replace the first Purkinje image (corneal reflection). This
is not a problem for systems that use the corneal reflection,
so long as the visible corneal reflection is always the
reflection from the contact lens. Although the contact lens
surface will have a slightly different position and curvature
than the cornea, the difference in the motion of this reflec-
tion from that of the real corneal reflection is easily
accounted for by whatever calibration scheme is used.
However, if the contact lens moves so that the reflection
appears to fall off the edge of the contact lens and onto the
cornea, there will be a shift in the computed gaze position.
Hard contact lenses, which tend to be relatively small and
float about on the tear film, are more likely to cause this
problem than the larger soft lenses.

The contact lens surface may be less reflective than the
cornea, resulting in a dimmer first Purkinje image, and
making detection more difficult.

ILLUMINATION SAFETY

Most eye trackers that use optical sensors also include a
means to illuminate the eye, usually with nonlaser light at
the lower end of the near-infrared (IR-A) spectral region.
The IR-A region spans the wavelengths between 770 and
1400 nm. To prevent harming the eye, it is important to
avoid excessively heating the cornea and lens, and to avoid
focusing too much energy on too small a spot on the retina.

The American Conference of Governmental Industrial
Hygienists (ACGIH) suggests the following safety criteria
for extended exposure to nonlaser, near-IR light (69). To
protect the cornea and lens from thermal injury, irradiance



14 EYE MOVEMENT, MEASUREMENT TECHNIQUES FOR

at the eye should be no >10mW-cm 2 To protect the
retina, near-IR radiance, expressed in units of W-(cm? -
sr)~ %, should be limited to no > 0.6/a, where o is the angular
subtense, in radians, of the source as seen by the subject.

Various safety standards are specified by many other
organizations, including the American National Standards
Institute (ANSI), The U. S. Food and Drug Administration
(FDA), the International Electrotechnical Commission
(IEC), and others, although some of these are intended
specifically for laser sources. A comprehensive review of
light safety issues can be found in a book by Sliney and
Wolbarsht (70).

SPECIFIC IMPLEMENTATIONS OF OPTICAL TECHNIQUES

Photo Electric, Reflectivity Pattern (Limbus) Trackers

There are a small number of commercially available sys-
tems that use a photo electric reflectivity pattern (limbus)
tracking technique to measure eye movements. Figure 14
shows a schematic for a basic system measuring horizontal
eye position. The difference in the signal received by
the two photodetectors is roughly proportional to the
horizontal position of the reflectivity pattern across the
eye, with the most prominent feature of the pattern being
the contrast between the white sclera and darker iris
(limbus). Modulation of the LED, typically at 2kHz or
higher, and corresponding demodulation of photosensor
signals diminishes the effect of ambient light. The signal
is low pass filtered to remove modulation artifacts; and is
either scaled and linearized with analog controls, or
sampled and processed digitally, in order to scale and
linearize the values.
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Figure 14. Schematic showing simple reflectivity pattern
(limbus) tracker for horizontal measurement. (Adapted from a
diagram in Ref. 8.)

Vertical position can be measured by orienting a similar
LED and sensor array vertically, instead of horizontally.
The results are less dependable because the high contrast
iris to sclera boundary is often obscured by the eyelids.
Alternately, vertical position is measured by aiming the
horizontally oriented LED and sensor array at the bound-
ary between the eye and the lower eyelid, and summing
(instead of differencing) the photodetector signals. The
result is really a measure of lower eyelid position, and
takes advantage of the fact that the lower eyelid moves
roughly in proportion to vertical eye motion. In either case,
the vertical measurement is less accurate and less repea-
table than the horizontal measure.

The LED and photosensors are positioned within ~ 2 cm
of the eye, and are mounted to a head band, goggles, or
spectacle frames. The detector assembly inevitably
obscures some of the visual field. Since the reflectivity
pattern moves more or less as would a landmark on the
eyeball surface, a 1 mm shift of the optics on the head is
expected to produce an error of ~5°. There is often a
distinct cross-talk effect. The horizontal measurement
values are affected by vertical eye position, and visa versa.
If vertical eye position is also measured, the calibration
transform can attempt to correct cross-talk.

System bandwidth is limited, primarily, by the low pass
filtering needed due to the modulation scheme, and is
typically 50-100 Hz. If the signal is processed digitally,
sample rates are often at least 1000 Hz. It is possible to
achieve resolutions of >0.05° visual angle. While band-
width and resolution are very good, accuracy is somewhat
undependable because of headgear slippage affects, cross-
talk effects, and, especially in the vertical axis, eye lid
effects. Accuracy of 1° along a horizontal axis and 2° along a
vertical axis may be achievable over a short period, but
errors of several degrees would not be unusual, especially
over longer periods or in the presence of vigorous head
motion. Devices that use one LED and two photo sensors
for a given axis tend to become very nonlinear, and difficult
to calibrate over > 30 or 40° in either axis. The range can be
extended somewhat by using multiple LEDs and sensors
for each axis. Neither torsional eye movements, nor pupil
diameter is measured.

Photoelectric, reflectivity pattern (limbus) trackers are
best suited to measure dynamics of horizontal eye move-
ments as opposed to point of regard measurement, although
they are sometimes used for point of regard measurement as
well. Systems in this category are commercially available
from Applied Science Laboratories Bedford, MA (71), Cam-
bridge Research Systems Ltd, UK (20), and Optomotor
Laboratory, Freiburg, Germany (72).

Cambridge Research Systems offers a version of their
device designed for use in fMRI environments. In this case,
the LEDs and photodiodes are located outside of the mag-
net bore, and connected to the eye piece, within the magnet
bore, via fiber optic cables (20).

Dual Purkinje Image Measurement (CR/4PI)

A technique was described by Cornsweet and Crane (45)
and further developed by Crane and Steele (73,74) in which
the eye is illuminated with a modulated IR source, and
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servo controlled mirrors are used to image the first and
fourth Purkinje images onto solid state quadrant detectors.
Demodulated, analog signals from the quadrant detectors
are used, in separate feed back loops, to move the mirrors
and keep the images centered on the detectors. The result-
ing mirror positions constitute measures of the feature
positions, and can be used to compute eye rotation with
respect to the optics.

A schematic representation of the system is shown in
Fig. 15. The entire optics platform is mounted to a servo
controlled XYZ stage, which automatically moves to opti-
mize overall system alignment. A hot mirror beam splitter
is used to direct light to and from the optical unit, which is
positioned off to one side of the subject. By looking through
the beam splitter, the subject has an unimpeded view of the
forward visual field. Not shown in the simplified schematic
is an autofocus mechanism, implemented with a beam
splitter, off axis aperture, and bicell detector, in the first
Purkinje image optical path.

The subject’s motion is usually restricted with a head rest
or bite bar assembly. Because the fourth Purkinje image is
visible only through the iris opening, measurement range is
restricted to about + 10° visual angle, although this can be
extended to about + 15° by using drops to dilate the pupil.
Accuracy is ~ 1 min of arc, and the sampling rate is 1000 Hz.
Using a model eye, Crane and Steele (74) empirically mea-

sured a bandwidth of ~ 500 Hz (for small eye movements of
several degrees), noise levels of 20 arc-s rms, response delay
of 0.25 ms, and linear tracking of slew rates up to ~2000°-s.
The manufacturer of a current version of the device
specifies a bandwidth of 400 Hz and a 1 ms response time
(75).

Although the subject’s motion is restricted and the mea-
surement range is small, the accuracy, precision and tem-
poral bandwidth are exceptionally good. The Dual Purkinje
image eye-tracking device can provide a precise enough and
fast enough measurement, for example, to allow another
device to effectively stabilize an image on the retina (74).
Neither torsional eye movement nor pupil diameter is mea-
sured, but it is possible to attach an infrared optometer,
which provides a real-time, analog measure of changes in
eye accommodation (75). An updated version of the device
described by Crane and Steele (74) is offered commercially
by Fourward Technologies, Inc, Buena Vista, VA. (75).

Systems Using Two-Dimensional Video Sensor Arrays

Eye tracking devices that use 2D CCD or CMOS sensor
arrays exist in wide variety, and are commercially available
from numerous sources. The term video oculography (VOG)
is often used to describe this type of system. Most current
systems in this category use the pupil to corneal reflection
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Figure 16. Schematic showing the basic functional architecture
of most video-based eye tracking systems.

technique (CR/Pupil) to measure gaze direction, but there
are exceptions. Some systems designed primarily to mea-
sure ocular torsion might rely on a fixed position of the head
with respect to the sensor, and use only pupil position to
correct for gaze direction changes. Some systems that nor-
mally use the pupil-to-corneal reflection technique have
options to measure with only pupil position or only corneal
reflection position under certain circumstances. Other sys-
tems are designed to measure the position of the head in
space, and use a camera (or cameras) with a wide-angle view
on which the corneal reflection can not easily be resolved.
These systems may use the pupil position relative to a facial
feature to compute gaze direction.

Note that a pupil-only or corneal-reflection-only mea-
surement offers some advantages if it can be assured that
the head does not move with respect to the camera. Pupil
and corneal reflection motion have greater sensitivity to
eye rotation than the pupil-to-corneal reflection vector, and
the measurement is therefore more precise (less noisy).

Figure 16 is a functional diagram consistent with most
current video-based eye tracking systems. The functions
may be distributed among physical components in various
ways, and a separate head tracking system may or may not
be included.

Some systems input video from the eye camera to PC
memory via a USB or firewire connection, either directly
from a camera with compatible output, or via a video—
firewire converter. The PC CPU then does all the proces-
sing. Alternately, a frame grabber installed on the PC may
be used to digitize a composite video signal. In some cases,
the resulting digitized signal is processed by the PC, or in
other cases, a frame grabber that also has image processing
capabilities may do some portion of the processing before
making a reduced information set available to the PC. In
still other cases, the eye video is input to a completely
custom processing board or board set, often populated with
some combination of field programmable gate array
(FPGA) and digital signal processing (DSP) components.
The custom processor may do virtually all of the processing
or may send a reduced data set to a PC. Other workstations

may be used in place of the PCs referred to above. In short,
there is enormous variety possible. Systems that support
> 60 Hz update rates often make some use of custom pro-
cessing components to help achieve the high speed.
Although not yet capable of the same temporal bandwidth
as several other types of system, camera based systems are
now available with high enough update rates to make them
useful for study of eye movement dynamics. Video-based
systems almost always measure pupil diameter as a bypro-
duct of computations for eye rotation measurement, and
these systems are sometimes used as pupillometers.

The two main subcategories within this group are head
mounted systems, having the sensor and small optics
packages mounted to headgear; and remote systems,
relying on optics mounted to the environment (table,
instrument panel, etc.). In both cases these are often used
as real time point of regard systems. The following sections
describe video based, head mounted and remote eye track-
ing systems, respectively; followed by a section describing
systems designed to handle the special problem of opera-
tion in MRI devices.

Head Mounted, Video Based Systems. Head mounted
sensors are often designed to view a reflection of the eye
from a beam splitter, as shown in Fig. 17, so that the
sensor, lens, and illumination source need not be in the
subject’s field of view. The beam splitter is coated to be a hot
mirror, very reflective in the near-IR, but not in the visible
spectrum. In some cases, however, the module containing
the sensor is positioned on a stalk (Fig. 18), so that it can
obtain a direct view of the eye. Illumination is most often
provided by one or more near infrared LEDs. Both dark-
pupil and bright-pupil type optics are represented among
available systems.

The image of the eye produced by a head mounted
sensor yields information about eye orientation with
respect to the head. In other words, line of gaze is measured
in the head reference frame. In some cases, this is the
desired quantity, but in other cases the desired measure-

Figure 17. The head mounted module directly over the subject’s
right eye contains both a camera and illuminator, which are aimed
down at the tilted, hot mirror beam splitter. The camera views a
reflection of the eye from the hot mirror. The module just to the
nasal side of the eye camera module is a scene camera, aimed
toward the subject’s field of view. (Courtesy of Applied Science
Laboratories, Bedford, MA.)



Figure 18. Head mounted camera and illuminator module is
mounted on a stalk, and is aimed directly at the eye. (Courtesy
of SR Research, Inc. Ontario.)

ment is point of gaze in the environment. In order to find
point of gaze on objects in the environment, it is necessary
either to detect the positions of those objects with respect to
the head, or to detect the position and orientation of the
head with respect to the environment containing the
objects. Techniques for accomplishing this were discussed
in the previous section titled “Measuring point of gaze in
the presence of head motion”. All of these methods have been
used by commercially available, pupil-corneal reflection-
type systems.

Head tracking devices commonly used with head
mounted eye trackers include magnetic systems that mea-
sure the position and orientation of a small, head gear
mounted, set of coils with respect to a larger set of sta-
tionary coils; optical systems that use head mounted sen-
sors to detect moving laser beams from a stationary source;
and a system which uses a head mounted inertial package
for high frequency measurements, corrected by lower fre-
quency measurements from ultrasonic emitter—receiver
pairs (8).

Head tracking systems capable of sufficient 6 degree of
freedom accuracy usually restrict subject to 1 or 2m of
movement. Applications requiring a subject to walk or run
a significant distance usually rely on a head mounted scene
camera to capture information about point of gaze on the
environment. There are available systems that allow sub-
jects to move about with no physical connection to sta-
tionary components while either recording data on a
recording device attached to the subject, or using wireless
transmission to send data to a base station.

Systems intended for neurological testing are usually
concerned with eye movement with respect to the head
rather than point of gaze in the environment. Some of these

EYE MOVEMENT, MEASUREMENT TECHNIQUES FOR 17

systems measure ocular torsion as well as measuring gaze
direction with either pupil-to-corneal-reflection or pupil
position techniques.

Measurement accuracy, of head mounted, video-based,
eye trackers, tends to be from ~ 0.5-1.0° visual angle, with
resolutions varying from 0.01 to 0.1° visual angle. Mea-
surement range is 60—70° visual angle in the horizontal
axis and usually ~ 20° less in the vertical axis due to eye lid
interference. These figures refer to measurement of gaze
direction with respect to the head. The measurable field of
view with respect to the environment is unrestricted
because subjects are free to turn their heads and bodies.
Measurement update rates range from 25 to 360 Hz, with
at least one commercially available system offering 500 Hz
with pupil-only (as opposed to pupil-to-corneal-reflection)
measurements.

When a head mounted eye tracker is used in combina-
tion with a head tracking device, in order to measure point
of gaze in the environment, error in the final measurement
is increased due to noise and error in the head position and
orientation measurement. The result can vary widely
depending on the particular combination of equipment
being used and the conditions under which measurements
are being made. It is probably not unreasonable to expect
additional errors corresponding to ~0.2—-1.0° visual when
using a head mounted eye tracker to measure point of gaze
on elements in the environment. Conditions that create
difficulties for either the eye or head tracking components,
for example a heavily metallic environment when using a
magnetic head tracker, or occlusion of the pupil image by
reflection from some external light source, may cause
errors to increase dramatically or make the measurement
impossible.

Manufacturers of systems that include ocular torsion
measurement usually specify torsion measurement range
of 18-20°, resolution of ~ 0.1°, and linearity between 1 and
4% of full scale. Video-based, head mounted systems, using
the pupil to corneal reflection measurement technique,
currently allow point of gaze measurement in the most
diverse environments, and with the greatest freedom of
subject motion and measurable field of view. They do not
have as high a temporal bandwidth as scleral search coil,
double Purkinje image, EOG, or reflectivity (limbus) track-
ing systems, and are not as accurate or precise as scleral
search coil, or double Purkinje image systems. They do
require that the subject wear head gear, but the size and
obtrusiveness of the headgear has been steadily reduced
over the past decade. It is becoming practical to use this
type of system in ever more flexible and varied settings.
The amount and severity of subject motion, the amount of
variation in ambient light environment, and the length of
time over which continuous measurements must be made,
all tend to trade off somewhat against the accuracy and
dependability of the measurements.

Video-based eye trackers, with head mounted optics, are
offered commercially by: Alphabio, France (76); Applied
Science Laboratories, Bedford, MA (71); Arrington
Research, Inc., Scottsdale, AZ (77); Chronos Vision GmbH,
Berlin, Germany (78); Guymark UK Ltd, UK (22); EL-MAR
Inc, Downsview, ON (79); ISCAN, Inc., Burlington, MA
(80); Neuro Kinetics Inc. Pittsburgh, PA (24); SensoMotoric
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Insturments GmbH, Berlin, Germany (81); and SR
Research Ltd, Osgoode, ON (82).

Head mounted systems that measure ocular torsion are
available from: Alphabio, France (72); Arrington Research,
Inc, Scottsdale, AZ (77); Chronos Vision GmbH, Berlin,
Germany (78); Neuro Kinetics Inc. Pittsburgh, PA (24);
and SensoMotoric Insturments GmbH, Berlin, Germany
(81).

Remote, Video-Based Systems. Remote (nonhead
mounted) systems have one or more videosensors and
illumination sources that are fixed to the environment
and aimed toward the subject. The optics may sit on a
table next to or underneath a monitor being viewed by the
subject, may be mounted on a vehicle (or vehicle simulator)
instrument panel, or mounted to the environment in some
other way. Both bright and dark pupil optics are used. In
the case of bright pupil optics, the illuminator may be a ring
of LEDs placed close enough to the lens to produce the
bright pupil effect, an LED actually mounted over the front
of the lens so that it blocks only a small portion of the lens
surface, or a beam splitter arrangement like that shown in
Fig. 6.

Some system configurations require the subject’s head
to be stabilized. This maximizes achievable accuracy and
dependability. A chin and forehead rest, or cheek and
forehead rest are commonly used, although these do allow
a small amount of head motion. A bite bar with a dental
impression can be used to completely stabilize the head. In
the case of nonhuman primate research the head is often
stabilized by other means appropriate for neural recording.
The camera, lens, and illumination sources can all be
stationary (after manual positioning) and may safely be
designed with a field of view just large enough to comfor-
tably accommodate pupil and corneal reflection motion due
to eye rotation. If the subject’s head is sufficiently stabi-

Eye camera lens surrounded by
illuminator ring (near infra red LEDs)

Wide angle, locating
camera lens

Moving camera unit ~

Stationary base—" 1

lized there is no need to differentiate between eye rotation
and head translation, and, as previously discussed, there is
a precision advantage to using a pupil-only (rather than
pupil-to-corneal-reflection) measurement. Some systems
allow a choice between pupil-to-corneal-reflection and
pupil-only or corneal-reflection-only measurement.

Alternately, the eye camera field of view may be wide
enough to accommodate the motions of a seated subject
who is not restrained, but is voluntarily remaining still. If
the subjects are provided with feedback, so that they know
when they are moving out of the legal space, it is only
necessary to allow ~5cm of head motion.

Many remote systems are designed to allow enough
head motion to accommodate normal motions of a person
working at a computer terminal or driving a car, and so on.
This is accomplished either by dynamically rotating the
camera optical axis so that it always points toward the eye
being tracked, by using a camera field of view wide enough
to accommodate the desired head motion, using multiple
cameras, or some combination of these. Head motion
toward and away from the eye camera must either be small
enough to remain within the lens system depth-of-field, or
must be accommodated by an autofocus mechanism.
Figure 19 shows an example of an eye camera that auto-
matically moves in azimuth (pan) and elevation (tilt) to
follow the eye as the head moves about. Figure 20 is an
example of a camera with a moving mirror used to direct
the optical path, and Fig. 21 shows a system with station-
ary sensor and illumination components in an enclosure.

Systems with a moving camera or moving mirrors often
use a closed loop control, based on the detected position of
the pupil in the camera field of view. The moving element is
driven to move the image toward center. If the pupil is
completely lost from the camera field of view, the system
may execute a search pattern, use information from a
separate head tracking system to reacquire the eye, or

Figure 19. Example of a remote eye tracker optics
module that moves in azimuth (pan) and elevation
(tilt) to keep a telephoto eye image within the camera
field of view. (Courtesy of Applied Science Labora-
tories, Bedford, MA.)



Figure 20. Example of a remote eye tracker optics
module that uses a moving mirror to keep a telephoto
eye image within the camera field of view. The optics
module is shown with its cover removed. (Courtesy of
Applied Science Laboratories, Bedford, MA.)

require that a human operator intervene to reacquire the
eye image. Such systems can have a relatively narrow eye
camera field of view, thus maximizing image resolution for
the features of interest. The disadvantage is the need for
moving parts, and the possibility of failing to maintain the
eye image in the camera field of view.

Systems that do not require moving parts have a sig-
nificant advantage in terms of system simplicity and
dependability. Furthermore, there is the possibility of
using the same image to measure head position and to
track the movement of both eyes. The trade-off is that as
the field of view is increased, resolution is reduced (the
pupil and corneal reflection are imaged onto fewer pixels)
and the features of interest must be identified within a
larger, more complex image.

Figure 21. Example of a remote eye tracker optics module using
stationary wide angle optics. Sensor, lens, and illumination com-
ponents are within the enclosure. (Courtesy of Tobii Tehnology AB,
Stockholm, Sweden.)
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Moving mirror

The pupil-to-corneal-reflection method alone can be used
to determine gaze angle with respect to the eye camera.
However, in the presence of significant head motion, this is
not sufficient to accurately determine point of gaze on other
surfaces. Some remote systems use head trackers to find the
position of the eye in space, and use the information to more
accurately compute point of gaze on other stationary sur-
faces. Head position information can also be used to help aim
moving cameras or mirrors. The same types of head tracker
mentioned in the previous section, as being appropriate for
use with head mounted eye trackers, are sometimes used in
conjunction with remote eye trackers.

In the case of remote eye trackers, it is also possible to
use one or more wide angle cameras to locate the head and
eyes. The head tracking camera (or cameras) may be
separate from the eye tracking camera, or alternately,
the same cameras (or cameras) may be used for both.

At present, remote systems that offer > 60 Hz update
rates either require the head to be stabilized, or use a
narrow field image that is dynamically directed to follow
head motions. Systems that use stationary wide-angle
optics typically update at 60 Hz or less, probably because
of the extra processing required for feature recognition in
the more complex wide-angle image. Systems that either
require the head to be stabilized or direct a narrow field of
camera to follow head motion are available with update
rates of up to 360Hz. As with head mounted systems,
higher update rates result in lower signal/noise ratios
for the sensor.

For configurations that stabilize the subject’s head,
accuracy of remote, video-based eye tracking systems tends
to be ~ 0.5-1.0° visual angle, with resolutions varying from
0.01 to 0.1° visual angle. When a remote eye tracker is used
to measure point of gaze on a stationary surface, and head
motion is allowed, some additional error can be expected. If
no attempt is made to account for head motion, the equa-
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tion in Fig. 11 can be used to estimate the amount of error
expected from a given change in head position. If an
attempt is made to correct for head movement, the amount
of additional error depends on the accuracy of the head
position measurements, and the way the information is
used in the point-of-gain computation, as well as the range
of head motion. It is probably not unreasonable to expect an
additional 0.5-1.5° of error when there is significant head
motion. Data may also have additional error, or even be
briefly lost, during fast head motion, due to instability of
the eye image on the eye-camera field of view.

Remote systems using one eye-camera and one illumi-
nation source, and the pupil-to-corneal-reflection method,
can generally measure gaze directions that are within
~ 25-35° visual angle from the eye-camera lens. At more
eccentric angles the corneal reflection is either not visible
to the eye camera, or easily confused with multiple reflec-
tions from the sclera. The exception is that when line of
gaze is below the eye-camera, the upper eyelid often begins
to occlude part of the pupil. The amount of eye lid occlusion
under this condition varies from subject to subject.
Furthermore, different eye tracking systems, using differ-
ent recognition and center computation algorithms, are
tolerant of different amounts of occlusion. This often limits
measurement range to 5-10° visual angle below the eye-
camera, and for this reason, the environment is usually
arranged with the eye-camera at the bottom of the scene
space that is of interest. The result is a horizontal gaze
measurement range of ~ 50-70° visual angle, and a vertical
range of ~ 35—-45°.

The range of measurable gaze directions, using the
pupil-to-corneal-reflection method, can be increased by
using multiple illumination sources (and thus multiple
corneal reflections). The horizontal range can be increased
to as much as 90° by widely spacing illumination sources.
Only a more modest range expansion is possible in the
vertical axis because of eyelid interference.

Remote, video-based, eye trackers, offer the possibility
of measuring eye movement very unobtrusively. Unlike
head mounted systems, nothing need be worn by the sub-
ject (unless using a type of head tracker that requires a
head mounted sensor), and the optics can be hidden from
obvious view by a filter that is transmissive in the near-IR.

Eye tracker
optics module
(shown with front
cover removed)

Magnet (cutaway view)

The range of subject motion and measurable field of view is
significantly more restricted than for systems with head
mounted optics, although less so than for most other
techniques. Measurement accuracy, resolution, and tem-
poral bandwidth are not as good as that available with the
much more restrictive and obtrusive double Purkinje
image method, or scleral search coil method.

Remote, video-based, eye movement measurement sys-
tems are commercially available from: Applied Science
Laboratories, Bedford, MA (71); Arrington Research,
Inc., Scottsdale, AZ (77); Cambridge Research Systems
Ltd, UK (20), ISCAN, Inc., Burlington, MA (80); LC Tech-
nologies Inc., Fairfax, VA (83); Metrovision, Pérenchies,
France (23), Seeing Machines, Canberra, Australia (84);
SensoMotoric Insturments GmbH, Berlin, Germany (81);
SR Research Ltd, Osgoode, ON (82); and Tobii Technology
AB, Stokholm, Sweeden (85).

Video-Based Systems for use in Conjunction with f MRI.
There are commercially available, video-based eye tracker
systems, which use the pupil-to-corneal-reflection method,
and are specifically configured to be used in conjunction
with fMRI measurements of brain activity.

During fMRI measurements, the subject’s head and
torso are inside the main MRI magnet bore, and a smaller
head coil is placed fairly closely around the subject’s head.
The head coil always has an opening over the subject’s eyes,
and there is usually some provision for the subject to look at
a visual display, often with the help of a mirror or set of
mirrors. The environment is challenging because there is
not much room in which to arrange an optical path from the
subject’s eye to a camera, and also because any electronic
equipment used must operate in a high magnetic field,
without creating even small amounts of magnetic field
noise that would interfere with the MRI measurement.

One approach is to use a camera equipped with a tele-
photo lens, and placed outside of the magnet. The camera is
aimed down the magnet bore, and views a reflection of the
eye on a small mirror placed inside of the magnet, near the
subject’s head. The optical path length from the camera
lens to the eye is typically at least 2.5—-3 m, necessitating a
fairly large telephoto lens, and powerful illumination
source. An example is shown in Fig. 22, and is similar to

Rear projection screen

Figure 22. Example of eye tracker
optical path in an fMRI system. The
drawing shows the magnet in cut-
away view. One mirror, just above
the subject’s face, reflects the eye

' image to the eye tracker camera,
while another allows the subject to
f{ view a stimulus on a rear projection

screen. Many variations to this
arrangement are used, including
configurations in which both the
projection screen and eye tracker
optics module are at the same end
of the magnet. (Courtesy of Applied
Science Laboratories, Bedford, MA.)



a setup described by Gitleman et al. (86). The system
shown is using a bright pupil technique, so there is only
one coaxial path for both the camera and illumination
beam. In this case, a second mirror allows the subject to
look at a display screen. Many variations of both the eye
camera and display screen optical paths are possible.

Other systems bring the eye image out of the magnet, to
the sensor, with a coherent, fiber optic bundle. This has the
advantage of not requiring large, telephoto optics, but the
resolution of fiber bundles are limited and light is attenu-
ated somewhat unevenly by the individual fibers that
comprise the bundle. Fiber optics may also be used to relay
the output from an illumination source into the magnet. It
is possible to place a small camera inside the magnet, but it
can be difficult to avoid some interference with the mag-
netic field and resulting degradation of the fMRI measure-
ment.
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Video-based, eye tracking systems designed for use
during fMRI measurement, are commercially available
from Applied Science Laboratories, Bedford, MA (71);
Arrington Research, Inc., Scottsdale, AZ (77); ISCAN,
Inc., Burlington, MA (80); and SensoMotoric Insturments
GmbH, Berlin, Germany (81).

COMPARISON OF EYE MOVEMENT MEASUREMENT
TECHNIQUES

Table 1 is an abbreviated comparison of the various tech-
niques discussed.

An earlier, but comprehensive and still pertinent review
of eye movement measurement techniques, can be found in
Young and Sheena (87). A book by Duchowski (53) presents
a detailed treatment of many aspects of eye tracking

Table 1. Summary of Most Prevalent Eye Tracking Techniques®

Typical
Reference Typical
Method Typical Applications Typical Attributes Frame(s) Performance
EOG Dynamics of saccades High bandwidth head static accuracy: ~3-7°
smooth pursuit Eyes can be closed resolution: with low pass
nystagmus In expensive filtering and periodic
Drift problem (poor position rezero, virtually infinite
accuracy) bandwidth: ~100 Hz
Requires skin electrodes -
otherwise unobtrusive
Scleral Coil Dynamics of saccades, Very high accuracy and Room accuracy:~0.2°
smooth pursuit, precision resolution: ~1 arc min.
nystagmus Invasive range: ~ 30°
Miniature eye movements Very obtrusive bandwidth: ~200 Hz
Point of gaze High bandwidth
Scan path
Torsion
Limbus Dynamics of saccades, High bandwidth head gear accuracy: varies
(using small smooth pursuit, Inexpensive resolution: 0.1° (much
number of nystagmus Poor vertical accuracy better res. possible)
photo Point of gaze Obtrusive (sensors close to eye) range: ~30°
sensors) Scan path Head gear slip errors update rate: 1000
samples/s
CR/Pupil Point of gaze Minimal head gear slip error Head gear accuracy: ~1°
Line of gaze Unobtrusive Room resolution: ~ 0.2° hor.
Scan path Low to medium Cockpit range:~50°
Dynamics of eye bandwidth vert. range: ~40°
movements (only with Problems with sunlight update rate: 50 or 60
subset of systems offering Wide variety of configurations samples/s.
high update rates) and environments Update rates up to 360
Torsion (available only samples/s available on
on some systems) some systems (higher for
pupil only measurement);
CR/4PI Dynamics of saccades, Very high accuracy and precision Room accuracy: ~1 arc min.

smooth pursuit,
nystagmus

Miniature eye movements

Point of gaze

Scan path

Image stabilization on
retina

Accommodation

High bandwidth

Obtrusive (large optics package,

restricted head motion)
Limited range

resolution: < 1 arc min
range: ~20°
bandwidth: ~400 Hz

“Adapted from Ref. 8.
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methodology. The journal Computer Vision and Image
Understanding has devoted an entire special edition to
developments in optical eye tracking, with an emphasis
on real-time, nonintrusive techniques (88). A database of
commercially available eye movement measurement
equipment is available at a web site hosted by the Uni-
versity of Derby (89).
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