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INTRODUCTION

The problem of human-computer interaction can be viewed as two powerful information

processors (human and computer) attempting to communicate with each other via a narrow-

bandwidth, highly constrained interface [23]. To address it, we seek faster, more natural, and

more convenient means for users and computers to exchange information. The user’s side is

constrained by the nature of human communication organs and abilities; the computer’s is con-

strained only by input/output devices and interaction techniques that we can invent. Current

technology has been stronger in the computer-to-user direction than user-to-computer, hence

today’s user-computer dialogues are rather one-sided, with the bandwidth from the computer to

the user far greater than that from user to computer. Using eye movements as a user-to-

computer communication medium can help redress this imbalance. This chapter describes the

relevant characteristics of the human eye, eye tracking technology, how to design interaction

techniques that incorporate eye movements into the user-computer dialogue in a convenient and

natural way, and the relationship between eye movement interfaces and virtual environments.

Eye Movements and Virtual Environments

As with other areas of research and design in human-computer interaction, it is helpful to

build on the equipment and skills humans have acquired through evolution and experience and

search for ways to apply them to communicating with a computer. Direct manipulation
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interfaces have enjoyed great success largely because they draw on analogies to existing human

skills (pointing, grabbing, moving objects in space), rather than trained behaviors. Similarly,

we try to make use of natural eye movements in designing interaction techniques for the eye.

Because eye movements are so different from conventional computer inputs, our overall

approach in designing interaction techniques is, wherever possible, to obtain information from

a user’s natural eye movements while viewing the screen, rather than requiring the user to

make specific trained eye movements to actuate the system. This requires careful attention to

issues of human design, as will any successful work in virtual environments. The goal is for

human-computer interaction to start with studies of the characteristics of human communication

channels and skills and then develop devices, interaction techniques, and interfaces that com-

municate effectively to and from those channels. We thus begin with a study of the charac-

teristics of natural eye movements and then attempt to recognize appropriate patterns in the raw

data obtainable from the eye tracker, turn them into tokens with higher-level meaning, and

design interaction techniques for them around the known characteristics of eye movements.

This approach to eye movement interfaces meshes particularly well with the field of vir-

tual environments. The essence of virtual environment and other advanced interface

approaches is to exploit the user’s pre-existing abilities and expectations. Navigating through a

conventional computer system requires a set of learned, unnatural commands, such as keywords

to be typed in, or function keys to be pressed. Navigating through a virtual environment

exploits the user’s existing ‘‘navigational commands,’’ such as positioning his or her head and

eyes, turning his or her body, or walking toward something of interest. By exploiting skills

that the user already possesses, advanced interfaces hold out the promise of reducing the cogni-

tive burden of interacting with a computer by making such interactions more like interacting

with the rest of the world. The result is to increase the user-to-computer bandwidth of the

interface and to make it more natural. An approach to eye movement interaction that relies
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upon natural eye movements as a source of user input extends this philosophy. Here, too, the

goal is to exploit more of the user’s pre-existing abilities to perform interactions with the com-

puter.

Moreover, eye movements and virtual environments both exemplify a new, non-command

style of interaction. Some of the qualities that distinguish such interfaces from more conven-

tional types of interaction are shared by other newly emerging styles of human-computer

interaction that can collectively be characterized as ‘‘non-command-based.’’ In a non-

command-based dialogue, the user does not issue specific commands; instead, the computer

passively observes the user and provides appropriate responses to, for example, movement of

his or her eyes, head, or hands. Non-command-based interfaces will also have a significant

impact on the design of future user interface software, because of their emphasis on continuous,

parallel input streams and real-time timing constraints, in contrast to conventional single-thread

dialogues based on discrete tokens.

BACKGROUND

Physiology and Psychology of Eye Movements

If acuity were distributed uniformly across the visual field, it would be far more difficult

to extract meaningful information from a person’s eye movement. Instead, receptors are distri-

buted across the retina of the eye in a highly non-uniform way. The fovea, located near the

center of the retina, is densely covered with receptors, and provides much higher acuity vision

than the surrounding areas. The fovea covers approximately one degree field of view, that is, a

one-degree angle with its vertex at the eye, extending outward into space. Outside the fovea,

acuity ranges from 15 to 50 percent of that of the fovea. This peripheral vision is generally

inadequate to see an object clearly; for example, to read a word of text generally requires that

it be viewed foveally. It follows, conveniently for eye tracking purposes, that in order to see
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an object clearly, one must move the eyeball to make that object appear directly on the fovea.

A person’s eye position as measured by an eye tracker thus gives a positive indication of what

he or she is viewing clearly at the moment. Though the density of foveal receptors is not uni-

form, it is sufficiently high over its approximately one degree area that one can obtain a clear

view of an object anywhere in that area It follows, inconveniently for eye tracking purposes,

that it is not possible to tell where within that approximately one-degree circle the person is

looking. In fact, a person is able to pay attention to smaller area than the entire fovea and

move this attention around within the fovea without making any eye movements. Thus, no

matter how accurately an eye tracker can measure the eyeball position, we can infer the user’s

attention only to within the one-degree width of the fovea. Further, the relationship between

what the person is viewing and what he or she is mentally processing is less straightforward,

and, in particular, there can be brief time lags between the two. The eyeball is held in place by

three pairs of opposing muscles, which provide motion in an up-down direction, left-right

direction, and rotation around an axis from the fovea to the pupil. Interestingly, these six mus-

cles provide little or no proprioceptive feedback to the brain; feedback comes in the form of

changes to the image on the retina caused by the eye movements themselves.

The eye does not generally move smoothly over the visual field. Instead, it makes a

series of sudden jumps, called saccades, along with other specialized movements [8, 25]. The

saccade is used to orient the eyeball to cause the desired portion of the visual scene fall upon

the fovea. It is a sudden, rapid motion with high acceleration and deceleration rates. It is

ballistic, that is, once a saccade begins, it is not possible to change its destination or path. A

saccade can cover from 1 to 40 degrees of visual angle, but most typically covers 15 to 20

degrees; it typically takes 30-120 milliseconds. The visual system is greatly suppressed

(though not entirely shut off) during the saccade. Since the saccade is ballistic, its destination

must be selected before movement begins; since the destination typically lies outside the fovea,
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it must be selected by lower acuity peripheral vision. If an object that might attract a saccade

suddenly appears in peripheral vision, there is a 100-300 ms. delay before the saccade occurs.

There is also a 100-200 ms. minimum refractory period after one saccade before it is possible

to make another one.

More typically, a saccade is followed by a fixation, a period of relative stability during

which an object can be viewed. Even during a fixation, the eye does not remain completely

still, but engages in several types of small motions, generally within a one-degree radius. It

drifts slowly, then is corrected by a tiny saccade-like jump (a microsaccade), which corrects the

effect of the drift. In addition, it exhibits a high-frequency tremor, much like the noise in an

imperfect servomechanism attempting to hold a fixed position. Fixations typically last between

200 and 600 ms., after which another saccade will occur.

Smooth motion of the eye occurs only in response to a moving object in the visual field.

This smooth pursuit motion follows the moving object and is much slower than a saccade.

Despite the introspective sensation that they eye is moving smoothly, this motion does not

occur when viewing a static scene (or computer screen); it requires a moving stimulus.

Another, more specialized eye movement is called nystagmus. It occurs in response to

motion of the head (particularly spinning) or viewing a moving, repetitive pattern. It is a

sawtooth-like pattern of smooth motion that follows an object across the visual field, followed

by a rapid motion in the opposite direction to select another object to follow, as the first one

moves too far to keep in view. The motions described thus far are generally made by both

eyes in tandem; the eyes also move differentially, making vergence movements to converge on

an object. They point slightly toward each other when viewing a near object and more parallel

for a distant object. Finally, torsional rotation occurs about an axis extending from the fovea

to the pupil and is thus not detectable by a conventional eye tracker. It seems to depend on

neck angle and other factors.
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Despite introspective sensation to the contrary, one’s eye is rarely stationary. It moves

frequently as it fixates different portions of the visual field; even during a fixation it makes

small motions; and it seldom remains in one fixation for long. In fact, if the effect of eye

movements is negated by creating a fixed image on the retina (as the eye moves, the image

moves with it) the image will appear to fade from view after a few seconds [19]. Normal eye

movements prevent such fading from occurring outside the laboratory. Visual perception of

even a static scene appears to require the artificial changes we induce by moving our eyes

about the scene. The case of a user sitting in front of a desktop computer display is generally

similar to viewing a static scene. We should expect to see steady (but somewhat jittery)

fixations, connected by sudden, rapid saccades. We should not expect stationary periods longer

than approximately 600 ms. We should not expect smooth motions unless a moving object

appears in the display; and we are unlikely to observe nystagmus, vergence, or torsional rota-

tion. For example, the history of 30 seconds of eye movements exhibited by a user working at

a computer is shown in Figure 1. It contrasts sharply with a typical history of 30 seconds of

mouse movements for most users.

Previous Work

There is a large and interesting body of research using eye tracking, but the majority of

the work has concentrated on using eye movement data to provide a window on the operation

of cognitive processes within the brain or of the eye movement control mechanism itself

[12, 17]. Research of this type involves retrospective analysis of a subject’s eye movements;

the eye movements have no effect during the experiment itself. Our interest, in contrast, is in

using eye movements to effect the user-computer dialogue in real time. There is a much

smaller body of research and practice for this situation, much of it concentrated on helping dis-

abled users, such as quadriplegics, who can move their eyes much more effectively than they

could operate any other computer input device [9, 14, 15]. Because their ability to operate
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other devices is limited or nonexistent, the eye movement interface need perform only

minimally well to provide a significant benefit to such users. Another similar situation occurs

for a user whose hands are occupied, such as an airplane pilot. However, these cases hold the

eye movement interface to a fairly low standard of performance, since the user has no compet-

ing alternative input media. An interface that would normally be rejected as too slow, awk-

ward, or unnatural might still be effective in these cases. We seek instead to use eye tracking

to provide an effective input method for a user whose hand might be resting on a mouse, who

is fully able and available to operate the mouse, but who will find the eye movement based

interface better, that is, faster, more convenient, or more natural.

There is a much smaller body of previous research in this area of eye movements, begin-

ning with that of Richard Bolt, who has demonstrated innovative uses of eye movements in

user-computer dialogues [1, 2, 21]. Floyd Glenn [6] demonstrated the use of eye movements

for several tracking tasks involving moving targets. Ware and Mikaelian [24] reported an

experiment in which simple target selection and cursor positioning operations were performed

approximately twice as fast with an eye tracker than a mouse.

Perhaps the work most pertinent to ours is that of Starker and Bolt, which uses natural,

real-time eye movements to affect the outcome of a user-computer dialogue. Their system

‘‘Analyzes the user’s patterns of eye movements and fixations in real-time to make inferences

about what item or collection of items shown holds most relative interest for the user. Material

thus identified is zoomed-in for a closer look and described in more detail via synthesized

speech.’’ Their system displays a planet from the book, The Little Prince. In it, if the user

glances around the scene in a general way, a general description of the planet is provided. If,

however, the user looks at a pair of staircases, shifting glances between them, the system infers

that the user is interested in staircases as a group rather than one specific one, and it provides

an appropriate commentary. If the user glances principally at one staircase, then the commen-
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tary would describe that one specifically. ‘‘The generality or specificity of the system’s narra-

tive is a function of the scope and focus of the user’s attention, whether wide and covering a

group of items...or focused in upon some single thing, as inferred from the user’s pattern of

eye fixations.’’ [21]

Another area where eye movements have been used in real-time interfaces is to create the

illusion of a larger and higher resolution image than can actually be rendered. This has been

demonstrated for flight simulator displays [22], and discussed for head-mounted displays. With

this approach, the portion of the display that is currently being viewed is depicted with high

resolution, while the larger surrounding area (visible only in peripheral vision) is depicted in

lower resolution. If the eye tracker is good enough (and/or the coverage of the high-resolution

inset is large enough), the user cannot detect the difference between this arrangement and the

large, high-resolution display it emulates. Here, however, the eye movements are used essen-

tially to simulate a better display device; the user’s eye movements do not alter the basic user-

computer dialogue, as we wish to do.

TECHNICAL DESCRIPTION

Eye Tracking Technologies

A variety of technologies have been applied to the problem of eye tracking. Some are

more suited to laboratory experiments or medical diagnosis than user-computer dialogues.

Further details on this and the other eye tracking methods discussed here can be found in [25].

One of the least expensive and simplest eye tracking technologies is recording from skin

electrodes, like those used for making ECG or EEG measurements. Because the retina is so

electrically active compared to the rest of the eyeball, there is a measurable potential difference

between it and the cornea. Electrodes are placed on the skin around the eye socket, and can

measure changes in the orientation of this potential difference. However, this method is more
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useful for measuring relative eye movements (which require only AC skin electrode measure-

ments) than absolute position (which requires more difficult DC measurements). It can cover a

wider range of movement than other tracking technologies, but gives poor accuracy (particu-

larly in absolute position). This method is principally useful for diagnosing neurological prob-

lems revealed in the nystagmus eye movements.

The most accurate, but least user-friendly technology uses a physical attachment to the

front of the eye. A non-slipping contact lens is ground to fit precisely over the corneal bulge,

and then slight suction is applied (mechanically or chemically) to hold the lens in place. Once

the contact lens is attached, the eye tracking problem reduces to tracking something affixed to

the lens, and a variety of means can be used. The lens may have a small mechanical lever, a

magnetic coil, or a mirror, all of which can be tracked reliably. This method is obviously prac-

tical only for laboratory studies, as it is very awkward, uncomfortable, and interferes with

blinking. It also covers a limited range of eye movements. However, it provides accurate data

about the nature of human eye movements, which can be used to design effective interaction

techniques and to make corrections to the data obtained from more practical, but less accurate

tracking technologies.

Most practical eye tracking methods are based on a non-contacting camera that observes

the eyeball plus image processing techniques to interpret the picture. The position of the eye-

ball can be identified by tracking one of its visible features. For example, the boundary

between the sclera (white portion of the front of the eye) and iris (colored portion) is easy to

find, but only a portion of it usually remains visible at one time. The outline of the pupil

against the iris is a good choice if implemented properly. The eye is usually illuminated by

barely-visible infrared light, so as not to be disturbing. Under infrared illumination, blue eyes

appear dark and may make the black pupil difficult to identify. Shadows, dark eyelashes, and

eyebrows may also interfere with identification of the black pupil. This can be alleviated with
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sophisticated image processing and pattern recognition techniques or, more simply, by

illuminating the eye with a light that is coaxial with the camera. Under such illumination, the

pupil appears as a bright disk, usually much brighter than surrounding features, regardless of

eye color. For retrospective analysis, these approaches can be applied to movies or video tapes

of the eye image. For real time analysis, the same approach is applied to a live video image of

the eye.

As described, this approach measures the position of the front of the eyeball in space.

For human-computer dialogues, we wish to measure visual line of gaze, a line radiating for-

ward in space from the eye and indicating what the user is looking at. To illustrate the differ-

ence, suppose the eye tracker detected a small lateral motion of the pupil. It could mean either

that the user’s head moved in space (and his or her eye is still looking at nearly the same

point) or that the eye rotated with respect to the head (causing a large change in where the eye

is looking). One solution is to hold the head absolutely stationary, to be sure that any move-

ment detected represents movement of the eye, rather than the head moving in space. This

approach is used in laboratory experiments, but it requires a bite board, rather than a chinrest

for good accuracy.

The more practical approach is to use simultaneous tracking of two features of the eye

that move differentially with respect to one another as the line of gaze changes. This allows

head movements (the two features move together) to be distinguished from eye movements (the

two move with respect to one another). The head no longer need be rigidly fixed; it need only

stay within camera range (which is quite small, due to the extreme telephoto lens required).

The technique is to shine a collimated beam of infrared light at the front surface of the eyeball,

producing a bright glint or corneal reflection, which moves less than the pupil as the eyeball

rotates in its socket. The same infrared illumination can provide the corneal reflection and the

bright pupil described earlier. The corneal reflection and outline of the pupil are then observed



- 11 -

by the same video camera; image processing hardware or software analyzes the image to iden-

tify a large, bright circle (pupil) and a still brighter dot (corneal reflection) and compute the

center of each. Then absolute visual line of gaze is computed from the relationship between

these two points. The temporal resolution of this approach is generally limited to the video

frame rate (in particular, it cannot generally capture the dynamics of a saccade). A related

method used in the SRI eye tracker [3] tracks the corneal reflection plus the fourth Purkinje

image (reflection from rear of lens of the eye); the latter is dim, so bright illumination of the

eye is needed. The reflections are captured by a photocell, which drives a servo-controlled

mirror with an analog signal, avoiding the need for discrete sampling. Hence this method is

not limited by video frame rate. The technique is accurate, fast, but very delicate to operate; it

can also measure accommodation (focus distance).

Current eye tracking technology is, thus, becoming suitable for ordinary users in settings

outside the laboratory. Most of the methods discussed are more suitable for laboratory experi-

ments, but the corneal reflection-plus-pupil outline approach is appropriate for normal computer

users, since nothing contacts the subject and the device permits his or her head to remain

unclamped. The eye tracker sits several feet away from the subject, and head motion is res-

tricted only to the extent necessary to keep the pupil of the eye within view of the camera. A

servomechanism pans and focuses the camera to follow the eye as the subject’s head moves.

Under ideal conditions, the subject can move within approximately one cubic foot of space

without losing contact with the eye tracker. An alternative configuration, less convenient for

normal office use, but more useful in virtual environments, is to mount a miniature version of

the camera and light source directly on the user’s head. That approach is described further in

the next section.

This type of equipment is manufactured commercially in both the head-mounted and

remote configurations; in our laboratory at NRL, we use an Applied Science Laboratories
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(Waltham, Mass.) Model 4250R pupil to corneal reflection eye tracker [16, 25]. Figure 2

shows the components of this type of eye tracker. In our laboratory, the user sits at a conven-

tional desk, with a 19" Sun computer display, mouse, and keyboard, in a standard office chair.

The eye tracker camera/illuminator sits on the desk next to the monitor. Other than the illumi-

nator box with its dim red glow, the overall setting is thus far just like that for an ordinary

office computer user. In addition, the room lights are dimmed to keep the user’s pupil from

becoming too small. The eye tracker transmits the x and y coordinates for the user’s visual

line of gaze every 1/60 second, on a serial port, to a Sun computer. The Sun performs all

further processing, filtering, fixation recognition, and some additional calibration. Software on

the Sun parses the raw eye tracker data stream into tokens that represent events meaningful to

the user-computer dialogue. Our user interface management system, closely modeled after that

described in [10], multiplexes these tokens with other inputs (such as mouse and keyboard) and

processes them to implement the user interfaces under study.

We find that we can generally get two degrees accuracy quite easily, and sometimes can

achieve one degree (or approximately 0.4" or 40 pixels on the screen at a 24" viewing dis-

tance). The eye tracker should thus be viewed as having a resolution much coarser than that of

a mouse or most other pointing devices, perhaps more like a traditional touch screen. An addi-

tional problem is that the range over which the eye can be tracked with this equipment is fairly

limited. In our configuration, it cannot quite cover the surface of a 19" monitor at a 24" view-

ing distance. One further wrinkle is that the eye tracker is designed for use in experiments,

where there is a ‘‘subject’’ whose eye is tracked and an ‘‘experimenter’’ who monitors and

adjusts the equipment. Operation by a single user playing both roles simultaneously is some-

what awkward because, as soon as you look at the eye tracker control panel to make an adjust-

ment, your eye is no longer pointed where it should be for tracking. Figure 3 shows the eye

tracker in use in our interaction technique testbed.
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Improvements in performance and cost of eye tracking equipment have come rather

slowly in recent years. The accuracy of an eye tracker that is useful in a real-time interface is

limited by the size of the fovea, since a user generally need not position his or her eye more

accurately than the width of the fovea (about one degree) to see an object sharply. Finer accu-

racy from an eye tracker might be needed for eye movement research, but not for our purpose.

The eye’s normal jittering further limits the practical accuracy of eye tracking. It is possible to

improve accuracy by averaging over a fixation, but not in a real-time interface. The accuracy

of the best current eye trackers approaches one-degree useful limit imposed by the diameter of

the fovea. However, stability and repeatability of the measurements leave much to be desired.

In a research study it is acceptable if the eye tracker fails very briefly from time to time; it may

require that an experimental trial be discarded, but the user need not be aware of the problem.

In an interactive interface, though, as soon as it begins to fail, the user can no longer rely on

the fact that the computer dialogue is influenced by where his or her eye is pointing and will

thus soon be tempted to retreat permanently to whatever backup input modes are available.

While eye trackers have dropped somewhat in price, their performance in this regard has not

improved significantly. Performance does not appear to be constrained by fundamental limits,

but simply by lack of effort in this area, due to its narrow market [25].

Most eye tracking techniques measure line of gaze, but not accommodation or focus, i.e.,

the specific point along the line of gaze at which the user has focused. For a user sitting in

front of a flat display screen, this information is usually obvious. In addition, it is customary

to track only one eye, since the two eyes generally point together,

Eye Trackers in a Virtual Environment

As an alternative to the remote camera and illuminator, a much smaller version of the

camera and collimated light source can be mounted on the user’s head, attached to a headband

or helmet. The eye tracker then reports the angle of the user’s eye with respect to his or her
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head. A separate magnetic tracker (such as a Polhemus tracker) measures head orientation, and

the two data sources together can be used to determine the line of gaze in physical space. In

virtual space, however, the head, eye tracker, and display itself all move together, so the head

orientation information is not needed to determine line of gaze. The eye tracker range is the

same as with the remote camera, but allowing head motion greatly expands overall range of the

device, allowing the user to look anywhere around him or her, rather than on a single display

screen. In addition, the relationship between camera and eye is more nearly constant with the

head-mounted eye camera, offering the promise of better stability of eye tracking measure-

ments. In our laboratory, we use a headband-mounted camera and light source as an alterna-

tive to the remote unit; the two produce similar video images of the eye and plug into the same

video processing equipment. For many applications, the head-mounted camera assembly, while

not heavy, is much more awkward to use than the remote configuration. However, in a virtual

environment display, if the user is already wearing a head-mounted display device, the head-

mounted eye tracker adds little extra weight or complexity. The eye tracker camera can obtain

its view of the eye through a beam splitter, so it need not obscure any part of the user’s field

of view. Depending on the display optics, some careful engineering may be required so as not

to compromise very close viewing distances required by some wide-angle viewing optics; but

this appears to be a soluble problem.

INTERFACE DESIGN ISSUES

Problems in Using Eye Movements in a Human-computer Dialogue

The other half of the application of eye movement input is to make wise and effective use

of eye movements, ideally in a non-command-based style. Eye movements, like other passive,

non-command inputs (e.g., gesture, conversational speech) are often non-intentional or not

conscious, so they must be interpreted carefully to avoid annoying the user with unwanted
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responses to his actions. In eye movements, we call this the ‘‘Midas Touch’’ problem. The

problem with a simple implementation of an eye tracker interface is that people are not accus-

tomed to operating devices simply by moving their eyes. They expect to be able to look at an

item without having the look cause an action to occur. At first it is helpful to be able simply

to look at what you want and have it occur without further action; soon, though, it becomes

like the Midas Touch. Everywhere you look, another command is activated; you cannot look

anywhere without issuing a command. Eye movements are an example of how most of the

non-command, passive inputs will require either careful interface design to avoid this problem

or some form of ‘‘clutch’’ to engage and disengage the monitoring.

The simplest solution would be to substitute an eye tracker directly for a mouse. This is

unworkable because of the way the eye moves as well as because of the instability of existing

eye tracking equipment. Compared to mouse input, eye input has some advantages and disad-

vantages, which must all be considered in designing eye movement-based interaction tech-

niques:

First, as Ware and Mikaelian [24] observed, eye movement input is faster than other

current input media. Before the user operates any mechanical pointing device, he or she usu-

ally looks at the destination to which he wishes to move. Thus the eye movement is available

as an indication of the user’s goal before he or she could actuate any other input device.

Second, it is easy to operate. No training or particular coordination is required of normal users

for them to be able to cause their eyes to look at an object; and the control-to-display relation-

ship for this device is already established in the brain.

The eye is, of course, much more than a high speed cursor positioning tool. Unlike any

other input device, an eye tracker also tells where the user’s interest is focussed. By the very

act of pointing with this device, the user changes his or her focus of attention; and every

change of focus is available as a pointing command to the computer. A mouse input tells the
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system simply that the user intentionally picked up the mouse and pointed it at something. An

eye tracker input could be interpreted in the same way (the user intentionally pointed his or her

eye at something). But it can also be interpreted as an indication of what the user is currently

paying attention to, without any explicit input action on his or her part.

This same quality is the prime drawback of the eye as a computer input device. Moving

one’s eyes is often an almost subconscious act. Unlike a mouse, it is relatively difficult to

control eye position consciously and precisely at all times. The eyes continually dart from spot

to spot, and it is not desirable for each such move to initiate a computer command. Similarly,

unlike a mouse, eye movements are always ‘‘on.’’ There is no natural way to indicate when to

engage the input device, as there is with grasping or releasing the mouse. Closing the eyes is

rejected for obvious reasons—even with eye-tracking as input, the principal function of the

eyes in the user-computer dialogue is for communication to the user. Using blinks as a signal

is unsatisfactory because it detracts from the naturalness possible with an eye movement-based

dialogue by requiring the user to think about when to blink. Also, in comparison to a mouse,

eye tracking lacks an analogue of the built-in buttons most mice have. Using blinks or eye

closings for this purpose is rejected for the reason mentioned. Finally, the eye tracking equip-

ment is far less stable and accurate than most manual input devices.

During a single fixation, a user generally thinks he or she is looking steadily at a single

object—he is not consciously aware of the small, jittery motions. Therefore, the human-

computer dialogue should be constructed so that it, too, ignores those motions, since, ideally, it

should correspond to what the user thinks he or she is doing, rather than what his eye muscles

are actually doing. This requires filtering of the raw eye position data to eliminate the high-

frequency jitter, but at the same time we must not unduly slow response to the high-frequency

component of a genuine saccade.

In addition, a user may view a single object with a sequence of several fixations, all in
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the general area of the object. Since they are distinct fixations, separated by measurable sac-

cades larger than the jitter mentioned above, they would be tracked as individual fixations.

Following the same rationale, if the user thinks he or she is looking at a single object, the user

interface ought to treat the eye tracker data as if there were one event, not several. Therefore,

if the user makes several fixations near the same screen object, connected by small saccades,

the fixations are grouped together into a single ‘‘gaze,’’ following the approach of Just and

Carpenter [12]. Further dialogue processing is performed in terms of these gazes, rather than

fixations, since the former should be more indicative of the user’s intentions.

Instability is introduced into the output of the eye tracker whenever it fails to obtain an

adequate video image of the eye for one or more frames. This could mean that the user

blinked or moved his or her head outside the tracked region; if so, such information could be

passed to the user interface. However, it could also mean simply that there was a spurious

reflection in the video camera or any of a variety of other momentary artifacts. The two cases

may not be distinguishable; hence, it is not clear how the user interface should respond to brief

periods during which the eye tracker reports no position. The user may indeed have looked

away, but he or she may also think he is looking right at some target on the screen, and the

system is failing to respond.

Another simple interface design issue is whether the system should provide a screen cur-

sor that follows the user’s eye position (as is done for mice and other conventional devices). If

the eye tracker were perfect, the image of such a cursor would become stationary on the user’s

retina and thus disappear from perception. In fact, few eye trackers can track small, high-

frequency motions rapidly or precisely enough for this to be a problem, but it does illustrate

the subtlety of the design issues. Moreover, an eye-following cursor will tend to move around

and thus attract the user’s attention. Yet it is perhaps the least informative aspect of the

display (since it tells you where you are already looking). If there is any systematic calibration
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error, the cursor will be slightly offset from where the user is actually looking, causing the

user’s eye to be drawn to the cursor, which will further displace the cursor, creating a positive

feedback loop. We often observe this phenomenon. Of course, if the calibration and response

speed of the eye tracker were perfect, feedback would not be necessary, since a person knows

exactly where he or she is looking (unlike the situation with a mouse cursor, which helps one

visualize the relationship between mouse positions and points on the screen).

We have divided the problem of processing eye movement data into two stages. First we

process the raw data from the eye tracker in order to filter noise, recognize fixations, compen-

sate for local calibration errors and other characteristics and imperfections of the eye tracking

hardware, and generally try to reconstruct the user’s more conscious intentions from the avail-

able information. This processing stage converts the continuous, somewhat noisy stream of

raw eye position reports into discrete tokens (described below) that more closely approximate

the user’s intentions in a higher-level user-computer dialogue. In doing so, jitter during

fixations is smoothed, fixations are grouped into gazes, and brief eye tracker artifacts are

removed. The second half of the process is to provide design generic interaction techniques

based on these tokens as inputs. Because eye movements are so different from conventional

computer inputs, we achieve best results with a philosophy that tries, as much as possible, to

use natural eye movements as an implicit input, rather than to train a user to move the eyes in

a particular way to operate the system.

PROCESSING THE RAW EYE MOVEMENT DATA

Local Calibration

The first step in processing the raw data from the eye tracker is to introduce an additional

calibration process. The eye tracker calibration procedure produces a mapping that is applied

uniformly to the whole screen. No further calibration or adjustment should be necessary. In



- 19 -

practice, we found small calibration errors appear in portions of the screen, rather than sys-

tematically across it. We introduce an additional layer of calibration into the chain, outside of

the eye tracker computer, which allows the user to make local modifications to the calibration,

based on arbitrary points he or she inputs whenever he feels it would be helpful. The pro-

cedure is that, if the user feels the eye tracker is not responding accurately in some area of the

screen, he or she moves the mouse cursor to that area, looks at the cursor, and clicks a button.

That introduces an offset, which warps future eye tracker reports in the vicinity of the given

point, i.e., all reports nearer to that point than to the next-nearest local calibration point. (We

found this gave better results than smoothly interpolating the local calibration offsets.) The

user can do this at any time and in any position, as needed.

In our early experiments, this had the surprising effect of increasing the apparent response

speed for object selection and other interaction techniques. The reason is that, if the calibration

is slightly wrong in a local region and the user stares at a single target in that region, the eye

tracker will report the eye position somewhere slightly outside the target. If the user continues

to stare at it, though, his or her eyes will in fact jitter around to a spot that the eye tracker will

report as being on the target. The effect feels as though the system is responding too slowly,

but it is a problem of local calibration. The local calibration procedure results in a marked

improvement in the apparent responsiveness of the interface as well as an increase in the user’s

control over the system. Further resistance to calibration errors is provided by an algorithm

that accepts fixations outside a selectable object, provided they are fairly close to it and are

substantially closer to it than to any other selectable objects.

Fixation Recognition

The next step is to analyze the incoming data from the eye tracker and attempt to recon-

struct the user’s intentional fixations from the raw, jittery, imperfect data received. Such

imperfections are caused by both natural and artificial sources: the normal jittery motions of
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the eye during fixations as well as artifacts introduced when the eye tracker momentarily fails

to obtain an adequate video image of the eye.

A view of the type of data obtained from the eye tracker can be seen in Figure 4, which

plots the x coordinate of the eye position output against time over a relatively jumpy three-

second period. (A plot of the y coordinate for the same period would show generally the same

areas of smooth vs. jumpy behavior, but different absolute positions.) Zero values on the ordi-

nate represent periods when the eye tracker could not locate the line of gaze, due either to eye

tracker artifacts, such as glare in the video camera, lag in compensating for head motion, or

failure of the processing algorithm, or by actual user actions, such as blinks or movements out-

side the range of the eye tracker. Unfortunately, the two cases are indistinguishable in the eye

tracker output. During the period represented by Figure 4, this subject thought he was simply

looking around at a few different points on a CRT screen. Buried in these data, thus, are a few

relatively long gazes along with some motions to connect the gazes.

Such raw data are quite unusable as input to a human-computer dialogue: while the noise

and jumpiness do partly reflect the actual motion of the user’s eye muscles, they do not reflect

his intentions nor his impression of what his eyes were doing. The difference is attributable

not only to the eye tracker artifacts but to the fact that much of the fine-grained behavior of the

eye muscles is not intentional. The problem is to extract from the noisy, jittery, error-filled

stream of position reports produced by the eye tracker some ‘‘intentional’’ components of the

eye motions, which make sense as tokens in a user-computer dialogue.

One solution would be to use a simple moving average filter to smooth the data. It

improves performance during a fixation, but tends to dampen the sudden saccades that move

the eye from one fixation to the next. Since one of the principal benefits we hope to obtain

from eye motions as input is speed, damping them is counterproductive. Further, the resulting

smoothed data do not correctly reflect the user’s intentions. The user was not slowly gliding


