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Abstract

Eye tracking has long held the promise of being a useful
methodology for human-computer interaction ranging from
explicit control of computer interfaces to adaptive inter-
faces based on the user’s attentional state. A number of bar-
riers have stood in the way of the integration of eye track-
ing into everyday applications, including the intrusiveness,
robustness, availability, and price of eye-tracking systems.
To lower these barriers, we have developed the openEyes
toolkit. The toolkit consists of an open-hardware design for
a digital eye tracker that can be built from low-cost off-the-
shelf components and a set of open-source software tools for
digital image capture, manipulation, and analysis in eye-
tracking applications. We expect that the availability of this
toolkit will facilitate the development of eye-tracking ap-
plications and the eventual integration of eye tracking into
the next generation of everyday human computer interfaces.
We discuss the methods and technical challenges of low-
cost eye tracking as well as the design decisions that pro-
duced our current system. Finally, we discuss the bene ts of
an open-hardware and open-software approach as well as
ways we can facilitate the integration of eye-tracking tech-
niques into the next generation of human computer inter-
faces.

1. Introduction

Eye tracking has been primarily used in research systems
to investigate the visual behavior of individuals performing
a variety of tasks (for review see [2]). However, for some
time now, research has also been underway to examine the
use of eye movements in human computer interfaces [6].
Only to some very small degree has eye-tracking research
been integrated into consumer products. This lack of a more
widespread integration of eye tracking into consumer-grade
human computer interfaces can be attributed to the signi -
cant intrusiveness, lack of robustness, low availability, and
high price of eye-tracking technology. It is important that
these obstacles be overcome because HCI research clearly
indicates the potential of eye tracking to enhance the qual-
ity of everyday human-computer interfaces. For example,
eye tracking can allow users to control a computer though
the use of eye movements [6]. Eye typing is one such ap-
plication. Users with movement disabilities look at keys on
a virtual keyboard in order to interact with a computer that
they would otherwise be unable to use manually [8]. More-
over, icon selection in everyday graphical interfaces could
potentially be speeded with eye tracking given that when
users intend to select an icon, they typically locate it using
eye movements beforehand [13]. Eye movements can also
be used to adapt an interface to the user’s needs. For exam-
ple in video transmission and virtual reality applications,
gaze-contingent variable-resolution display techniques ac-
tively track the viewer’s eyes and present a high level of

Fi _ © . éd)

igure 1: Eye tracker: Generation 1. (a&b) CCDs and lens
mounts are mounted on a to a pair of modi ed safety glasses. (c)
The CCDs are separated from the processing board via wires such
that the processing boards can be located on a back pack. (d) A
laptop modi edto twithinasmall backpack. The laptop captures
and processes video from the cameras.

detail at the point of gaze while sacri cing level of detail in
the periphery [10, 11].

Although various eye-tracking technologies have been
available for many years (for review, see [15]), these tech-
niques have all been limited in a number of important ways.
The primary limitation, especially for application in con-
sumer products, is the invasiveness of eye-tracking systems.
Some techniques require equipment such as special contact
lenses, electrodes, chin rests, bite bars or other components
that must be physically attached to the user. These invasive
techniques can quickly become tiresome or uncomfortable
for the user. Video-based techniques have minimized this
invasiveness to some degree. Video-based techniques cap-
ture an image of the eye from a camera either mounted on
head gear worn by the user or mounted remotely. The re-
cent miniaturization of video equipment has greatly mini-
mized the intrusiveness of head-mounted video-based eye-
trackers [12, 1]. Furthermore, remotely located video-based
eye-tracking systems can almost be completely unobtrusive
(e.g., see [5, 9]), although at some cost to the robustness and
quality of the eye tracking.

The cost and availability of eye-tracking technology has
also limited its application. Until only recently, eye track-
ers were custom made upon demand by a very few select
production houses. Even today, eye-tracking systems from
these sources range in price from 5,000 to 40,000 US dol-
lars, and thus limit their application to high-end specialty
products. It is important to note however that the bulk of this
cost is not due to hardware, as the price of high-quality cam-
era technology has dropped precipitously over the last ten
years. Rather the costs are mostly associated with custom
software implementations, sometimes integrated with spe-



cialized, although inexpensive, digital processors, to obtain
high-speed performance. Moreover, customer support can
also contribute signi cantly to these nal purchase prices.
It is clear that to reap the potential bene ts of eye track-
ing in everyday human-computer interfaces, the develop-
ment of inexpensive and robust eye-tracking systems will
be necessary. Towards this goal, we have undertaken the de-
velopment of an eye tracker that can be built from low-cost
off-the-shelf components. We have iterated through a num-
ber of system designs and in this paper we describe these
systems as well our successes and failures in this process.
Although our system is ever evolving, we have arrived at a
minimally invasive, digital head-mounted eye tracker capa-
ble of an accuracy of approximately one degree of visual an-
gle. Aside from a desktop or laptop computer to processes
video, the system costs approximately 350 US dollars to
construct. As part of the openEyes toolkit, a step by step tu-
torial is provided that details the construction of our open-
hardware design. In this paper, we also describe our eye
tracking software. We make this software freely available in
the form of an open-source package as part of the openEyes
toolkit. We hope that the availability of software, ease of
construction and open design of our eye-tracking system
will enable interface designers to begin exploring the poten-
tial bene ts of eye tracking for human computer interfaces.
Furthermore, the exibility provided by our open approach
should allow system designers to integrate eye tracking di-
rectly into their system or product, an option not typically
feasible with equipment purchased from production houses
that use proprietary methods and software. We expect that
the availability of the openEyes toolkit will signi cantly en-
hance the potential that eye tracking will be incorporated
into the next generation of human-computer interfaces.

2. Video-based eye tracking

Two types of imaging processes are commonly used in eye
tracking, visible and infrared spectrum imaging [4]. Visible
spectrum imaging is a passive approach that captures ambi-
ent light re ected from the eye. In these images, it is often
the case that the best feature to track in visible spectrum im-
ages is the contour between the iris and the sclera known as
the limbus. The three most relevant features of the eye are
the pupil - the aperture that lets light into the eye, the iris -
the colored muscle group that controls the diameter of the
pupil, and the sclera, the white protective tissue that covers
the remainder of the eye. Visible spectrum eye tracking is
complicated by the fact that uncontrolled ambient light is
used as the source, which can contain multiple specular and
diffuse components. Infrared imaging eliminates uncon-
trolled specular re ection by actively illuminating the eye
with a uniform and controlled infrared light not perceivable
by the user. A further bene t of infrared imaging is that the
pupil, rather than the limbus, is the strongest feature contour

in the image; both the sclera and the iris strongly re ect in-
frared light while only the sclera strongly re ects visible
light. Tracking the pupil contour is preferable given that the
pupil contour is smaller and more sharply de ned than the
limbus. Furthermore, due to its size, the pupil is less likely
to be occluded by the eye lids. The primary disadvantage
of infrared imaging techniques is that they cannot be used
outdoors during the day time due to the infrared component
of sun light.

Infrared eye tracking typically utilizes bright-pupil or
dark-pupil techniques (however, see [9] for the combined
use of both bright and dark pupil techniques). Bright-pupil
techniques illuminate the eye with a source that is on or
very near the axis of the camera. The result of such illu-
mination is that the pupil is clearly demarcated as a bright
region due to the photore ective nature of the back of the
eye. Dark-pupil techniques illuminate the eye with an off-
axis source such that the pupil is the darkest region in the
image, while the sclera, iris and eye lids all re ect relatively
more illumination. In either method, the rst-surface spec-
ular re ection of the illumination source off of the cornea
(the outer-most optical element of the eye) is also visible.
This vector between the pupil center and the corneal re ec-
tion is typically used as the dependent measure rather than
the pupil center alone. This is because the vector difference
limits sensitivity to head movements.

The innovative work of Jeff Pelz and colleagues [12, 1]
at the Rochester Institute of Technology on the construction
of low-cost minimally invasive head-mounted eye trackers
is particularly noteworthy. In their system, analog cameras
are mounted onto safety glasses (in a similar con guration
as that shown in Figure 1) and video of the user’s eye and
the user’s eld of view are interleaved in a single inter-
laced video frame and recorded using a mini-DV camcorder
stowed in a backpack. Point of gaze computation is then
performed off-line using proprietary hardware and software
purchased from a production house. Given our goal to in-
tegrate eye movement measurements into human computer
interfaces, this depedence on high-cost proprietary equip-
ment is a serious limitation of their approach. Furthermore,
the off-line nature of the system is another limitation as
some degree of real-time performance will be necessary in
many HCI applications. However, their innovation in head
gear design and low-cost approach is laudable and we adopt
both in our own efforts.

3. openEyes toolkit

The motivation for the creation of the openEyes toolkit
stems from the recognition in the eye-tracking and hu-
man computer interaction communities of a need for ro-
bust inexpensive methods for eye tracking. The openEyes
toolkit addresses this need by providing both an open-
hardware design and a set of open-source software tools



to support eye tracking. These components are de-
scribed below. The openEyes toolkit is distributed un-
der the GNU General Public License (GPL) as published
by the Free Software Foundation (http://www.fsf.org) and
can be downloaded from the openEyes toolkit website
(http://hevl.hci.iastate.edu/openEyes).

4. Open-hardware design

In this section, we begin by describing the basic hardware
design principles behind our system. Four generations of
the head gear are described. For each generation, we dis-
cuss the design improvements as well as the system limita-
tions. Rather than describing in detail the construction of
each head gear, we limit our description to the most signif-
icant construction details. We provide a much more exten-
sive description of the construction on the openEyes toolkit
website. This includes a step by step tutorial on head-gear
construction as well as a detailed parts list accompanied by
hyperlinks to vendor web sites.

The rst design consideration after having chosen to use
a head-mounted system was the con guration of the head
gear. The most signi cant issue was where to mount the
cameras. Given that until recently cameras were quite large,
a number of other head-mounted systems have the cameras
placed either above the eyes, on top of the head or above
the ears, primarily for ergonomic reasons. This placement
necessitates that a mirror or prism be inserted somewhere in
the optical path to the eye. Instead of taking this approach,
we adopt the solution developed at RIT of placing the eye
camera on a boom arm such that there is a direct line of sight
between the camera and the eye (see Figure 1). The primary
advantage of this design is that it avoids the need for expen-
sive optical components. Half-silvered infrared-re ecting
mirrors or prisms can be very expensive and glass compo-
nents can pose signi cant danger of eye damage in near-
eye applications. Furthermore, we were unable to locate an
inexpensive source of half-silvered infrared-re ecting mir-
rors constructed of plexiglass. Such mirrors are typically
used by production houses and must be purchased in bulk.
The primary disadvantage of this design is that a portion of
the visual eld is blocked by the camera. Given the small
extent and peripheral positioning of the camera/boom, we
view this as an acceptable compromise. In fact, because
these components are attached to the head gear and thus
static in the user’s visual eld, they are easily ignored in a
similar way that the frames of normal eye glasses are not
overly distracting.

The second design consideration concerned nding a
way to capture and process digital images for real-time ap-
plication. The RIT system used inexpensive low-resolution
CMOS cameras to generate analog video output. The cam-
eras they use are among the smallest available on the mar-
ket and, in general, analog cameras are available in much
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Figure (Za:) How to remogzz)the CCD With(gt)lt damage. (a)(%l)ape over
the sensor to prevent it from being damaged during CCD removal.
(b) Cut all the way through the pins on one side of the sensor
as close as possible to the camera board. The sensor is cut from
the board because it is heat sensitive and would be damaged if
de-soldered. (c) Score the pins on the other side of the sensor a
few times with the knife. Lift the free side of the sensor up until
the pins on the other side break and the sensor detaches from the
board. (d) Flip board and remove remaining pins using a high-
temperature soldering iron and forceps. Minimize the time that
the iron is in contact with the board to avoid heat damage.

smaller packages than digital cameras. We considered a
number of analog image-capture solutions to use in com-
bination with an RIT head gear, but all such solutions were
overly expensive (i.e. many hundreds of dollars), would re-
quire considerable fabrication expertise (e.g., the use of an
AJD chip), or were not applicable in the mobile context (i.e.
required a desktop computer). We therefore considered only
solutions that utilized digital cameras with a readily avail-
able means of capture to a standard laptop computer. For
example, a number of small inexpensive USB web cameras
were investigated but the resolution and frame rates were
limited by the bandwidth of USB. We failed to nd any in-
expensive USB 2.0 compatible web cameras that utilized
the bandwidth of USB 2.0. Ultimately, we settled upon us-
ing inexpensive IEEE-1394 web cameras. The bandwidth
of these cameras (400Mbit/sec) is suf cient to capture video
from two cameras at an 8-bit resolution of 640x480 pixels
with a frame rate of 30hz. Two additional bene ts of IEEE-
1394 cameras include the fact that cameras on the same
bus will automatically synchronize themselves and that the
IEEE-1394 standard is well supported under Linux with the
1394-based DC Control Library.

We examined a number of inexpensive IEEE-1394 cam-
eras available on the market. Initially, the Apple I-sight
camera was considered because of its unique construc-
tion. The optics have an auto-focus feature and the CCD
ismountedona at ex cable approximately one inch long
that leads to the main processing board. However, after
much investigation, we failed to nd a way to extend this
cable in a reasonable way; any modi cations would have
required extremely dif cult soldering of surface mount con-
nectors. We nally settled on using the comparably priced
Unibrain Fire-i IEEE-1394 web camera. One advantage
of using this camera for our application is that more than
one can be daisy chained together and share a single power
source (see Figures 1c and 3d). The disadvantage with this
camera is that the CCD sensor is soldered directly to pro-
cessing board and without removal, the entire board would



be too cumbersoméo mounton a headgear Thereforea
techniquevasdevelopedto detachthe CCD sensofrom the
cameraboardand soldera multi-conductorcableof some
length betweenthe board and the chip. Shavn and de-
scribedin Figure 2 is the methodthat we usedto remove
the sensar When donecarefully, the sensoremainsun-
damagedndthe lensandmountcanbere-attachedothat
thecamerdunctionsasbefore.Note however thata degree
of noiseis inducedin the capturedimages. Much of our
work subsequenb ourinitial designhasbeento nd away
to reducethis noise(seebelaw).

The nal designconsiderationwas to male the eye-
tracking systemcompletelymobile. While mobility was
importantwe also wishedto do all our image process-
ing on general-purpos&ardware platform. Furthermore,
we wantedto be sure that we had sufcient processing
powerto performall theimageprocessingn-boardn real-
time. Thereforewe purchaseda “desktop-replacement”
class Sory Laptop. The laptop was con gured with a
3.1Ghz Pentium processqr 512 megs of memory three
USB 2.0 ports,a 4pin IEEE-1394port anda 802.11a/b/g
wirelesscard. To reducethe weightandpro le of thelap-
top, the LCD andkeyboardwereremaoved andthe battery
wasrelocated.The batterylife for the systemactively eye
tracking (i.e., wirelessnetworking active and powering an
infraredilluminater) is on the order of approximatelyone
hour Although the modi ed laptop still weights a few
poundsiit is easily carriedin a small meshbackpack(See
Figuresld and3b).

4.1. Generation1

Our rst generationeye tracker is shavn in Figure1 and,
ascanbe seen,the pro le is small andunobtrusie. The
Sory CCD andlensmountassemblystandardvith theFire-
i cameravereextendedirom the camergprocessindoards
and mountedon a pair of modi ed safetyglasseghat had
the plastic lensescut mostly away. Very ne unshielded
wire was usedto extendthe CCD andwhenroutedabove
the earandbackto the processingboardsmountedon the
backpack,its presencewvas hardly noticeable. Moreover,
thelightnessof thelensesandboomarmdid not addto the
percevableweightof the glassesvhenworn. Thepresence
of theeyetrackerwasnotdisturbingdespitethefactthatthe
cameraoccludeda portionof thevisual eld.

Thedesignof the rst generatiorsystemhadthreemajor
limitations. First, the CCDsfor this systemwereremoved
usingasolderingiron. Giventhe smallsizeof thechipand
the proximity of othercomponent®n the board,this wasa
procedurehatwe believe damagedhe chipsand/orboard.
Second,the thin unshieldedwire leadto signi cant noise
in the capturedimageswhen both cameraswvere operated
simultaneously The amountof noisewasampli ed when
the 14 lines for eachCCD wererun adjacento eachother
down to the processingpoardson the backpack.Although
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Figure3: Eye tr(dec)ler: Generatior2 (a&c) I(Readgear: notethe
shieldedcableanduseof the CS mount& lens. (b) Laptopcom-
puterin smallbackpackd) closeupof daisychainedcamerahous-
ings (e) IR-illuminatedeye image(f) sceneimage. Note the line
noiseinducinga color shift.

the noisewastolerable,it wasunpredictableandtendedto
changeasthe wearershifted their headandbody. The -
nal limitation of this approachwasthatwe employed visi-
ble spectrumimaging. Due to the low sensitvity of these
consumeigradecameraswe were often unableto image
the eye with the userindoors. Furthermorethe presence
of specularre ections from variousambientsourcesnade
extractingareliablemeasuref eye movementgarticularly
dif cult.

4.2. Generation2

In oursecondyeneratioreye trackingsystemwe attempted
to redressnary of thelimitationsof the rst generatiorsys-
tem. Most signi cantly, we moved to aninfraredimaging
approach. As can be seenin Figure 3, we placedan in-
fraredLED onthe boomoff axiswith respecto the center
of eye camera. This con guration producesa dark-pupil
patternof illumination. The LED waspoweredfrom afree
USB port on the laptop. Unfortunately this designdeci-
sion alsorequiredthat we switch the lensmountassembly
on the eye camera.The Fire-i cameragomewith a small,
non-standaranountandlenscombinationwhich hasanin-
fraredcut- lter coatedon the sensorsidethat could not be
removed. To solwe this problem, we sahagedthe some-
what larger lens mountand lens from an OrangeMicroi-



