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Cleaning up systematic error in eye-tracking data
by using required fixation locations

ANTHONY J. HORNOF and TIM HALVERSON
University of Oregon, Eugene, Oregon

In the course of running an eye-tracking experiment, one computer system or subsystem typically
presents the stimuli to the participant and records manual responses, and another collects the eye
movement data, with little interaction between the two during the course of the experiment. This arti-
cle demonstrates how the two systems can interact with each other to facilitate a richer set of experi-
mental designs and applications and to produce more accurate eye tracking data. In an eye-tracking
study, a participant is periodically instructed to look at specific screen locations, or explicit required
fixation locations (RFLs), in order to calibrate the eye tracker to the participant. The design of an ex-
perimental procedure will also often produce a number of implicit RFLs—screen locations that the
participant must look at within a certain window of time or at a certain moment in order to success-
fully and correctly accomplish a task, but without explicit instructions to fixate those locations. In these
windows of time or at these moments, the disparity between the fixations recorded by the eye tracker
and the screenlocations corresponding to implicit RFLs can be examined, and the results of the com-
parison can be used for a variety of purposes. This article shows how the disparity can be used to mon-
itor the deterioration in the accuracy of the eye tracker calibration and to automatically invoke a re-
calibration procedure when necessary. This article also demonstrates how the disparity will vary across
screen regions and participants and how each participant’s unique error signature can be used to re-

duce the systematic error in the eye movement data collected for that participant.

Eye trackers are devices that record gazepoints. A gaze-
point is a location toward which the eyes are pointed at a
moment in time. Eye trackers typically record a person’s
gazepoint every 1-17 msec. When a series of gazepoints
occur near each other in time and location, they are aggre-
gated and assumed to represent a single fixation, a brief pe-
riod of time lasting about 100—400 msec, during which the
eyes are held reasonably stable and steady at a location. A
fixation typically ends abruptly with a rapid ballistic eye
movement, or saccade, that moves the eyes to a new fixa-
tion (Rosenbaum, 1991).

Problem 1: Eye Trackers Exhibit Variable and
Systematic Error

In capturing each individual gazepoint, eye trackers ex-
hibit two types of error: variable and systematic. Both can
be seen in the gazepoints shown in Figure 1. Variable error
can be seen in the spread (or dispersion) of the recorded
gazepoints around the actual fixation maintained by the
human. Systematic error is the disparity (or drift) between
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the average gazepoint location and the actual fixation
maintained by the human. Variable error indicates a lack
of precision. Systematic error indicates a lack of accuracy.

Variable error can be reduced by improving the eye
tracking machinery (i.e., by using a head-mounted instead
of a remote unit) and the experimental method (i.e., by
using a bite guard). Variable error is also removed, at least
from view, by a fixation detection algorithm that averages
gazepoint locations to determine the fixation location.

Some systematic error can be identified and manually
removed if, when fixations superimposed on the visual
stimuli are studied, a consistent pattern of systematic error
can be identified from trial to trial. But systematic error
cannot be reduced by averaging across gazepoints. Even
after calibration, eye trackers often maintain a systematic
error such that fixations are recorded a small distance
from the fixation point.

To accurately record gazepoints, an eye tracker must be
calibrated to accommodate the physical characteristics of
the human. In the commonly used pupil-center/corneal-
reflection method, for example, the eye tracker must be
calibrated to accommodate the physical characteristics of
the corneal bulge and the pupil and the relationship be-
tween these features and the foveal region on the retina.
The eye tracker is calibrated for each participantin an ex-
periment by having the participant fixate a number of pre-
set locations on the display while the eye tracker records
the pupil center and corneal reflections for each location,
calibrates, and then interpolates and records gazepoint lo-
cations during data collection.
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Figure 1. The raw gazepoint data recorded by eye trackers ex-
hibit two types of error: variable and systematic. Hypothetical
Participants A and B were instructed to fixate a set of crosshairs.
The gazepoints for A show no systematic error butlarge variable
error. The gazepoints for B show a large systematic error but small
variable error (derived from Chapanis, Garner, & Morgan,1949).

Problem 2: When Eye Tracker Accuracy
Deteriorates Below a Threshold,
Recalibration is Necessary

As with most instrumentation, the initial calibration
may deteriorate during an experiment, at which point re-
calibration is necessary. Some eye-tracking studies dis-
cuss this problem. One study points out that “eye tracking
data is never perfect. The system may lose track of the
pupil or the corneal reflection, or the observation may be
simply incorrect (e.g., beyond the screen limits even though
the subject is clearly looking at the screen)” (Aaltonen,

dressed the problem, in part, by removing problematic tri-
als from the analysis, but there are problems with this ap-
proach. Excluding more than a few trials may upset the
balanced design of an experiment and limit the conclu-
sions that can be drawn from the data.

Many studies (such as Findlay, Brogan, & Wenban-Smith,
1993; Smith, Ho, Ark, & Zhai, 2000) do not discuss what
sort of error was observed at any point in the experiment
or how accuracy was maintained or verified, making it
difficult for the reader to know whether these details were
even considered in the experimental procedure and data
analysis. Since eye-tracking data contain error, this may be
an importantomission that limits the usefulness of the data.

A number of experimenters have addressed the calibra-
tion deterioration problem by recalibrating the eye tracker
during the course of an experiment. One study addressed
the problem, in part, by always recalibrating the eye
tracker at a particular midpoint in the experiment (Aalto-
nen et al., 1998, p. 135). Another study reported that “the
subjects’ eye position was calibrated at the beginning of
the session and whenever necessary thereafter” (Pollatsek,
Rayner, & Henderson, 1990, p. 202). In another, “an exper-
imenter monitored each experimental trial and recalibrated
the eye tracker if there appeared to be a sizable disparity
between reasonable expectations about where users would
look (in particular, users needed to look at the target on
each trial) and the position reported by the eye tracker”
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(Byrne, Anderson, Douglass, & Matessa, 1999, p. 404).
These last two studies addressed the problem but relied on
the subjective perception of the experimenter to decide
when recalibration was necessary and did not specify the
specific circumstances that would lead to a recalibration.

An occasional experiment (we found two, both conducted
by the same primary investigator: Abrams & Jonides, 1988;
Abrams, Meyer, & Kornblum, 1989) has been designed so
that the eye tracker calibration was objectively verified be-
fore every trial and the actual test criterion was reported
in the experimental write-up. In each experiment, the par-
ticipant was instructed to fixate a set of crosshairs between
each trial, and the output of the eye tracker is automati-
cally verified to be within range of this location on the dis-
play. “The calibration was performed at the beginning of
each session and verified before each trial. If fixation de-
viated by more than 1° from the expected value, then the
calibration procedure was automatically invoked” (Abrams
et al., 1989, p. 536). The crosshairs served as an explicit
required fixation location (RFL); the participant was
specifically instructed to fixate the location.

An objective verification step and criterion contribute
to the accuracy and usefulness of the data recorded, the
confidence in the conclusions drawn from the data, and
the reproducibility of the experiment. Eye movement data
are inherently noisy, and eye tracker calibration deterio-
rates over the course of an experiment. The goal is to keep
the measuring apparatus as consistent and reliable as pos-
sible. Developing and reporting procedures for address-
ing these problems would advance the development of be-
havioral research instrumentation and methodologies. To
be as accurate and objective as possible, the recalibration
procedure should be handled entirely by the experimental
software, automatically verifying calibration between each
trial and automatically triggering a recalibration when
necessary.

Many eye-tracking experiments entail tasks much more
complex than looking at a set of crosshairs and then mak-
ing a single saccade to a target (the task in Abrams &
Jonides, 1988, and Abrams et al., 1989). Eye trackers are
becoming more widely used to monitor and evaluate eye
movement patterns in realistic task settings, such as
searching through a number of Web sites looking for in-
formation (Card et al., 2001; Pirolli, Card, & Van Der Wege,
2001). Asking a participantto stop periodically and fixate
crosshairs to verify the accuracy of the eye tracker will
sometimes disrupt the flow of the task execution and, pos-
sibly, the very behavior that is the focus of the inquiry.

Problem 3: Eye Tracking Is a Software-Intensive
Endeavor

All told, there is a great deal of computer software in-
volved in the full life cycle of an eye-tracking experiment.
Experimental software presents visual stimuli to the par-
ticipant and records manual responses. Image-processing
software (integrated with the eye-tracking device) con-
verts video images of the eye into gazepoints on the com-
puter screen. Fixation detection algorithms convert gaze-
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points into fixations (as discussed in Salvucci & Goldberg,
2000). Software visualizationtools superimpose fixations
on the stimuli for analysis (as in Lankford, 2000; Salvucci,
2000). Protocol analysis tools facilitate abstract analyses
of eye movementstrategies (as in Card et al., 2001; Salvucci
& Anderson, 2001). Whereas the image-processing software
used to convert video images into gazepointsis an integral
component of the eye-tracking machinery and is isolated
from the experimenter, every other piece of software is
often developed or at least modified by the experimenter.
For eye tracking to serve a wide range of human factors
and experimental studies, more guidance is needed in the
software development associated with eye-tracking stud-
ies and data analysis.

THE SOLUTION

Implicit RFLs can be used to monitor eye tracker cali-
bration in real time and to invoke recalibration when nec-
essary. Task requirements, when combined with human per-
ceptual and motor characteristics, often constrain where
fixations will occur. In many human-device task executions,
there are a number of locations that the participant must
fixate in order to accomplish a task. These locations can
be used, in conjunction with real-time fixation location
data, to verify that the calibration of the eye tracker is still
accurate.

Many task situations are designed so that the partici-
pant must fixate particular screen objects in order to ac-
complish a task. Some critical task information, such as a
high-confidence reading of the identification code asso-
ciated with an aircraft displayed on a radar screen, will be
available only if the user fixates the code. Some task actions,
such as clicking on screen objects, can be accomplished
only if the user looks at the target.

It might be argued that because people can shift their
covert visual attention without moving their eyes (Posner,
1980), little can be said about where the eyes will fixate.
We disagree with such a position. Although covert visual
attention generally shifts to the destination of a saccade
before the saccade is executed, there is little or no evidence
that, when people are allowed to move their eyes freely,
covert visual attention moves independently of the eyes
(Findlay & Gilchrist, 1998).

The target of a mouse movement, if small enough, would
make a very good implicit RFL. Eye—hand coordination
research has shown that the eyes are used in the closed-
loop current control (first discussed by Woodworth, 1899)
final phase of a rapid aimed movement. Keeping the eyes
on the target facilitates getting the hand or the manipu-
lated display item (i.e., the cursor) to the target as quickly
and accurately as possible. As the cursor approaches the
target, the remaining distance to the target is monitored,
and corrective adjustments are made until the target is
reached (see Rosenbaum, 1991; Wickens, 1984). Eye move-
ment studies confirm that, even when the hands start mov-
ing before the eyes, the eyes arrive at the target before the
hand and stay on the target for the completion of the aimed

movement (Abrams, Meyer, & Kornblum, 1990; Helsen,
Elliott, Starkes, & Ricker, 1998; Smith et al., 2000). Incor-
porating mouse movements into an experimental task on
a computer provides an opportunity for implicit RFLs. It
also contributes to the ecological validity of the task, be-
cause in real-world computer usage, a visual search is
often followed by a point and click.

This article discusses a visual search study that utilizes
an implicit RFL to verify eye tracker calibration between
each trial. The RFL is implicit in that the participantis not
specifically instructed to fixate the location but must do
so, nonetheless, to complete the next trial. Eye movement
data from the experiment demonstrates that the implicit
RFL procedure correctly invokes the recalibration proce-
dure when calibration has deteriorated. The data also re-
veal an unexpected result: When implicit RFLs can be
identified across the full range of a visual display, they can
be used to identify and remove systematic error in the eye
movement data. This research provides guidance for de-
veloping and modifying software programs to use implicit
RFLs to automatically verify eye tracker accuracy and in-
voke recalibration procedures when necessary and to
clean up the systematic error in eye-tracking data during
post hoc analysis

THE EXPERIMENTAL DESIGN
WITH THE IMPLICIT RFL

We conducted a visual search experiment in which we
used a single implicit RFL to validate calibration with
every trial. The experiment was a study on visual search
and mouse pointing in two-dimensional visual hierarchies
and replicated the experiment reported by Hornof (2001),
with two exceptions: (1) The experimental procedure was
modified to accommodate eye tracking, and (2) a differ-
ent computer monitor was used (the pixels per horizontal
or vertical centimeter increased from 33 to 39).

In the experiment, participants were precued with a
word (or pseudoword) and then were asked to find the
word in a layout, such as that shown in Figure 2. Each trial
proceeded as follows. (1) The computer screen was blank,
except for the precue. (2) The participant moved the cur-
sor to the precue and clicked (pressed and released) the
mouse button. (3) The precue disappeared, and the screen
layout appeared. (4) The participantfound the targetitem.
(5) The participant moved the cursor to and clicked on the
target item. (6) The software provided immediate and
brief feedback on the performance for that trial. (7) The
precue for the next trial appeared.

The experiment was designed to separate visual search
time from target selection time by imposing a point-
completion deadline (Hornof, 2001). Once the participant
started moving the mouse from the precue position, he or
she had a limited amount of time to click on the target be-
fore the trial was interrupted. The participants were fi-
nancially motivated to find the target as quickly as possi-
ble, to not move the mouse until they found the target, and
once they found the target, to click on the target as quickly
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Figure 2. A screen layout with 30 items and the screen coordinates (in pixels) where the layout would have appeared.
In this trial, the target ZEj appears in Position 29. The number to the right of each screen object is the number assigned
to that position. The precue is shown where it would have appeared before the layout appeared. The screen coordinate
system and the smaller text did not appear on the screen during the experiment.

as possible. The participants received a base payment of
$10 plus bonuses as described by Hornof. The participants
were allowed to spend as much time as they wanted study-
ing the precue before clicking on it to start the next search-
and-click phase. Figure 3 shows the time course of a trial,
includingthe eye and mouse cursor movements motivated
by the experimental design.

Sixteen participants completed the experiment. An ad-
ditional 8 participants were screened out for one of the fol-
lowing reasons: calibration difficulties (n = 4), failed
stereopsis exam (n = 2), and too many trials interrupted
by the point-completiondeadline (n = 2).

The experimental stimuli were displayed and mouse
movements recorded with an Apple Power Mac G4 com-
puter running Mac OS 9.2 at 733 MHz, a ViewSonic
VE170 LCD display, and an Apple Pro Mouse with an op-
tical sensor. The experimental software was written in
C+ +, using CodeWarrior 5. Eye movements were recorded
using the LC Technologies Eyegaze System, a 60-Hz eye
tracker that tracks eye movements, using the pupil center
and corneal reflection. The eye-tracking system incorpo-
rates a high-speed infrared-sensitive camera fixed at the
bottom center of the LCD display, an LED light source
fixed in the center of the camera lens, a video frame grab-
ber installed in an 867-Mhz Intel Pentium 3 computer run-
ning MS Windows 2000 Professional, and various image
processing and gazepoint identification software written
in the C programming language. A chinrest maintained an
eye-to-screen distance of 56 cm, so that 1° of visual angle
subtended 38.4 pixels. The precue always appeared at the
same location, level with the participant’s eyes.

Each calibration and recalibration was performed using
the procedure built into the Eyegaze system, as follows.
Each participant sequentially fixated nine different points
on the screen. The eye tracker used a least-squares regres-

sion algorithmto find an eight-coefficient calibration that
optimally mapped the glint-pupil vectors to known gaze-
points. If the root mean squared error exceeded roughly 24
pixels, the system prompted for additional fixations.

The experimental design motivated some predictable
oculomotor activity, which introduced a number of im-
plicit RFLs. The first implicit RFL was the precue. It can
be assumed that the participant looked at or very near the
precue for each correctly completed trial. Task analysis
dictated the following activities for each trial: Look at the
precue, commit it to memory, click to make the precue
disappear and the layout appear, find the target, move the
mouse to the target, and click on the target.

Implicit RFLs Can Be Used to Automatically
Invoke Recalibration When Necessary

The first implicit RFL, the precue, was used to verify
calibration accuracy during the course of the experiment.
In order to successfully complete a trial, the participant
needed to look at the precue at some point while it was
visible on the screen. We designed our experiment so that
the eye tracker data was examined in real time during the
course of the experiment. If a trial was successfully com-
pleted but not a single fixation was recorded within 2° of
visual angle of the center of the precue while it was visi-
ble on the screen, it was assumed that the participant re-
ally did look at the precue (since he or she knew what to
look for in the layout) but that the eye tracker calibration
had substantially deteriorated. At this point, immediately
after the trial was completed, the experimental software
automaticallyinvoked the recalibration procedure. As well,
the software marked the trial as having been conducted with
adeteriorated eye tracker calibration. A new trial was gen-
erated with the same target location and was added to the
pool of remaining trials.
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Figure 3. The time course of a single trial in the experiment, including separate timelines for what
is visible on the display, the oculomotor and manual-motor (mouse) activity motivated by the ex-
perimental design, and when the participant was pressured to perform quickly. Events are indi-
cated with an arrow pointing to a timeline. An identical timeline for the next trial would follow im-

mediately.

Figure 4 shows the circular region (2° of visual angle in
radius) around the precue in which a fixation had to be
recorded in order to assume that the eye tracker was main-
taining accurate calibration. We also tried setting the re-
gion to radii of 1°and 1.5° but anything less than 2° of vi-
sual angle prompted far too many recalibrations for the
experiment to be completed in a reasonable amount of
time. We were initially concerned about setting the thresh-
old so high. It suggested that we would consistently find
up to 2° of error in all of our eye-tracking data. The error
correction techniquediscussed later in this article, however,
explains why we had to set the threshold so high. It was
not that the participants were being recorded at random
locations within a circular region that was 2° in radius.
Rather, each participant was actually being recorded within
a smaller region, and the center of the smaller region
shifted within the 2° radius circle for each participant.

The experimental software running on the Macintosh
received gazepoints from the Eyegaze system in real time
via an Ethernet connection. While the precue was show-
ing, the experimental software used the gazepoints to de-
termine fixations in real time. A dispersion-based algo-
rithm was used to determine the center of fixations (see
Salvucci & Goldberg, 2000), with a minimum fixation du-
ration of 100 msec (six samples from the Eyegaze system)
and a deviation threshold of 0.5° radius. To accommodate
noise, a gazepointthatexceeded the deviation threshold of
an ongoing fixation was included in the fixation if the fol-
lowing gazepointdid not exceed the deviation threshold of
the ongoing fixation. In addition, lost gazepoint samples
(e.g., owing to a blink) were assumed to be part of an on-
going fixation if fewer than six samples (100 msec) were
lost and the gazepoint following the lost samples was
within the deviation threshold of the ongoing fixation.
Numerous additional technical details are available in
Halverson and Hornof (2001). The experimental software

and the eye-tracking data reported here are downloadable
at http:/www.cs.uoregon.edu/~hornof.

The second implicit RFL was the target, which ap-
peared in any of the 30 layout positions. It can be assumed,
given our experimental design, that the participants were
fixating the target when they clicked on it to end the trial.
Once the trial began, the participants were losing money
up until the moment that they clicked on the target. Once
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Figure 4. The precue was used as an implicit required fixation
location. Although the participant was not specifically instructed
to fixate it, the participant needed to view it to successfully com-
plete a trial. The experimental software was written so that if no
fixation was recorded within 2° of visual angle (77 pixels) of the
center of the precue while it was visible and yet the trial was cor-
rectly executed, it was assumed that the eye tracker calibration
had deteriorated, and a recalibration was automatically invoked
at the end of the trial.
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Figure 5. Fixations recorded during the precue phase for Tri-
als 22 and 23 of Participant 3. The diameter of each circle repre-
sents the duration of each fixation, and the lines represent the
order of fixations. The circles not connected by lines represent
gazepoints that were not tracked, such as during a blink. Since no
fixations were recorded within 2° of the precue during the precue
phase of Trial 22, a recalibration was automatically invoked after
the trial. Fixations appear to have been recorded more accurately
during the precue phase in Trial 23.

they started moving the mouse from the precue to the tar-
get, any delay in clicking on the target could result in an
interruption error that was due to the point-completion
deadline. Missing the target also resulted in an error, and
either error resulted in additional financial loss. As would
be necessary to perform the task quickly and accurately, the
participants were motivated to get their highest resolution
vision—the center of the fixation—on the target as quickly
as possible and to keep it there as they guided the cursor
to the target and verified its position as they clicked. They
stopped losing money as soon as they clicked on the target,
so there was no motivation to look away before clicking.

Each target item can thus be used as an implicit RFL.
The target location can be compared with the fixation lo-
cationrecorded at the moment the mouse is clicked on the
target. The distance between these two points can be used
to examine how the accuracy of the eye tracker changes
over time and to evaluate the effectiveness of using the
precue RFL to automatically invokerecalibration. As will
be seen, it turns out that these distances can also be used
in the data analysis phase to identify and compensate for
systematic error in the eye-tracking device.

RESULTS

The eye-tracking data from the 16 participants were an-
alyzed to determine the effectiveness of using the precue
as an implicit RFL to automatically invoke the recalibra-
tion procedure. Some confirmation could be gained by ex-
amining the fixations that were recorded during the pre-
cue phase of the experiment. Precue fixations from trials
that triggered the recalibration procedure were compared
with trials immediately following recalibration. Figure 5
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shows two such trials. It appears as if the procedure cor-
rectly identified when recalibration had deteriorated below
a threshold and that recalibration led to a more accurate
recording of fixations.

Perhaps the best evidence that the accuracy of the cali-
bration deteriorated over time and that the procedure cor-
rectly identified when the calibration accuracy dropped
below a threshold can be seen by examining the distance
between the center of the target item and the final fixation
location—the fixation location recorded by the eye
tracker at the moment that the mouse was clicked on the
correct target. As was discussed earlier, the target location
in this experiment could be used as an implicitRFL at this
moment. Figure 6 shows the absolute deviation—the dis-
tance between the final fixation location and the center of
the target item—for all correctly executed trials by all
16 participants. From the 5,006 final fixations recorded,
13 outliers were removed (from this and subsequent analy-
ses). The rest are plotted. Figure 6 also shows the best-
fitting linear regression for all absolute deviationsrecorded
between recalibrations. As can be seen in the regressions,
the absolute deviation tended to increase over time and
tended to be reduced after each recalibration.

The visual search experiment discussed above has two
implicit RFLs: the precue and the target. The first of the
two was used to invoke an automated recalibration. This
left the second implicit RFL to be used for evaluating the
effectiveness and usefulness of the automatic invocation
technique on the basis of the first.

When to Interrupt for a Recalibration

Implicit RFLs can be used to objectively decide when to
automatically invoke the recalibration procedure. How-
ever, the exact time at which a recalibrationis initiated may
negatively impact an experiment. If the experiment software
needs to be interrupted for a recalibration of the eye tracker,
this should be done at a pointin the experiment at which the
participant would not be poised to execute a time-pressured
or memory-intensive response. Otherwise, the software
could disrupt any motor program preparation or memoriza-
tion that has been done thus far, influence the participant’s
decision to do such preparation in the future, and thus inter-
fere with the very human performance that the experiment
was designed to capture in the first place. Instead, the soft-
ware should wait for an appropriate time in the experiment,
when the participantis not poised to execute a critical task.

Implicit RFLs Can Also be Used to Identify and
Measure Systematic Error

When the verification results were studied, starting
with those shown in Figure 6, it became evident that be-
sides being useful for automatically invokingrecalibration
when necessary, implicit RFLs can also be used in the data
analysis phase to measure and reduce the systematic error
associated with each participant.

The absolute deviations shown in Figure 6, althoughcon-
firming the procedure, suggest that there is a lot of error
in the eye-tracking data. The average absolute deviation—
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Figure 6. The average absolute deviation (in screen pixels) between the center of the target object (a required fixation location
[RFL]) and the final fixation location recorded (at the moment the mouse button was clicked) for every correctly completed trial, as
a function of the order of all trials. Each participant is shown in a separate graph. The best-fitting linear regression is plotted for each
subset of trials that occurred between automatic recalibrations. The positive slope in most of the regressions suggests that the average
absolute deviation tended to increase over time and that the eye tracker calibration was gradually deteriorating for all locations, not
just for the precue (the RFL used to trigger the recalibration). The data suggest that comparing the fixation positions with the precue
location accurately captured the calibration falling below a threshold of accuracy and that the automatic invocation technique con-
tributed to an overall increase in calibration accuracy across all fixations.

the average distance between the center of the target and lieve to be the case, such error suggests that all of the fix-
the final fixation location—across all trials was 41 pixels, ations recorded during the experiment were recorded an
alittle over 1° of visual angle. If the participants were truly ~ average of 1° of visual angle away from where the partic-
fixating the target when they clicked on it, which we be- ipant was truly fixating. This seems slightly high and
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Figure 7. The absolute deviation of all final fixations for all participants (leftmost box plot)
and for each participantindividually. Each box plot shows the 10th,25th, 50th, 75th, and 90th
percentile. As can be seen, the median and the distribution vary systematically from partic-

ipant to participant.

would seem to detract from the usefulness of the data for
our primary research question—figuring out how people
searched the layout. Decomposing and studying the error,
however, revealed that much of the error was systematic
and could be identified and removed.

Figure 7 shows box plots of the absolute deviation for
all participants and all trials, first aggregated across all tri-
als, and then split out by participant. As can be seen in
Figure 7, examining the absolute deviation across all par-
ticipants together (the leftmost box plot) revealed that the
absolute deviation was somewhat evenly distributed around
40 pixels and that most were between 15 and 65 pixels.
This rather wide distribution can be explained, in part, by
systematic variation in the mean and the distribution of
the absolute deviation from participantto participant. Par-
ticipant P7, for example, was consistently recorded 45 to
80 pixels from the target, whereas Participant P9 was con-
sistently recorded 10 to 40 pixels from the target. Further
scrutiny reveals further systematic trends.

We have thus far examined the absolute deviation, but
not the direction of the deviation. Participant P7, for ex-

ample, was typically recorded an average of 60 pixels from
the center of the target. But in what direction? Was he typ-
ically recorded to one side of the target, or was he 60 pix-
els off on all sides? To answer this question, we will next
examine the final fixation deviation—the distance and di-
rection from the center of the target item to the final fix-
ation. For this analysis, we will convert the distance and
direction into the corresponding signed horizontal and
vertical components of the deviation. A final fixation with
a horizontal deviation of —50 pixels and a vertical devia-
tion of —25 pixels, for example, would be recorded
50 pixels to the left and 25 pixels above the center of the
target.

Figure 8 shows box plots of the horizontal and vertical
components of the final fixation deviation, first aggre-
gated across all trials, and then split out by participant.
When the final fixations for all the participants are com-
bined (the leftmost box plot), the horizontal and vertical
deviations tend to be close to zero. The average horizon-
tal deviationis — 10 pixels, and the average vertical devi-
ation is —8 pixels, just near the top center of the target
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Figure 8. The horizontal (top graph) and vertical (bottom graph) components of the final
fixation deviation for all participants (left frames) and for each participant individually

(right frames).
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Table 1
The Average Final Fixation (With Standard Deviations)
for all Final Fixations for All Participants

Absolute Horizontal Vertical
Deviation Deviation Deviation

Participant Average SD Average SD Average SD
All 41 20 —10 34 -8 29
3 46 19 31 18 24 25
4 46 19 —18 27 35 15
6 43 11 —34 12 —24 13
7 60 14 =53 14 =25 13
9 24 10 —16 13 —4 16
10 46 15 —38 15 —16 20
11 54 24 —38 22 —31 27
12 20 15 —4 10 -6 22
13 66 16 33 18 —=55 15
14 45 9 44 9 2 9
15 20 12 3 10 15 15
17 25 16 -6 12 14 22
20 34 16 =27 18 -9 19
21 41 11 —10 7 -39 11
23 33 15 30 16 =5 12
24 53 12 —49 11 3 20

Note—All measurements are in screen pixels.

word. The large distribution in the aggregate horizontal
and vertical deviations can be explained, in part, by indi-
vidual differences among participants. As can be seen,
each participant’s final fixation tended to be consistently
in one direction or another. All of the horizontal deviation
box plots that fall below the zero grid line, for example,
were consistently recorded to the left of the target center.

Table 1 shows the means and standard deviations cor-
responding to the box plots in Figures 7 and 8. The mean
horizontal and vertical deviations shown for each partici-
pantcould be used to transform that participant’s data. The
standard deviationsindicate the error that would not be re-
moved by the transformation.

At this point, we have identified some systematic error
in the eye-tracking data that can be removed by trans-
forming the data on the basis of each participant’ average
horizontal and vertical deviations. We next will examine
how the horizontal and vertical deviations for each partic-
ipant systematically varied from position to position on
the screen.

Figure 9 shows the horizontal and vertical components
of the final fixation deviation as a function of the target
position for 2 participants. An average of 10 final fixa-
tions were recorded at each target position. Each partici-
pantexhibited a rather consistent pattern of horizontal and
vertical deviations across various regions of the screen
and across all trials, which we refer to as the participant’s
error signature. Figure 10 shows perhaps the clearest and
most useful view of the error signature—vector plots that
show the mean distance and direction of the final fixation
deviation for every location in the layout.

As can be seen in Figures 9 and 10, the final fixation
deviations were sometimes consistent across the entire
screen but sometimes gradually changed from one region

to another. Participant P14’s final fixations, for example,
were consistently recorded about 50 pixels to the right of
the target, but sometimes a little above the target center (at
the top of each column in the layout) and sometimes a lit-
tle below the target center (at the bottom of each column).
Participant P4’s error signature is even more interesting.
The first column is recorded with an an average horizon-
tal offset of +5, the second column with an average hori-
zontal offset of —31, and the third column with an aver-
age horizontal offset of —56. The vertical offset is smaller
near the top and the bottom of each column and gradually
increases for targets closer to the vertical center of each
column.

We have now isolated much of the systematic error in
the data, and it can be removed by transforming the data
on the basis of these error signatures. The remaining un-
explained error can be measured by averaging the stan-
dard deviations of the 60 position-by-position horizontal
and vertical deviations for each participant. This roughly
corresponds to finding the average height of all 60 box
plots shown in Figure 9 for each participant. We call this
measure the average standard deviation of the error sig-
nature. Table 2 shows the average standard deviation of
the error signature for each participant, ordered from least
to greatest. Smaller measures indicate that more system-
atic error was successfully identified.

The average standard deviation of the error signatures
shown in Table 2 falls within a relatively small range for
most participants, suggesting that the error removal tech-
nique worked well for most of the participants. A few par-
ticipants (P3, P11, and P20) are substantially higher than
the others, but note that these are the same participants
who had trouble getting calibrated and tracked by the eye
tracker, as can be seen by the many recalibrations for these
participants shown in Figure 6. Clearly, more research is
needed to further identify and remove all systematic error
for all participants, but the technique described here al-
lows us not only to remove much error for most partici-
pants, but also to measure the success of the technique it-
self on a participant-by-participantbasis, to further identify
which participant’s eye-tracking data are likely to be more
accurate and useful for general research purposes.

Studying the implicit RFL deviations in greater and
greater detail has allowed us to reduce the error in the data.
An interesting question is whether we could take the
analysis further and determine how a participant’s error
signature changes over time—from calibration to calibra-
tion or even from trial to trial. Perhaps such an analysis
would allow us to identify a different error signature each
time that the eye tracker was recalibrated for Participants
P3, P11, and P20. Unfortunately, it is difficult to answer
these questions because, owing to the variability in the eye
movements and the eye tracker, a large number of trials
would be needed to produce smooth and useful error sig-
natures, such as those shown in Figure 10.

The systematic error observed here is in the range typ-
ically seen with our brand and model of eye tracker. If we
assume that the final location fixated by each participant
was 8 pixels up from and 10 pixels to the left of the center
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Figure 9. The error signatures of Participants P14 and P4, shown as the horizontal and the vertical deviations (in
screen pixels) between the final fixation locations and the target centers.

of the targetitem, the average absolute deviation would be
reduced from 41 to 28 pixels, or 0.73° of visual angle. This
is in the range of the performance specifications for the
Eyegaze system, which state that the the system will ex-
hibit a “typical average bias error” of 0.45° and a “maxi-
mum average bias error” of 0.70° As was stated, these
“bias errors result from inaccuracies in the measurement
of head range, asymmetries of the pupil opening about the
eye’s optic axis, and astigmatism. They are constant from
frame to frame [gazepoint to gazepoint] and cannot be re-
duced by averaging or smoothing” (LC Technologies,
2001, p. 8). Although they cannot be reduced by averag-
ing or smoothing, it appears as if experimental design and
data analysis, such as that used here, can detect and mea-
sure these constantbias errors, at which point they can be
reduced in the data analysis phase. It appears as if the con-
stant error will be relatively consistent within any region
of the screen for a participant but will vary across regions
and participants.

Implicit RFLs Can be Used
to Remove Systematic Error

The error signatures reveal a pattern that can be useful
in identifying and removing systematic error. Once they
have been measured, the systematic error can be applied
to transform the data to remove the systematic error in eye
fixations that cannot be associated with an implicit RFL,
such as the fixations that occur during the visual search
phase of an experiment. Figure 11 shows the fixations
recorded during a trial completed by Participant P4 for a
six-group layout with group labels. The figure shows (in
light gray) the fixations reported by the eye tracker and
(in black) the fixations after they were transformed to
compensate for P4’s error signature. Each recorded fixa-
tion was transformed by cutting a horizontal and a verti-
cal line through the fixation, finding the nearest error sig-
nature vector ending in each of the four quadrants around
the fixation, and adjusting the position of the fixation on
the basis of an average of the four vectors. The average
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Figure 10. The error signatures of Participants P14 and P4 shown as vector plots superimposed on the
30 target positions, drawn to scale. Each vector is drawn from the center of the screen item to the average
location recorded by the eye tracker when the participant clicked on a target at that location. The overall
pattern of systematic error varies across all participants but is consistent within each region for each par-
ticipant. The horizontal error for P4 changes from column to column, for example, but is rather consis-
tent within each column. These vectors were used to remove or “undo” the error in the fixation data

recorded for each participant.

was weighted on the basis of the inverse of the distance be-
tween each vector and the fixation. As can be seen in fig-
ure 11, the error-corrected fixations landed on the screen
objects likely fixated by the participant. The participant
fixated a number of group labels, landed on X4X, searched
within the target group, and ended on the target RUB.

The error between the center of the target item (an im-
plicit RFL) and the recorded final fixation location re-
veals a unique and consistent pattern of error for each par-
ticipant. When RFLs can be identified—that is, when it is
very likely that a fixation occurred at a particular location
at a particular time—the disparity between the observed
fixation location and the RFL can be recorded. If these
disparities are collected across the entire scene for each
participant, a unique error signature can be identified for
each participant. The error signature can be used to re-
move error in fixations throughoutthe entire visual scene,
and not just when the fixation was on an implicit RFL.

Task analysis must be used to identify implicit RFLs. It
cannot always be assumed, for example, that a participant
will be looking where he or she is clicking. The task pa-
rameters of the experiment described here specifically
motivated the participants to look at the target when they
clicked on it. Given other task parameters, participants
might sometimes position the cursor on a target, move the
eyes away from the cursor, and then click. As well, if de-
tailed task-critical information will be visible during a pe-
riod of time, the experimenter cannot necessarily predict
exactly when the information will be fixated, but only that
a fixation will fall near that location.

It is possible that error measurement conducted with
implicit RFLs as discussed here could be integrated with
the automated eye movement protocol analysis techniques
developed by Salvucci and Anderson (2001), to further
improve the overall usefulness of one or both techniques.
In the protocol analysis, hidden Markov models (HMMs)



CLEANING UP EYE-TRACKING DATA USING RFLs

Table 2
Average Standard Deviation of the Error Signature for Each
Participant, Sorted From Least to Greatest

Average Standard Deviation

Participant of the Error Signature
14 7.0
21 7.6
15 9.9

4 10.4
6 10.5
17 10.5
9 10.9
24 11.2
7 11.3
12 11.9
23 11.9
10 15.7
13 15.8
20 17.8
3 18.0
11 21.2

12.6

Overall average

are used to classify patterns of fixations into search strate-
gies. The straightforward integration of the two tech-
niques would be to first remove the error by compensat-
ing for measured implicit RFL deviations and to then
apply the protocol analysis. But it is possible that the two
methodologies could be integrated. For example, in the
HMMs, there are a number of low-probability states la-
beled “any,” in which the eye could be looking anywhere
or in which there was too much error to identify the fixa-
tion. A small percentage of fixations may be attributed to
these states and the overall pattern of eye movements still
classified as belonging to a particular strategy, provided
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that enough other fixations can be attributed to states that
correspond to specific locations. Perhaps the implicit RFL
deviations could identify areas of the display in which the
variance in the systematic error increases, and the proba-
bilities for the “any” states that are yoked to expected fix-
ations in those regions of the display could be increased
slightly.

CONCLUSION

In an eye-tracking experiment, one computer system or
subsystem is typically used to present the stimuli to the
participant, and another to collect the eye movement data,
with little interaction between the two during the course of
the data collection. This paper has demonstrated some of
the benefits of having the two systems—the eye-tracking
system and the stimulus-presenting system—interact dur-
ing the course of an eye-tracking session. In this study, the
interaction led to the recording of more accurate data dur-
ing the experiment and to more accurate data analysis after
the experiment. The general pattern of having the two sys-
tems interact could be repeated for many other uses, such
as changing the experimental design mid-session on the
basis of eye movement patterns observed eatlier in the ses-
sion, or for multimodal interfaces that respond to eye
movement patterns in real time, such as to alter the reliance
on the eye movement data in real time.

An experimental design will motivate and perhaps even
dictate patterns of eye movements. A careful considera-
tion of the interactive system design and human perfor-
mance characteristics can be used in tandem with the eye-
tracking data—both in real time and in the post hoc data
analysis—to use an eye tracker for varied and innovative
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Figure 11. The fixation data recorded by the eye tracker (light gray circles) and after the error signa-
ture transformation has been applied (black circles). Participant P4 searched a six-group layout with
group labels. The diameter of each circle indicates the duration of each fixation. The precue x4x RUB is
shown in the top left, where it would have disappeared when the layout appeared. Participant P4 first
searched the group labels until she found the group x4x and then confined her search to that group. The
final fixation was on the target RUB. It appears as if the RFL-based error correction successfully removed
much of the systematic error in the data and put the recorded fixations closer to the actual fixations
made by P4. Note how the error correction varied from region to region and corresponded to Participant

P4’s error signature shown in Figure 10.
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applications, for both experimental purposes and real-time
applications. The two systems—the stimulus-presentation
system and the eye-tracking system—can communicate
with each other in real time to facilitate a rich set of ex-
perimental designs and applications, to record more accu-
rate eye-tracking data, and to clean up systematic error in
eye-tracking data by using RFLs.
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