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As eye-controlled interfaces becomes increasingly viable, there is a need to better understand fundamental
human-machine interaction capabilities between a human and a computer via an eye tracking device. Prior
research has explored the maximum rate of input from a human to a computer, such as key-entry rates in
eye-typing tasks, but there has been little or no work to determine capabilities and limitations with regards
to delivering gaze-mediated commands at precise moments in time. This paper evaluates four different
methods for converting real-time eye movement data into control signals—two fixation-based methods and
two saccade-based methods. An experiment compares musicians’ ability to use each method to trigger the
playing of sounds at precise times, and examines how quickly musicians are able to move their eyes to trig-
ger correctly-timed, evenly-paced rhythms. The results indicate that fixation-based eye-control algorithms
provide better timing control than saccade-based algorithms, and that people have a fundamental perform-
ance limitation for tapping out eye-controlled rhythms that lies somewhere between two and four beats per
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second.

As the science and practice of human-machine interaction
embraces new and alternative modes of interaction, such as
with touch screens, voice-interaction, and brain-computer in-
terfaces, it is important to understand the fundamental human-
computer capabilities and limitations with each new mode of
interaction. Though the widespread deployment of eye track-
ing continues to appear top be just over the horizon (Jacob &
Karn, 2003), eye tracking is well-established as a means of
interacting with a device (Duchowski, 2007).

Prior research has investigated the maximum rate of input
from a human to a computer via an eye tracker and found a
maximum eye-typing rate of one character per 0.6 s (Majar-
anta, Ahola, & Spakov, 2009), but there has been little or no
work to determine how accurately a person can trigger eye-
controlled events at precise moments in time. The control of
timing would be particularly important in some assistive tech-
nology applications. Previous research (Hornof & Sato, 2004;
Hornof, 2009) identified task instances in which precise con-
trol of eye-controlled systems could create new opportunities
to participate in musical activities, take part in rapid-fire con-
versations, or permit the careful timing of punchlines to jokes.

Previous research for finger tapping has shown that peo-
ple can accurately tap out thythms with their fingers as fast as
one tap every 100 ms, and that people tend to tap a few tens of
milliseconds before the beat but that this negative mean asyn-
chrony decreases and disappears with musicians (Repp, 2005).
But few or no similar studies have been conducted with eye
movements to determine fundamental human capabilities and
limitations for eye-tapping.

In everyday eye movements, people move their eyes with
rapid saccades of roughly 20 to 40 ms, and then hold their
eyes steady for fixations of roughly 200 to 500 ms (Rayner,
1998). Most eye-controlled computer interfaces (such as Hor-
nof & Cavender, 2005; Majaranta et al., 2009) trigger gaze-
based commands based on fixations rather than saccades in
part because people can control the location of a fixation and
thus issue commands based on looking at locations on a dis-
play. Fixations are typically identified by using a fixation-
detection algorithm that requires 100 to 200 ms to determine
that a fixation has started (Salvucci & Goldberg, 2000). Yet, if

100 to 200 ms are required to identify a fixation, this will in-
troduce delays that a user must correctly anticipate if they are
to issue a command at a precise moment in time, as needed for
tasks such as playing music.

Saccade-detection algorithms could potentially be used in
place of fixation-detection algorithms to trigger eye-controlled
commands, such as by detecting that the gaze has crossed a
line on the computer display during a saccade. This event
could be reported more quickly by an eye tracker, requiring
just one or two samples from the eye tracker to report the
event. For a 60 Hz eye tracker, this would be just 16.7 ms.
No additional 100 ms delay would need to be imposed.
Saccade-based detection algorithms might be more responsive
and provide superior control for precisely-timed eye-
commands. Saccade-based triggers might also correspond
more closely to the learned behavior of interacting with con-
trol devices through movement rather than by holding still.

This paper describes an eye-tapping study that evaluates
the best way to process eye tracking data to permit a user to
trigger commands at precise moments in time with their eyes.
The experimental paradigm is based on finger tapping studies
(such as in Repp, 2005), but conducted with real-time eye
movement data. Four different methods are used to process
the data to trigger sounds at precise times. Two are fixation-
based and two are saccade-based. As with classic tapping
studies, the experiment also investigates the fastest rhythms
that musicians are able to match with their eye movements.

METHOD

Participants moved their eyes back and forth between two
small squares on a computer display to play handclap sounds,
the taps, to attempt to match a rhythm of woodblock sounds,
the beats. The two small squares were centered on the display
and separated by 12° of horizontal visual angle. A vertical
midline separated the two squares.

The experiment was a 4 X3 within-subjects design. The
two factors were trigger method and tempo.

The trigger method included two fixation-based methods
and two saccade-based methods. The two fixation-based trig-
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ger methods were (a) dispersion-based, in which a fixation is
detected when six gazepoints (reported by the eye tracker sixty
times per second, for a minimum fixation duration of 100 ms)
are reported to be within 0.5° of each other, and (b) velocity-
based in which a fixation is detected when the movement of
the gazepoints across the display holds below 20° per second
for 100 ms. In these two methods, the first fixation detected
across the midline triggers the tap (the handclap). The two
saccade-based methods were the (a) maximum velocity
detection-method, in which the tap was triggered by the first
gaze sample after maximum velocity of the saccade, and (b)
the midline crossed condition, in which the tap was triggered
by the first sample across the midline drawn on the display.
The two small squares on the display served as visual anchors
but were not integral to any of the trigger methods.

Tempo refers to the speed of the beats. Beats were played
every 0.25, 0.5, or 1.0 seconds. Figure 1 shows the exact tim-
ing of the beats within each tempo condition. As can be seen,
the 0.25 s and 0.5 s tempos played in triplets whereas the 1.0 s
tempo played at a constant rate. The three beats in each triplet
are referred to as beat positions 1,2, and 3.
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Figure 1. The spacing of the beats (the vertical tick marks)
across each two-second span of the experiment, for each of
the three tempos. Each timeline loops back to its start.

Twelve musicians (nine male and three female), each with
an average of ten years of musical training or professional
music experience, were recruited primarily from the School of
Music and Dance at the University of Oregon. Each partici-
pated for about 1.5 hours and completed twenty-four 70-
second blocks. Each block included one combination of the
two factors. The ordering of the blocks was randomized, and
counterbalanced across participants. The first twelve blocks
were to practice all conditions, and the second twelve were to
perform all conditions as accurately as possible. Participants
earned $10 plus a bonus of up to $10 based on their speed and
accuracy, which were determined based on the time between
the tap and the beat, and the ratio of attempted taps to beats.
An on-screen progress bar and text such as “Super!” and “Try
Harder!” provided real-time performance feedback.

Eye tracking data were collected by an LC Technologies
monocular 60 Hz eye tracker and processed in real time using
Cycling 74 Max/MSP 5 (similar to Repp, London, & Keller,
2005), which in turn updated a 1280x1024 LCD visual display
attached to a dual 2GHz PowerPC G5 running Mac OS X, as
described in Hornof and Sato (2004). A chinrest maintained
an eye-to-screen distance of 22 inches. Auditory stimuli were
presented via a pair of Sennheiser HD 250 headphones con-
nected to an M-Audio FireWire Solo interface.

The main performance measure in a tapping task is asyn-
chrony, the time between the beat played by the system and
the tap played by the participant. A perfect performance
would produce asynchronies of zero. Consistent with Repp
(2005), early taps are reported as negative, and late taps are
reported as positive. If the participant did not produce a tap
for a beat, then no asynchrony was recorded for that beat.

Asynchronies were analyzed using a repeated measures
ANOVA with the Greenhouse-Geisser correction. Five per-
cent (1,127 beats) of all beats were excluded in the analysis
because their taps were outliers that were more than two stan-
dard deviations from the grand mean.

RESULTS
Asynchrony as a Function of Beat Position
Figure 2 and Table 1 show asynchrony as a function of
beat position for each trigger method and tempo.

As can be seen in Figure 2, across all three tempos, the
two fixation-based trigger methods consistently produce taps

Trigger Method
Fixation-based Saccade-based
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Tempo: 0.5 s

Asynchrony (ms)

Beat Position

Figure 2. Mean asynchrony, in milliseconds, as a function
of beat position, separated by trigger method and tempo.
Also, the standard error of the 12 participant means.
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Table 1. Mean asynchrony, in milliseconds, and
standard deviations (of the 12 participant means).

later than the two saccade-based methods (F(1.75, 19.3) =
122, p <.001). The 0.25 s and 0.5 s tempos result in overall
different asynchronies (F(1, 11) = 12.1, p = .005), with the
0.25 s tempo producing asynchronies that are overall late and
the 0.5 s that are overall early. For the 0.25 s and 0.5 s tem-
pos, the general trend across beat position is relatively consis-
tent across all four trigger methods. Figure 3 shows these
trends.

Figure 3 shows how asynchrony increases across the three
beats for the 0.25 s tempo but not for the 0.5 s tempo. The
0.25 s tempo is 36.9 ms later with each beat position, and the
0.5 s tempo is 5.4 ms earlier with each beat position. (The
1.0 s tempo cannot be compared because all of its beats are
essentially in Position 1.) Figure 3 illustrates the only signifi-
cant two-way interaction that was found, between beat posi-
tion and tempo (£(1.18, 13.0) = 41.5, p < .001). The figure
also shows how the overall accuracy is better for the 0.5 s
tempo than for the 0.25 s tempo. Although the two tempos
pull in different directions, the main effect of beat position
was not canceled out—asynchrony was still significantly af-
fected by beat position (F(1.08, 11.9) = 6.95, p = .02), suggest-
ing that the increasing trend in 0.25 s tempo dominates.

First-Beat Asynchrony

Beat Position 1 across all three graphs in Figure 2 shows
that participants could accurately tap on a beat after an interval
of 1.0 s or 1.5 s. The general patterns of asynchrony are quite
consistent across the three tempos, with the fixation-based
methods more on the beat (closer to 0) and the saccade-based
methods consistently about 50 ms early. This first-beat asyn-
chrony is affected by trigger method (F(1.88, 20.6) = 64.7, p <
.001) but not by tempo (£(1.29, 14.2) = 0.836, p = .400). The
consistency of this trend across tempos is supported by the
lack of an interaction between trigger method and tempo
(F(4.29,47.2)=1.94, p=0.115).

Saccade-Based vs. Fixation-Based Trigger Methods
Given the similar performance between the two fixation-

based methods and the similar performance between the two
saccade-based methods, and given that there was no signifi-
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Figure 3. A two-way interaction between beat
position and tempo for the 0.25 s and 0.5 s tempos.

cant difference when comparing each pair separately, the same
analyses as above were conducted again after collapsing the
data by saccade-based method and by fixation-based method.
All of the same significant differences appear as when the four
trigger methods were analyzed separately. This demonstrates
that the differences that were reported above that relate to the
trigger-method result from the #ype of trigger method—
fixation-based versus saccade-based—that was used, and not
the specifics within the two types of methods.

DISCUSSION

The data suggest that, if the goal is to to use an eye
tracker to trigger commands at precise moments in time, it is
best to process the eye tracking data using a fixation-detection
algorithm rather than a saccade-detection algorithm. This is
most clearly illustrated in that, across all three tempos, the
first-beat asynchrony is consistently more accurate for the
fixation-based methods than for the saccade-based methods.

The data also suggest that the shortest interval that can be
achieved between successive eye-taps is somewhere between
0.25 s and 0.5 s, which is faster than the optimal eye-typing
rate of one key every 0.6 s, but slower than the optimal finger-
tapping rate of one tap every 0.1 s. This maximum eye-
tapping rate between 0.25 s and 0.5 s is evidenced by taps get-
ting 37 ms later with each beat in the 0.25 s tempo, in which
participants just cannot keep up.

It appears as if, with practice and optimal trigger tech-
niques, musicians can eliminate negative mean asynchrony in
eye-tapping as they have been observed to do in finger-tapping
(Repp, 2005). In the best fixation-based conditions, the nega-
tive mean asynchronies were —4.0 ms (for the 1.0 s tempo) and
1.4 ms (for Beat Position 3 of the 0.5 s tempo).

Figure 4 shows a hypothesized timeline of the system and
human information processing involved in the task. Each tap
likely proceeds as such: The system plays the beat and tap,
with the beat played precisely on the rhythm and the tap
played based on the person's last eye movement. The person
perceives the beat and tap as a single sound event, analyzes it
to determine whether the tap was early or late, and adjusts the
timing of the next planned eye movement to move the tap
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Figure 4. A hypothesized, approximate timeline of the system events and the human information
processing involved in tapping on each beat during the eye-tapping task. The target beat at the
end of the timeline should occur close to the saccade- or fixation-triggered tap.

closer to the beat. Some slack time elapses during which the
person waits for the right time to initiate the movement, after
which they launch the eye movement. The system plays the
tap, near the end of the eye movement in the saccade-based
methods, or roughly 100 ms affer the end of the eye move-
ment in the fixation-based methods.

The timeline illustrates the unusual nature of the task,
which is to initiate a carefully-timed eye movement based on
the perception and analysis of a sound event that was triggered
by a previous carefully-timed eye movement. The eye-tapping
task requires a person to quickly analyze the auditory results
of a previous eye movement to decide when to make the next
eye movement. The processing time required for this analysis
and planning appears to be too great to support eye-tapping of
four beats per second, even though four eye movements per
second are commonly observed in tasks in which the move-
ments are driven entirely by visual processing requirements,
such as reading or visual search (Rayner, 1998). There is
enough time between beats for all the processing that is neces-
sary to keep up with the 0.5 s tempo, but not the 0.25 s tempo.

In the most accurate conditions observed in the data, the
saccade-based methods produced taps roughly 50 ms earlier
than the fixation-based methods; this suggests that the partici-
pants adjusted to the timing characteristics of the different
trigger methods rather than relying on one strategy for all trig-
ger methods. The saccade-based trigger methods did not pro-
duce taps earlier than the fixation-based methods simply be-
cause the saccade-based methods capture a moment earlier in
the timeline. If this were the case, the saccade-based methods
would cause the tap to be played more than 100 ms earlier
than the fixation-based methods, because this is the time re-
quired for a fixation-detection algorithm to detect a fixation.
Participants did not simply allocate a fixed amount of slack
time across all trigger conditions, but instead clearly adjusted
their eye movement times based on perceived differences in
the the fixation- versus saccade-based methods.

Understanding how people plan an eye movement to trig-
ger a sound using each type of method might be better under-
stood by exploring more tempos between 0.25 s and 0.5 s.
Since the saccade-based methods respond to an eye movement
100 ms earlier than the fixation-based methods, if the two
types of methods require the same time to plan the next
movement, the saccade-based methods would seem to have a
100 ms advantage over the fixation-based methods. If there is
no tempo with which, across the three beat positions, people
can maintain a constant asynchrony using the saccade-based
but not the fixation-based methods, this would suggest that the
saccade-based methods require more analysis and planning
time. The question of how people do the task could similarly
be explored by reducing the 100 ms required to detect a fixa-
tion down to just two eye tracker samples, assuming that as
soon the eyes arrive at a trigger location (the small squares on
the display), the fixation has started.

That people can accurately hit the beat with fixation-
based methods but are consistently early with saccade-based
methods might relate to a person’s ability to imagine and pre-
dict the temporal relationship between (a) perceptual and mo-
tor events that a person can easily and correctly anticipate and
(b) the sound of the tap being played. It may be that the
fixation-based methods, which play the tap roughly 100 ms
after the eye movement, play the tap at a moment that corre-
sponds to perceptually salient events such as visual features
becoming available after the eye movement, or to a point in
time that can be imagined in relationship to salient events such
as the world having just changed its position after an eye
movement. And perhaps the saccade-based methods play taps
at moments that are more difficult to connect to salient percep-
tual or motor events. In fact, the visual system even sup-
presses sensory information during a saccade (Rayner, 1998),
creating a sort of non-event, which might be particularly diffi-
cult to anticipate. Perhaps proprioception of the launch or the
middle of a saccade is simply not readily available to a person
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such that they can imagine, anticipate, and plan around either
event. Repp (2005) discusses previous models of sensorimo-
tor synchronization that incorporate the imagining of beats and
taps for finger-tapping. Perhaps eye-tapping can be explained
by similar models.

CONCLUSION

An experiment was conducted to investigate the best way
to process gaze samples from an eye tracker to provide the
optimal control over the timing of commands issued via an
eye tracker. The specific task was to follow three different
rhythms with the eyes. Four different methods were used to
monitor and capture eye movement data to trigger handclaps.
The outcome indicates that fixation-based eye-control algo-
rithms provide more accurate rhythmic and timing control
than saccade-based eye-control algorithms, and that people
have a fundamental performance limitation for tapping out an
eye-controlled rhythm somewhere between two and four beats
per second. People can “clap along” with eye movements two
times a second, but not four times a second.

The research presented here is of immediate use in the
design of eye-controlled interfaces that require the issuing of
commands at precise times, or in rapid sequence, such as for a
musician with severe motor impairments to use his or her eyes
to trigger musical events at precise times. This experiment
looked at perhaps the simplest possible eye-tapping task, mov-
ing the eyes between two small squares. Future research will
examine how quickly, and with what precision, control deci-
sions can be triggered when there are numerous possible
command options, such as with many large buttons on a dis-
play.

This study advances the field of human factors by estab-
lishing new knowledge regarding fundamental human capa-
bilities and limitations in an emerging mode of human-
machine control.
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