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ABSTRACT

Head-mounted displays offer full control over lighting conditions.
When equipped with eye tracking technology, they are well suited
for experiments investigating pupil dilation in response to cognitive
tasks, emotional stimuli, and motor task complexity, particularly
for studies that would otherwise have required the use of a chinrest,
since the eye cameras are fixed with respect to the head. This paper
analyses pupil dilations for 13 out of 27 participants completing
a Fitts’ law task using a virtual reality headset with built-in eye
tracking. The largest pupil dilation occurred for the condition sub-
jectively rated as requiring the most physical and mental effort.
Fitts’ index of difficulty had no significant effect on pupil dilation,
suggesting differences in motor task complexity may not affect
pupil dilation.
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1 INTRODUCTION

Virtual reality (VR) and augmented reality (AR) headsets like the
HTC VIVE, Microsoft Hololens, MagicLeap one, Qualcomms 845
VRDK reference, and the Oculus varifocal Half-Dome prototype are
increasingly available, and are used in settings such as product de-
velopment and manufacturing [Choi et al. 2015], education [Freina
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and Ott 2015] and health care [Chirico et al. 2016; Khor et al. 2016;
Sherman and Craig 2018; Valmaggia et al. 2016]. Some, like the
FOVE headset, also include eye tracking, opening up the possibility
of tracking pupillary reactions, potentially offering insight into the
mental effort or other effort invested by the user.

This paper uses a well-known Fitts’ law task [Soukoreff and
MacKenzie 2004] over four input conditions (mouse, head, foot, and
gaze) to investigate the corresponding pupillary dilation (i.e., pupil
diameter) and the relation to perceived mental effort.

It is an open question if pupils dilate when simple visual-motor
tasks increase in difficulty (e.g., Fletcher et al. [2017]; Jiang et al.
[2014, 2015]). Do pupils dilate more when the index of difficulty (ID)
in a Fitts’ law task increases? Is there a difference between pupil
dilation for the mouse, foot, head, and gaze input conditions? If so,
do these differences align with the user’s subjective experience?

2 RELATED WORK

Numerous studies found that the pupils dilate when cognitive load
increases. Hess and Polt [1964] originally suggested using pupil
dilation as an index of mental activity during multiplication. Kah-
neman and Beatty [1966] confirmed this finding in a separate study,
which gave rise to pupillometry as a topic of research [Beatty and
Lucero-Wagoner 2000; Laeng et al. 2012; Stanners et al. 1979] and
creating interest among HCI researchers to include pupil measures
in user performance assessments (e.g., Igbal et al. [2004]).

Fitts’ law [Soukoreff and MacKenzie 2004] is a frequently used
model used in HCI, and was originally developed for one-dimen-
sional tasks and since been extended and standardized [Fitts 1954;
ISO 2000; MacKenzie and Buxton 1992]. It has been investigated
elsewhere in VR settings [Teather and Stuerzlinger 2011] and us-
ing head mounted displays [Hansen et al. 2018; Lubos et al. 2014;
Minakata et al. 2019; Qian and Teather 2017].

Richer and Beatty [1985] were the first to study the relationship
between motor task complexity and pupil dilation. When more
fingers where involved in performing a sequence of key presses,
the amplitude of pupil dilation increased. Jiang et al. [2014, 2015]
conducted a simple continuous aiming task where a tooltip is placed
on targets with various sizes and amplitudes, resembling a micro-
surgery task. The results showed that higher task difficulty, mea-
sured in terms of ID, evoked higher peak pupil dilation and longer
peak duration. Fletcher et al. [2017] also used a Fitts’ law movement
task to manipulate motor response precision. Contrary to previous
findings, increased precision demand was associated with reduced
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pupil diameter during response preparation and execution. The
authors suggest that for discrete tasks dominated by precision de-
mands, a decrease in pupil diameter indicates increased workload.

3 METHOD
3.1 Participants

Twenty-seven participants were recruited from the local university
on a voluntary basis. Participants were initially screened for color
blindness.

3.2 Apparatus

A HTC VIVE HMD, with a resolution of 21080 X 1200 pixels and
a nominal field of view of 110°, was mounted with a Pupil Labs
binocular eye-tracking system. The HMD renders at 90 Hz and the
eye-tracking data were collected at 120 Hz. During the calibration,
the background was brown-black (rgb[35,23,10]) and the tracking
target was a black-and-white bullseye with 100% contrast. During
the task, the background was the same color as the calibration;
the target circles were violet-blue (rgh[29,11,40]); when the targets
were entered/selected they turned green-blue (rgb[0,30,36]), and
the cursor was violet-red (rgb[52,0,0]). These colors were chosen be-
cause they are equiluminant and would not differentially influence
the degree of dilation of participants’ pupils during eye tracking.
Participants were screened for color blindness, as a result.

As manual input devices, a conventional Logitech corded mouse
and a foot-mouse by 3DRudder were used.

A Fitts’ law 2D implementation in Unity! was used as the exper-
imental software.

3.3 Procedure

Before commencing the Fitts’ law experiment, participants first
did a calibration of the eye tracking unit. Pupillary data collected
during this period later served as a baseline. Mouse input was used
first, followed by head, foot, and gaze in different orders according
to a Latin square. A target was activated when the cursor dwelled
inside the target for 300 ms, based on the work of Majaranta et al.
[2009].

Each pointing method had four levels of difficulty, comprised of
target amplitudes of 80 and 120 pixels combined with target widths
of 50 and 75 pixels, resulting in layout circle centres approximately
2.5° and 3.8° from the centre and target widths of approximately
3.1° and 4.7°, respectively. For each of the four levels, 21 trials were
performed, presenting the initial target at the 12 o’clock position
and then moving across and back to a neighbouring target in a
continuous clockwise rotation until all targets were activated, as
per the ISO 9241-9 procedure [ISO 2000]. See Figure 1.

If the participant failed to activate more than 20% of the targets,
the sequence was repeated. At the end of each sequence, a small
rest was allowed.

Participants were subsequently asked to rate the level of mental
and physical demand for each control method. Responses were on
a scale from 1 (least demanding) to 10 (most demanding).

!based on an original at http://www.yorku.ca/mack/GoFitts/ which has been ported to
Unity at https://github.com/Gazel T-DTU/FittsLawUnity

P. Baekgaard et al.

Figure 1: For Fitts’ law task in 2D, targets are presented in
the order shown, and continuing similarly clockwise.

3.4 Design

The experiment was a 4 X 2 X 2 within-subjects design with the
following independent variables and levels:

e Pointing method (mouse, head-position, foot-mouse, gaze)
e Target amplitude (80 pixels, 120 pixels)
e Target width (50 pixels, 75 pixels)

The dependent variable was

o Pupil dilation

4 RESULTS
4.1 Pupil Dilation

The pupil diameter, or dilation, as seen by the eye tracker camera,
was recorded as frames of pixel values for each eye independently. A
confidence parameter was also supplied. An estimated 3D-modelled
pupil diameter (mm), supplied by the eye tracker software, was not
used as it had very low, sometimes negative, correlation between
left and right eye (mean value 0.320), indicating the model was not
reliably fitting our experimental setup. It was, however, used to
establish an approximate mean pupil diameter in mm corresponding
to reported pixel values (see below).

All data frames with confidence less than or equal to 0.6 were
discarded (as recommended by the vendor). This results in approx-
imately 55% of the frames being discarded. Next, the Pearson R
correlation between left and right eye pupil diameter was calcu-
lated for all participants. The mean R across all participants was
0.82. Participants were then included only if (i) the Pearson R be-
tween eyes was larger than 0.5, (ii) the ratio of valid frames to all
frames in each test sequence was at least 25%, and (iii) all 16 test se-
quences were completed with recorded eye tracking data. This left
data for 13 participants; the remaining participants were rejected
because less than 25% valid eye tracking data was recorded from
one or more of the test sequences. Of the rejected participants, the
majority still had a high Pearson R, with a mean of 0.75, whereas
the included participants had a mean of 0.89.
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Figure 2: Typical pupil size data (average both eyes in pix-
els, for participant 8) as it varies with blocks (annotated),
over the duration of the entire experiment (time in seconds).
Grey is used for data recorded while calibrating, whereas the
colors green, blue, orange, and red indicate the four condi-
tions of target amplitude and target width (80, 75), (80, 50),
(120, 75) and (120, 50), left to right.

Figure 2 shows typical eye tracking data. Most participants show
a pattern of dilated pupils during the task versus calibration, even
if both use the same background colour.

For the subsequent pupillary analysis, the average of left and
right eye pupil dilation was used. Two additional metrics were
calculated as follows: When a participant did a calibration at the
beginning and possibly one or more verification rounds during
the test, a baseline pupil dilation was established?. This value was
subtracted from all pupil dilation measurements, independently for
each participant, resulting in a pupil dilation vs. calibration (also in
pixels). In addition, the pupil dilation vs. block mean was calculated
by subtracting the mean of each block of sequences of trials from
all pupil dilation readings within the particular block.

The grand mean of the pupil diameter was 115 pixels, corre-
sponding to an approximate 3D modelled pupil diameter of 6.3 mm.
The grand mean of the pupil dilation vs. calibration was 30 pixels,
corresponding to an approximate 3D modelled pupil dilation of 1.9
mm.

The mean pupil dilations vs. calibration were 28 pixels (gaze), 30
pixels (head-position), 30 pixels (mouse), and 32 pixels (foot-mouse).
See Figure 3.

The effect of pointing method on pupil dilation was statistically
significant (F(3, 180) = 7.26, p = .0001, 5% = .04, partial 7? = .11). A
post-hoc Wilcoxon Signed Rank test with Bonferroni correction
showed that the foot pointing method was significantly different
from gaze (W = 180, p < .0001) and head (W = 240, p = .0003). The
effects of target amplitude and target width on pupil dilation were
not statistically significant (p > .05).

The mean value of the pupil dilation by trial within each se-
quence varies over time, Figure 4, and correspondingly over angle,
Figure 5. The pupil dilation over all participants and conditions
increased, particularly over the first four trials, from an initial value
of 107 pixels to a mean value over the last 17 trials of 116 pixels.

2This was done to achieve baseline independence of the Fitts’ law tasks, nevertheless
with identical screen backgrounds to minimize luminance induced pupillary changes.
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Figure 3: Pupil dilation vs. calibration (pixels) by pointing
method. Error bars denote +1 SE.
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Figure 4: Mean pupil diameter (pixels) by trial index for each
pointing method. The shaded area denotes +1 SE.

The pupil dilation aggregated over all blocks and participants for
the four combinations of target amplitude and width is shown in
Figure 6. Recall that the effects of target amplitude and target width
on pupil dilation were not significant. The highest value is for the
target amplitude and width of (80, 50) at 0.81 pixels whereas the low-
est value is for (120, 75) at -0.79. Both have the same corresponding
index of difficulty of 1.38 bits.

4.2 Subjective Ratings

Participants rated foot-pointing (mean rank = 3.19) as the most
mentally demanding, followed by gaze-pointing (mean rank = 2.92),
then head-pointing (mean rank = 2.15); finally, mouse-pointing
(mean rank = 1.73) was rated the least mentally demanding. A
Friedman test on the mental workload ratings was significant (y2(3)
= 13.49, p = .004). Foot-pointing was significantly more mental
demanding than head- and mouse-pointing (Z = -2.82, p = .01; Z =
-2.67, p = .01). No other differences were significant regarding the
pointing-method ratings relating to mental workload (p > .10).
Participants rated foot-pointing (mean rank = 3.27) as the most
physically demanding, followed by head-pointing (mean rank =
3.19), then gaze-pointing (mean rank = 2.08); finally, mouse-pointing
(mean rank = 1.46) was rated the least physically demanding. A
Friedman test on the physical workload ratings was significant
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Figure 5: Mean pupil diameter (pixels) by target angle (de-
gree) aggregated over all sequences for each of the four
pointing conditions. The shaded area denotes +1 SE.
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Figure 6: Pupil dilation relative to block mean (pixels) vs. tar-
get amplitude and target width (corresponding to Fitts’ in-
dex of difficulty of 1.05, 1.38, 1.38, and 1.77 bits, left to right).
Error bars denote +1 SE.

(x?(3) = 19.20, p = .0003). Foot-pointing was significantly more
physically demanding than mouse-pointing (Z = -3.21, p = .001).
Head-pointing was also significantly more physically demanding
than mouse-pointing (Z = -3.09, p = .02). No other differences were
significant regarding the pointing-method ratings relating to phys-
ical workload (p > .10).

5 DISCUSSION

Pupil results were contrary to our expectations in three ways. First,
there was no simple relation between pupil dilation and target
amplitude or target width, which yield Fitts’ index of difficulty.

P. Baekgaard et al.

Second, foot input was associated with larger dilations than gaze
input, possibly suggesting that higher physical or mental effort was
needed when moving the feet, as compared to moving the eyes
and that caused the extra dilation. Another reason might be that
pointing with gaze is a natural activity that we do all the time,
when directing visual attention in our environment. Pointing with
the feet by use of a balance board is new to most people. Thus it
requires extra effort.

Third, Figure 4 shows that for every new sequence encountered,
participants exhibited an increase in pupil diameter for the first
trials in a sequence. This start-up effect was independent of the
input method. Twelve of 13 participants showed clear signs of a
start-up dilation from a lower initial value. This is not attributed
to changes in luminance since the target color was equiluminant
with the background seen before the onset of the task sequence.
We speculate that it is related to the ramp-up phase often seen
for task-evoked pupillary responses [Beatty 1982], until seemingly
reaching a level suitable to the task. This finding implies there is
value in including warm-up trials or leaving out the first trial data
when analyzing pupil data for repeated actions.

How may pupil data be applied when assessing the pointing
capabilities for a given individual? Our data on differences in pupil
dilation between the various inputs are not conclusive, since there
is an open issue whether mental or physical effort has a dominant
effect on the difference between foot and gaze pointing. The start-
up effect is consistent for all four input methods. Further research
might explore if reduced levels of cortical activity, for instance due
to tiredness, medication, or depression, impact the start-up effect.
If so, when a start-up effect is not found, low cortical activity may
be considered when assessing an individual.

The pupil diameter measures, however, should be more robust
than what we observed in our study, since only 13 of 27 participants
provided stable pupil data throughout the experiment. Furthermore,
a more robust 3D eye model is needed to more accurately facilitate
experiments where areas of interest cannot be centered in the field
of view.

6 CONCLUSION

In conclusion, pupil dilations were consistently associated with the
onset of a task, independent of the pointing method. Pupil dilations
depended on pointing method, but not on target amplitude or target
width, thus not on Fitts’ index of difficulty.
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