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An Investigation of Pupil-based Cognitive Load Measurement with
Low Cost Infrared Webcam under Light Reflex Interference
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Abstract— Using the task-evoked pupillary response (TEPR)
to index cognitive load can contribute significantly to the
assessment of memory function and cognitive skills in patients.
However, the measurement of pupillary response is currently
limited to a well-controlled lab environment due to light reflex
and also relies heavily on expensive video-based eye trackers.
Furthermore, commercial eye trackers are usually dedicated to
gaze direction measurement, and their calibration procedure
and computing resource are largely redundant for pupil-based
cognitive load measurement (PCLM). In this study, we
investigate the validity of cognitive load measurement with (i)
pupil light reflex in a less controlled luminance background; (ii)
a low-cost infrared (IR) webcam for the TEPR in a controlled
luminance background. ANOVA results show that with an
appropriate baseline selection and subtraction, the light reflex is
significantly reduced, suggesting the possibility of less
constrained practical applications of PCLM. Compared with
the TEPR from a commercial remote eye tracker, a low-cost IR
webcam achieved a similar TEPR pattern and no significant
difference was found between the two devices in terms of
cognitive load measurement across five induced load levels.

[. INTRODUCTION

Cognitive load measurement aims to evaluate the
working memory ability during a task [1], therefore it can be
used to assess the memory function in cognitive tests to
assist the diagnosis of cognitive impairment and some mental
disorders [2], e.g. schizophrenia [3]. Meanwhile, cognitive
skills are of the essence to daily living and social activities,
thus cognitive load measurement can be a convenient means
to screen discharge patients and evaluate their responses to
treatment [3]. Such applications of cognitive technology call
for a low cost, convenient and accurate measurement
method. Among existing measures, task-evoked pupillary
response (TEPR) has been found as a strong index of
cognitive load [4]. Compared with using reaction time for
detecting cognitive dysfunction in computerised cognitive
tests [12], a pupil-based cognitive load measurement
(PCLM) based e.g. on a smartphone can certainly provide
benefit in terms of objectiveness, portability, and being a
physiological measure. However, TEPR measurement to date
has occurred only in well-controlled lab environments.

The main barriers for PCLM are the susceptibility to
pupil light reflex (PLR) and the lack of a cheap and
dedicated device for pupil measurement. As empirical work
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has demonstrated, light can cause the pupil to dilate and
constrict in a range of around 3 mm [5] while changes in
TEPR can only be as large as around 0.6 mm [2,4,6] under
constant background. Therefore, the global luminance (i.e.
due to the background change) and the local luminance (i.e.
due to gaze shifting) of the visual field are required to be
uniform across experimental conditions [4,6]. Other factors,
such as near reflex (due to the distance to screen changes)
and arousal state [2,4] can also influence pupillary response.
Baseline subtraction and average pupillary response are
common approaches to alleviate some of the above
confounders [2,4,6], but the effectiveness of using these
approaches without uniform luminance background in tasks
has not been investigated. In other words, it is significant to
know in practice whether PCLM can still be applied in a less
controlled luminance background.

Ideally, if non-cognitive variability is the same during
both the trial and the baseline, we can obtain the pupillary
response resulting from cognition after baseline subtraction
[4]. In the literature, baseline pupil size is usually collected
before the experiment, in a non-task state, when participants
are merely looking at a blank/pre-task screen without a task
goal. Even in this situation, the pupillary response is not
stable; therefore, an average pupil size over a few seconds is
often used as a baseline. But the duration of the baseline
region varies considerably between different studies, e.g. 10
s in [8], 0.4 s in [6] and 0.2 s in [9]. Furthermore, it is not
easy to find out whether the baseline is reliable, since
participants can think about something else in the absence of
a driven task goal, and their arousal level can be different
before and during the task-state. Thus, different baseline
selections might result in different results.

A low cost and convenient device can certainly
proliferate the applications of PCLM. However, to date, in
the literature, TEPR determination is heavily dependent on
commercial eye trackers. Although some commercial eye
trackers can offer an output of pupil size, they are expensive.
More importantly, they are dedicated to gaze direction
measurement since the aim of most eye tracker is to obtain a
precise center of the pupil rather than a precise pupil size.
For the purpose of the former, a few opposite points on the
pupil boundary can determine the center of the pupil through
a fitted circle or as the center of the longest line by scanning
[11]. For commercial eye trackers, the implementation
details of pupil measurement are often not available.
Moreover, a large computing resource is used to transform
the distance between the centers of the pupil and the glint to
an absolute eye position by the parameters obtained in the
calibration procedure [10]. Thus, for TEPR measurement,
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the tedious calibration procedure and computing resources
required for gaze calculation are redundant.

In this study, we carefully select the baseline for
subtraction and averaging to reduce the PLR and
measurement noise, and compare TEPR obtained by a
remote eye tracker under a gray background with that under
image backgrounds to investigate the efficacy of PCLM in a
less controlled luminance background. We also used low-
cost head-mounted IR webcams to record eye activity
without any stereo calibration and compared the TEPR
obtained by an IR webcam with that obtained by a remote
eye tracker to demonstrate the validity of using a low-cost
device for PCLM. In a previous study [6], TEPR obtained
by a remote eye tracker was found able to index cognitive
load, although head motion might cause variations in the
estimated pupil size.

II. METHOD

A. Experiment setup

A mental arithmetic task is often employed in cognitive
load studies and TEPR has been successfully found to have a
distinct pattern in a two-number multiplication task with
three levels of difficulty, as pupil size was found increasing
in a more difficult task [4,6]. However, to avoid gaze-shift
affected PLR, the luminance of their task background was
carefully controlled to be constant. We also employed a
mental arithmetic task but in three different conditions, (i)
constant gray background with FaceLab4 - a remote eye
tracker (‘gray eye tracker”), where there is little PLR due to
global luminance and minimum PLR due to gaze shift; (ii)
image background with the remote eye tracker
(‘image_eye_tracker’), where both the PLR due to different
global luminance and the PLR due to gaze shift occur; and
(iii) constant gray background with IR webcams
(‘gray_webcam’) for pupillary response recording.

In the arithmetic task, participants were required to add
four numbers that were sequentially displayed every 3 s on
the screen (step 2 in Figure 1 (a) and (b)), use the mouse to
select the correct answer from 10 displayed choices (step 3
in Figure 1 (a) and (b)), and then rate the current task
difficulty (step 4 in Figure 1 (a) and (b)). Before the
beginning of task stimulus display, there was a 2-s period,
showing 10 placeholders in the background (step 1 in Figure
1 (a) and (b)) in order to let the eye adapt to the background
luminance. The PLR due to global luminance can be
expected to reduce to a minimum after around 2 s [9]. Task
difficulty levels were regulated by the number of digits for
addition and carries produced by addition. For each trial, the
four integers were randomly selected from (i) {0,1}, (ii)
{1,...,5}, (iii) {5,...,9}, (iv) {10,...,19}, (v) {84,...,93}.

In the gray eye tracker experiment, the task was
conducted in a gray background as shown in Figure 1 (a) and
pupil size was collected from 15 participants (7 females and
8 males; age M=26.8, SD=7.2) by a remote eye tracker
(FaceLab4, shown in Figure 2 (a)), running at 60 Hz. Each
participant completed 10 trials (5 levels x 2 repetitions).

In the image eye tracker experiment, the task settings
were the same as in the gray eye tracker experiment, except
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Figure 1. An arithmetic task with a constant gray background (a) in the
gray_eye_tracker and gray webcam experiments and an image background
(b) in the image eye tracker experiment to investigate the validity of
cognitive load measurement under light reflex interference. There were four
steps, indicated by arrows, in the arithmetic task and the 12 s interval in
step 2 is of most interest for comparison. The rating form in step 4 was a 9-
point scale from extreme easy to extreme difficult.

= Multiple choices,

(b) near-field

Figure 2. A remote eye tracker (a) and head-mounted IR webcams (b) were
used to obtain the pupillary response for cognitive load measurement. (a)
was used in the experiment of gray eye tracker and image_eye_tracker and
(b) was used in the experiment of gray webcam.

(a) remote

different images were used as the background in each trial,
as shown in Figure 1 (b). Each participant completed 60
trials (5 levels x 12 repetitions).

In the gray webcam experiment, the task had a gray
background, identical to that in the gray eye tracker
experiment, but was completed by a different 22 participants
(9 females and 13 males, age: M=26.8, SD=4.0). They were
required to wear a pair of glasses frames with two IR
webcams mounted and tracking each pupil, as shown in
Figure 2 (b). Video was recorded at 30 Hz. Each participant
completed 150 trials (5 levels x 30 repetitions). As
experiments were conducted in different time and improved
by having more participants and trials, all data were used.

B. Data processing for pupil size

In the gray eye tacker and image eye tracker
experiment, pupil size was directly measured by the eye
tracker and was linearly interpolated during zero pupil size
intervals and then low-pass filtered at around 4 Hz cut off
frequency [2]. In the gray webcam experiment, pupil size
was recorded as the length (in pixels) of the major axis of a
fitted ellipse in a binary image, produced by thresholding
each frame of the video sequences [11]. Pupil size was
linearly interpolated during blinks, which were detected by a
dual-ellipse algorithm [11] and manually checked by
superimposing the ellipse on the video. The pupil size was
then passed through a median filter with a length of 3 frames
to remove the noise caused by rapid eye movements. Pupil
size was finally converted to millimeters by the ratio of the
true eye length and the eye length in the video.
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Figure 3. (a) Average TEPR of five cognitive load levels obtained by a remote eye tracker over the 14 s with gray background and (b) with image
background. (c) Average TEPR of five cognitive load levels obtained by an IR webcam over the 14 s with gray background. The average pupil size over the
1 s duration between the two gray vertical lines was used as a baseline for subtraction. This region was chosen because the eye was almost adapted to the
global luminance of the task background, and it was at the instant of task beginning, close to task state but involving minimum cognitive load. Therefore,
at least 2 s of task background presence was required before task beginning in practice for a baseline region and we need to know when a stimulus begins

in order to define one.
C. Baseline pupil size selection

Different to the baseline selected before the experiment
with a blank background, where the associated factors such
as arousal state, luminance to the eye and cognitive activity
during resting might not be same as these during tasks, we
considered averaging pupil size over 1 s around the onset of
the first addend in each task as the baseline, as shown in
Figure 3. The reason for this baseline region is that (i) the
eye has almost been adapted to the global luminance of the
background since it has been presented for nearly 2 s; (ii) it
is the closest moment to the arousal state throughout the task
since it is at the beginning of the task; (iii) it is relatively
stable because participants paid attention to the task
stimulus, involving minimum cognitive load. The TEPR is
an average phasic pupil size (PS) change [4] (average to
minimize the PLR effect due to gaze shift), obtained by

=11

TEPR = Z

t= 1,

(Ps - I=Z‘_":Ps b (1)
r=1_.5

baseline

where the pupil size during the 12 s, #,=2 and #=14 s, and
during the 3 s, #,=11 and #,=14 s, as shown in Figure 3, are of
interest and calculated for later analysis.

D. ANOVA Analysis

To examine whether the obtained TEPR is still valid for
PCLM, that is, whether PLR still has a great effect after
baseline subtraction in the image eye tracker experiment
compared with that in the gray eye tacker experiment, we
conducted two repeated two-way ANOVA tests to see the
significant effects on cognitive load, average luminance of
each image, and their interaction under two conditions: with
and without baseline subtraction. We set 0.05 as the critical
p value. For those within-subject tests that violated the
assumption of sphericity, the degrees of freedom were
corrected by Greenhouse-Geisser, as indicated by fractions.

We used the average TEPR over 3 s for the repeated
ANOVA analysis. The last 3 s is the most difficult part of the
task, where cognitive load has the strongest effect on pupil
size, therefore the pupil size change due to arousal state
resulted by the image was minimal [2] to see the PLR effect.
To calculate the luminance of an image, we firstly converted
an RGB image to an intensity image by 0.2989 * Red +
0.5870 * Green + 0.1140 * Blue to obtain the value of each
pixel in Matlab, and averaged them to provide the average
luminance of each image. Then the luminance values were
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Figure 4. Average pupil size over the 11" to 14" s vs. average luminance
for each of 14 different backgrounds across 15 participants in five cognitive
load levels without baseline subtraction (a) and with baseline subtraction
(b). Irrespective of induced cognitive load level, the pupil size in (a) has a
general trend (indicated by the gray line using robust regression analysis) of
being a function of luminance, that is, the pupil size is larger when the
luminance is lower. However, the significant correlation is lost after
baseline subtraction in (b). This demonstrates that most variability of pupil
size is now due to cognitive load. Therefore, after baseline subtraction, the
cognitive load can be more accurately classified using TEPR.

grouped into six 0.1-interval bins centred at 0.15, 0.25, 0.35,
0.45, 0.55, 0.65. All the five workload levels shared the 4
levels of luminance, 0.25, 0.35, 0.45, 0.55, therefore 4 levels
of luminance were used.

To evaluate the comparative performance of IR webcams
and the remote eye tracker for PCLM, we conducted a two-
way ANOVA test to examine whether there is significant
difference in TEPR obtained by the two devices for the five
levels of cognitive load, and whether the cognitive load
effect interacts with different devices.

III. RESULTS AND DISCUSSION

Figure 3 and Table I present the TEPR patterns of the
five levels of cognitive load in the three experiments. They
demonstrate that the average TEPR with baseline subtraction
achieved similar patterns, that is, the pupil size increased
further during a more difficult addition task, in spite of the
PLR effect with a non-constant background or the
differences between the two pupil size measurement devices.
Meanwhile, the TEPR across the five cognitive load levels in
image eye tracker was larger than that in the other two
experiments, as shown in Table 1. It is likely due to the
arousal effect induced by image backgrounds throughout
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task execution [2]. Although there was likely to have been
non-task-induced variability, we can see that the cognitive
load is the dominating factor since the pupil size is a function
of cognitive load, increasing with higher load levels, as
shown in Figure 3 and Table I.

TABLE 1. THE MEAN AND STANDARD DEVIATION OF TEPR ACROSS
ALL TRIALS AND ALL PARTICIPANTS OVER 12 S IN THE THREE EXPERIMENTS.
terR @ | TEGE | e | e

Level 1 -0.01 (0.16) [ 0.19(0.11) | 0.03(0.10)
Level 2 0.11(0.18) | 0.16(0.12) | 0.05(0.14)
Level 3 0.14 (0.21) 0.27 (0.15) 0.16 (0.17)
Level 4 0.24 (0.26) 0.34 (0.13) 0.33 (0.27)
Level 5 0.32(0.26) | 0.46(0.18) | 0.36(0.28)

TABLE I TWO-WAY (LUMINANCE LEVELS (4) X COGNITIVE LOAD

LEVELS (5)) REPEATED ANOVA TEST OF THE AVERAGE PUPIL SIZE OVER THE
LAST 3 S DURING TASKS FOR THE GRAY_EYE_TRACKER AND
IMAGE_EYE_TRACKER CONDITIONS.

TEPR without baseline
subtraction

TEPR with baseline
subtraction

Luminance levels:
F(1.9,26.2)=9.33, p<0.01.
Cognitive load levels:

F(2.4, 33.3)=44.46, p<0.01.
Luminance x cognitive load:
F(4.5,62.4)=6.58, p<0.01.

Luminance levels:
F(2.0,27.5)=1.27, p=0.3.
Cognitive load levels:

F(2.8, 38.9)=28.59, p<0.01.
Luminance x cognitive load:
F(5.5,76.4)=2.13, p=0.06.

TABLE IIL TWO-WAY (DEVICE (2) X COGNITIVE LOAD LEVELS (5))
ANOVA TEST OF AVERAGE PUPIL SIZE OVER THE 12 S TASK DURATION FOR
THE GRAY_EYE_TRACKER AND GRAY_WEBCAM CONDITIONS.

TEPR with baseline subtraction
Device: F(1,175)=0.56, p=0.45.
Cognitive load levels: F(4, 175)=15.53, p<0.01.
Device x cognitive load: F(4,175)=0.63, p=0.64.

Specifically, Figure 4 and Table II show that with the
baseline selection and average methods, the PLR effect was
significantly reduced. In Figure 4, in each cognitive load
level, the 14 points represent the average pupil size over 3 s
in the 14 trials across 15 participants. Before baseline
subtraction, pupil size was affected by the average luminance
of images, as shown in Figure 4 (a). From Table II, there are
significant effects of pupil size on cognitive load, average
luminance of images and the interaction between them.
However, after baseline subtraction, as shown by Figure 4
(b) and Table II, the average luminance of images effect was
not significant but the cognitive load effect was still
significant and the interaction between them was not
significant any more. These results suggest that the proposed

baseline method and average phasic pupil size can
effectively reduce PLR for PCLM.
Furthermore, cognitive load can be successfully

measured with a low-cost IR webcam. As Table III shows,
there is no significant difference between the TEPR obtained
from the commercial remote eye tracker and the IR webcam.
Also the cognitive load effect does not depend on the devices
as there is no significant effect on the interaction. Moreover,
the significant effect on cognitive load demonstrates the
promise of using a low-cost and dedicated processing system
to proliferate the applications of PCLM.

IV. CONCLUSION

In this study, we demonstrated that in a less controlled
luminance background, with appropriate baseline selection
and average method, the pupillary light reflex effect can be
significantly reduced. Pupillary response obtained from a
low-cost head-mounted infrared webcam is also suitable for
cognitive load measurement, compared with a commercial
eye tracker, since no significant difference was found
between the two devices. Obtaining pupillary response from
a cheap device and in less controlled luminance conditions
allows this physiological measure to be applied in a more
realistic environment, which is a small but significant step
for the pupil-based measurement. Typical applications
include assessing working memory function in cognitive tests
or evaluating treatment responses associated with cognition.
However, at least 2s eye adaptation time is needed after any
significant luminance change and the timestamp of the
beginning of the task is needed for the baseline region.
Future work will focus on automatic methods to detect the
changes in luminance and task endpoints.
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