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Abstract: Assessing mental workload is imperative for avoiding unintended negative consequences
in critical situations such as driving and piloting. To evaluate mental workload, measures of eye
movements have been adopted, but unequivocal results remain elusive, especially those related to
fixation-related parameters. We aimed to resolve the discrepancy of previous results by differentiating
two kinds of mental workload (perceptual load and cognitive load) and manipulated them indepen-
dently using a modified video game. We found opposite effects of the two kinds of mental workload
on fixation-related parameters: shorter fixation durations and more fixations when participants
played an episode with high (vs. low) perceptual load, and longer fixation durations and fewer
fixations when they played an episode with high (vs. low) cognitive load. Such opposite effects were
in line with the load theory and demonstrated that fixation-related parameters can be used to index
mental workload at different (perceptual and cognitive) stages of mental processing.

Keywords: mental workload assessment; eye movement; perceptual load; cognitive load; load theory

1. Introduction

Mental workload, the tuning between demands of the environment and the capacity
of the individual [1], has a crucial influence on daily activities, especially when impaired
performances can lead to negative consequences. For example, in a driving scenario where
participants were asked to follow a vehicle with a concurrent secondary task (e.g., perform
mathematics) [2], compared to when no such secondary task was required, the driver’s
reaction time to step on the brake was delayed by about 0.5 s in response to the decel-
eration of the leading vehicle and the time-to-collision was shortened by about 1 s. The
driver’s awareness of unexpected stimuli (e.g., a sudden appearing animal) or environ-
mental changes (e.g., the change of the leading car’s position) was also reduced [3-7].
Such effects of mental workload on performances were also found in situations, such as
aviation [8,9] and surgery [10], and in other sensory modalities, such as hearing [5,6,8] and
touch [11]. Indeed, the mental workload has an unignorable impact on how we perceive
the environment and others’ behaviors.

Assessing mental workload is therefore imperative because it provides us opportu-
nities to avoid unwanted negative consequences. Take the above driving situation as an
example, if the individual’s mental workload can be assessed, a system in the vehicle can be
designed to receive such information and send a warning signal to the driver or even take
over control if needed. Moreover, the vehicle or road designers can utilize such information
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to refine their products by, for example, removing any bad designs that may overload the
user’s mental capacity.

Several types of signals were considered as valid indicators of an individual’s mental
workload, among them cardiovascular signals, brain activities, and eye movements have
received the most attention recently [12,13]. Cardiovascular signals are often measured in
electrocardiography (ECG), which provides the cardiac cycles that are needed for assessing
the mental workload. Electroencephalography (EEG) and event-related potential (ERP)
are the most commonly measured brain activities for mental workload assessment. Unlike
measures of ECG and EEG/ERP that rely on electrodes attached to the user’s body or
brain, measures of eye movements are conducted by a remote or wearable device where
images regarding the user’s eyes are captured by an infrared camera. Although each of
these methods has had a sufficient evidence base for measuring mental workload, their
validity depends on the scenario adopted [12,13]. We chose to use eye movements for
assessing mental workload because it can effectively capture the variation of the mental
workload regarding the visual demand of a task [13], which is one of the key demands in
the scenarios mentioned above.

When assessing mental workload using eye-tracking devices, pupil size has been
widely studied [12,13] since it is considered a useful index of mental effort or processing
load that meets the three criteria proposed by [14]: sensitive to the within-task, between-
task, and between-individual variations in processing load [15]. A positive correlation
between the pupil size and the mental workload was demonstrated in several scenarios
with different methods [15-18] (see also the section “Mental Effort and the Pupil” of [19]).
Although pupil size is a valid indicator of mental workload, as mentioned by [15], it
may reflect a basic physiological aspect of the mental workload, which is independent
of the qualitative difference between the mental workload imposed by the task. Thus,
with only the pupil size, practitioners can only be informed about the “intensity” of the
mental workload without knowing where or at what stage the load is imposed on. For
example, [16] manipulated the mental workload by changing the fallen speed of the blocks
in Tetris, and in [17], the mental workload was manipulated by asking the participants to
adopt an effortful strategy in a problem-solving task. Although the manipulations of the
two studies imposed the workload at different processing stages (i.e., the perceptual and
cognitive stage), both studies found pupil size increased when mental workload increased.
Here, we propose that the fixation-related parameters of viewers’ eye movements can
complement the pupil size measure and overcome such a deficiency. This is important for
future mental workload assessment systems, since it can empower the system to deal with
the mental workload directly on its source.

While fixation-related parameters of eye movements are also considered as useful in-
dicators for mental workload assessment, no consensus has been reached yet [16-18,20-22].
Studies investigating the potential of using eye movements for assessing the mental
workload often manipulated the mental workload either by adding a concurrent sec-
ondary task [18,20] or increasing the level of the task demand [16,17,21,22]. Although
studies [16-18,20-22] suggested that fixation-related information can reflect the effect of
mental workload, an opposite result pattern was found in different studies. For exam-
ple, as the mental workload increased, the fixation duration was found to be either in-
creased [17,18] or decreased [16,20-22].

Here, we hypothesize that the inconsistent results between previous studies using
fixation-related parameters to assess mental workload are attributed to the fact that these
studies may have assessed different types of mental workload. Based on the types of
processing an individual relies upon, each task can impose a different level of load on our
perceptual system (i.e., perceptual load) or higher-level cognitive mechanism (i.e., cognitive
load), which determines what and how many items can be processed by the individual [23].
That is, if the perceptual requirement of the task exceeds the viewer’s perceptual capacity
(i.e., high perceptual load), the perceptual load would serve as an early filter that only
a few items the viewer sees can be taken for further processing. On the other hand, the
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cognitive load would mainly serve as a late filter that helps an individual to maintain
his /her goal and response priority. More specifically, given that some cognitive resource is
needed to maintain the goal of a task, if the task’s cognitive load is lower than the viewer’s
cognitive capacity, the remaining cognitive resource would be further used to suppress the
processing of task-irrelevant items. However, when the cognitive resource is exhausted
by the task, both the relevant and irrelevant items would be considered and influence the
following behavior /judgment. Therefore, different types of loads (perceptual vs. cognitive)
have different effects on how the viewer processes and responds to the environment.

In line with this view, we assume that the studies where fixation durations were found
to decrease as the mental workload increased may have involved the manipulation of
perceptual load. For example, in [21], the mental workload was manipulated by adopting
four types of roads, which were characterized by not only the complexity of the roads but
also the number of items around or within the roads. Both characteristics imposed higher
demand for perceptual processing than cognitive processing. Due to the high perceptual
load, we hypothesize that only a few relevant items would be processed within a single
fixation, which in turn may decrease the fixation duration and result in a higher fixation
frequency to acquire the whole image of the task materials. In contrast, the studies where
the fixation duration was found to increase with mental workload may have involved
the manipulation of cognitive load. Take the study of [18] for example, a concurrent
secondary task was adopted to manipulate mental workload. The secondary task asked the
participants to imagine and manipulate an imaginary letter to answer a specific question,
which mainly depended on cognitive processing. In such a case, due to the high cognitive
load, we hypothesize that both items that are relevant or irrelevant to the main task (i.e.,
driving) are processed within a single fixation, which in turn may increase the fixation
duration and decrease the fixation frequency because fewer fixations are enough to acquire
the whole image.

The present study aimed to explore the potential of using fixation-related parameters
for indexing the mental workload imposed on different processing stages. This not only
helps resolve the discrepancy of results in previous studies but also expands the application
of eye movement measures for mental workload assessment. As far as we know, this
is the first study that addresses this issue. We believe that eye movements, especially
fixation-related parameters, can reflect not only the general workload but also the effects of
different types of mental loads (perceptual vs. cognitive). We modified a commercial game
to manipulate perceptual load and cognitive load independently by changing the items
within an episode or modulating the number of steps needed to pass the episode (and
the difficulty in figuring out each step), respectively. We hypothesize that perceptual load
and cognitive load have different effects on fixation-related parameters. More specifically,
when perceptual load increases, fixation duration would decrease, whereas when cognitive
load increases, fixation duration would increase. In addition, based on the assumption that
the fixation duration indexing the number of items that can be processed during a given
fixation, we further hypothesize that the fixation frequency (i.e., the number of fixations
made during a single time interval) would show a reversed pattern against the fixation
duration. That is, when perceptual load increases, fixation frequency would increase
because participants would need to make more fixations to take all necessary items into the
process. On the contrary, when cognitive load increases, fixation frequency would decrease
since fewer fixations are enough to access all the items for further processing.

2. Materials and Method
2.1. Participants

The target number of participants was determined by an a priori power analysis with
G*Power software 3.1.9.7 [24]. Effect sizes needed for this calculation were taken from
three previous relevant studies, as well as our pilot study that had the same experimental
procedure as in the current study except for the presentation order of the conditions and
the way to familiarize participants with the rules of the game. Effect sizes for fixation
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duration in the three previous studies used for estimating the sample size here were taken
from significant main effects of mental workload (np2 = 0.87 for [16], 0.52 or 0.38 for [18]
where participants drove on the road or highway, respectively, and 0.37 for [21]). The
effect size values were either reported in these studies or estimated by the F value and
degree of freedom [25]. For our pilot study, we calculated the effect sizes for main effects
of perceptual load on fixation frequency (np2 = 0.86) and fixation duration (np2 =0.93),
and those for main effects of cognitive load on fixation frequency (np? = 0.71) and fixation
duration (np? = 0.76). According to the power analysis, 3-11 participants were required to
reach the statistical power of 0.8.

We recruited nine undergraduate students (6 males and 3 females; mean age = 23.4 + 4.36,
ranged from 20 to 34 years) from National Taiwan University. All participants reported
corrected-to-normal vision and were native speakers of Mandarin Chinese. Each par-
ticipant gave informed consent to participate in the experiment and was paid $20 after
s/he completed this 3-h long experiment. This study was approved by the Research
Ethics Committee at National Taiwan University (NTU ERC: 202007EM029) and was
implemented accordingly.

2.2. Equipment

The experiment was run on a desktop computer with a screen in front of the participant.
The screen was set approximately 57 cm from the eyes of participants, which made up a
40° x 50° field of view. An EyeLink 1000 eye tracker sampled at 500 Hz was placed below
the screen to collect eye movement data from participants’ dominant eye. The standard
nine points calibration and validation procedure were provided at the onset of each block
including both the blocks of practice and experiment phase, which repeated until the
average accuracies of the gaze samples were lower than 1°.

2.3. Task

Baba Is You [26] is a puzzle-solving video game similar to the classical game Sokoban [27],
which is considered one of the best puzzle games in recent years [28] and is becoming
popular worldwide. We chose this game based on its popularity, which indicates a high
ecological validity, and its nature that can be used to modify the two types of mental
workload independently (see Section 2.4 for more details). Unlike traditional puzzle games
where the rules of the game are fixed, in Baba Is You the rules are also a part of the game
that can be changed by the players. More specifically, in Baba Is You, each puzzle contains
several objects and corresponding words that describe the rules. To solve the puzzle, the
player should change and create new rules by rearranging the words. The affordance of
the object can be dissociated from its actual function. For example, the affordance of an
object “wall” indicates that it would stop anything trying to pass through. However, if this
function is not described by the words, the player can control his/her character to pass
through the object “wall”. Moreover, other functions irrelevant to the wall may also be
assigned to the object “wall” if it is described by the word.

In the current study, a modified version of Baba Is You was adopted and programmed
by Python3 to create customized episodes. Figure 1 depicts one of the sample episodes,
which was adopted to introduce participants to the basic rules of the game. As shown in
this example, several word tiles and objects are presented on the game field. The word
tiles with a Chinese word in each of them can be further categorized into three types based
on their functions: The colorful square word tiles are nouns, each of which corresponds
to a particular type of object in the game field. The circle word tiles are descriptors, each
of which indicates a specific property in the game that needs to be linked to the object to
exert its effect. Finally, the dark gray square word tiles with a white character on them
are connectors that link the nouns and the descriptors together. The three types of word
tiles would arrange in a form similar to an equation that spells out the rules in the current
episode. For example, as the equation shown in the top-right corner of Figure 1, the light
gray square word tile /f# (meaning “wall”) is a noun, which corresponds to the column of
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walls in the middle of the game field; the circle word tile (I (meaning “stop”) is a descriptor,
which indicates that the objects assigned cannot be passed through by any other objects or
word tiles, and the square word tiles “=" is a connector, which links the light gray square
word tile f# with the circle word tile 1f-. The alignment of these word tiles would create
the rule that all objects and word tiles cannot pass through the column of walls in the
middle of the game field. The objects (i.e., the flag, rock, wall, and the blank pink square)
are the background of the episode that the player cannot interact with if no descriptor is
linked with the nouns corresponding to the object. In each episode, the player aims to
find a solution that makes the objects controlled by the player to touch the object whose

corresponding noun linked with the descriptor [ (meaning “win”).

eara

Figure 1. An example of the game field where several objects and word tiles are presented, which
determine the layout and the rules of the episode.

Figure 2 illustrates a solution regarding the episode depicted in Figure 1. A player can
first move the blank pink square along the route indicated by the dotted arrow to push
the word tile £ (meaning “flag”) and change the equation made by the word tiles (the top
panel in Figure 2). The new equation indicates that the player can now control the flag
on the right side of the game field, and the player can further move the flag to touch the
stone to win the game (the middle and bottom panels in Figure 2). All the operations are
executed by using the arrow keys in the keyboard, and in some cases where the episode
may reach a dead-end (e.g., no objects are connected with the descriptor 17%), an additional z
key that can restore the game to the status of previous steps is provided to the participants.

2.4. Workload Manipulation

The modified game was adopted mainly because it allowed us to manipulate percep-
tual load and cognitive load independently. As shown in Figure 3 (compare the episodes
in the top panels to those in the bottom panels), the perceptual load was manipulated by
changing the number of objects or word tiles presented in the game field without modifying
the position and identity of the key elements, and thus, the rules were maintained. Figure 3
also depicts an example of the manipulation of cognitive load where only one noun differed
between the episode in the left panel and that in the right panel (i.e., the noun “J&” in the
low cognitive load condition was changed into “’E” in the high cognitive load condition).
In this case, due to the change of the key elements, the number of necessary steps was
increased in the high cognitive load condition, which made the solution of this episode
not as intuitive as that in the low cognitive load condition. That is, to figure out these
steps, participants had to gain insight into the layout of the episode in the high cognitive
load condition.

Figure 4 depicts the average number of items of the four mental workload conditions
adopted in this study, which indicates a significantly higher number of items in the high
perceptual load condition (F(1,7) = 52.06, p < 0.001). On the other hand, the cognitive load
was manipulated by changing the position or the identity of the key elements without
changing the number of items presented in the game field; thus, there was no statistical
difference in the number of items between the high and low cognitive load conditions
(F(1,7) =3.54,p =0.1).



Sensors 2022, 22,1187

6 of 15

Object controlled by the player

Moving path of the object

Yourwin! Press the space bar to proceed.=

Figure 2. An example of a solution for the episode depicted in Figure 1. At first ((top) panel), a player
moves the blank pink square to modify the equation made by the word tiles on the left side of the
game field, resulting in changing the object controlled by the player (as depicted in the (middle)
panel). Later, the player moves the flag to touch the stone to win the game (as depicted in the (middle)
and the (bottom) panels). The red dotted circle indicates the object controlled by the player, and the
white dotted arrow indicates the path along which the player moves the object; both are not shown
in the game episode (see video: http://epa.psy.ntu.edu.tw/Liu_etal _2022_sensors_demo_video.mov

accessed: 22 January 2022).

Cognitive load

Low

High

Low

Perceptual load

High

Figure 3. An example of the four mental workload conditions adopted in the experiment.
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150 High perceptual load
Low perceptual load
130
(2]}
£
2
S 110
[0}]
el
£
3
z
90
70 4

High Low
Cognitive load

Figure 4. The average number of items (including the objects and word tiles) presented in the four
mental workload conditions. Error bars indicate one standard error from the mean.

To ensure the validity of the manipulation, especially the manipulation of cognitive
load, the NASA Task Load Index (NASA-TLX) was adopted to evaluate the subjective
workload under each condition. NASA-TLX is a tool widely used in studies that investigate
the effect of workload [29,30]. It contains six rating questions (0-100) in six dimensions
to assess participants’ subjective workload, including mental demand, physical demand,
temporal demand, performance, effort, and frustration [29,30]. Because the contribution of
each dimension to the subjective workload differed, different weights were added to each
dimension when calculating the total score of NASA-TLX. The following formula depicts
the way that the total score of the NASA-TLX was computed:

6
Scoregorg = Y Weight; x Score; 1)
i1

where Score; indicates the raw score of the specified dimension, and Weight; indicates
the weight given to the specified dimension, which is calculated by a comparison task
conducted by each participant. In the comparison task, two words indicating two of the six
dimensions were presented in each trial, and participants were asked to judge which of the
two dimensions contributed more to the subjective workload. Fifteen pairwise comparisons
were made, and the weight of each dimension for each participant was calculated by the

following formula:

. number of wins
Weight, = 2
8" = Total number of Comparisons @

where the number of wins indicates the number of times the specified dimension won the
comparison, and the Total number of Comparisons indicates the total number of comparisons
in the comparison task (i.e., 15).

2.5. Design

A within-subject 2 x 2 factorial design with two levels of cognitive load (high, low) and
two levels of perceptual load (high, low) was adopted, resulting in four mental workload
conditions. In each condition, eight episodes were created in which three episodes were
used in the practice phase and five episodes in the experiment phase. The experiment
consisted of two 1.5-2 h sessions with an interval longer than 6 h between the two sessions.
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All the factors and episodes were counterbalanced to prevent or minimize possible carry-
over effects. The two perceptual load conditions were conducted in the two sessions
respectively. Half of the participants who conducted the episodes with high perceptual
load in the first session would conduct a low perceptual load version in the second session,
while the other half of participants would conduct the episodes in the reverse order. The
two cognitive load conditions were interwoven in each session, and the order of these two
conditions for each episode was counterbalanced across the two sessions.

2.6. Procedure

Figure 5 depicts the procedure of the sessions. Each session was divided into three
parts. In the first part, participants were asked to complete 15 simple episodes, which
introduced participants to the basic rules of the task. If participants failed to pass all the
episodes in this part, the experimenter would pick up the episode in which the participants
failed and re-introduce the rules indicated by the episode and the way to pass the episode.
Then, participants were asked to conduct again the episodes that they had failed. The
above procedure would repeat until participants could pass all 15 episodes ensuring that
participants were familiar with the basic rules regarding the task. After the introduction
phase, to be familiar with the task, participants were given four blocks of three episodes
where each block corresponded to one of the mental workload conditions. After each block,
participants were asked to complete the NASA-TLX. Finally, in the experiment phase,
participants were asked to complete a block of 10 episodes after which the NASA-TLX
was conducted again, followed by the comparison task of the NASA-TLX mentioned in
Section 2.4. In the practice phase and the experiment phase, each episode had a five-minute
time limit, and participants were asked to pass the episode using as few steps as possible.
After the participants passed the episode or reached the time limit, the episode would be
terminated and the participate moved forward to the next episode.

Session

Introductionof | | + Until participants can pass all
the basic rules introduction episodes

+ 12 trials (4 conditionsx3 episodes)
Practice phase ---------------- + Block design for conditions

+ NASA-TLX after each block

+ 10 trials (2 cognitive load conditionsx 1

perceptual load condition x 5 episodes)

Experiment _________________ + NASA-TLX after completing the 10
phase trials

NASA-TLX comparison task at the end
of the Experiment phase

Figure 5. The procedure of one session in the experiment.

2.7. Statistical Analysis

Data were analyzed using JASP version 0.15 [31] as well as the ARTool [32], if necessary.
First, to evaluate the validity of the load manipulation, a two-way repeated measure
ANOVA was conducted on the NASA-TLX scores to verify the manipulation of the two
types of loads on the subjective workload assessment. As described in the previous section,
a total of five NASA-TLXs were conducted. The four NASA-TLXSs in the practice phase,
which corresponded to the four mental workload conditions respectively were subject to
this ANOVA. The NASA-TLX conducted at the end of the experiment phase was used
to evaluate the general subjective workload, and no participant reported the subjective
workload higher or lower than the three standard deviations from the mean. Second, three
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types of data were used to index participants’ performance on the game, including the
total number of steps used to pass the episodes, the number of times that participants
encountered a dead-end, and the ratio of passing the episodes (accuracy). A two-way
repeated measure ANOVA was conducted on the manual response data to examine the
effect of the two types of loads. Finally, for the eye movement data, two types of fixation-
related parameters were analyzed. Fixation duration refers to the average duration of
fixations that participants made during the episode, which can be calculated with the
following equation:

Y dur; 3)

n

where n indicates the number of fixations made during the episode, and dur; indicates the
duration of the ith fixation. Fixation frequency indicates the number of fixations made per
second during the episode, which can be computed with the equation:

Fixation duration =

4)

Fixation frequency = 7
UT sk

where 1 indicates the number of fixations made during the episode, and dury,s indicates
the duration of the episode in seconds. All fixations were detected by the algorithm in
EyeLink 1000. To avoid possible artifacts, an additional filter was set to filter out the
fixations detected with durations shorter than 80 ms. A two-way repeated-measures
ANOVA was conducted on the fixation-related parameters to examine the effects of the
two types of loads.

3. Results
3.1. NASA-TLX Score during the Practice Phase

Figure 6 depicts the NASA-TLX score in different mental workload conditions. Partici-
pants reported higher subjective workload in the high cognitive load condition compared to
the low cognitive load condition (M = 54.95 & 4.2 and 34.84 4 3.7 for high and low cognitive
load conditions, respectively), F(1,8) = 21.3, p < 0.01, np2 = 0.73, which provides evidence
validating the effect of load manipulations, especially the manipulation of cognitive load,
in this study.

70
*
— High perceptual load
60 | Low perceptual load
o
o]
& 50
x
-
D
< 1
< 40 }
) I
30
20
High Low

Cognitive load

Figure 6. NASA-TLX scores differed in different mental workload conditions. Error bars indicate one
standard error from the mean. * p < 0.05.
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3.2. Performance of the Episode

All the behavior indexes (i.e., number of steps needed to pass, number of dead-ends
encountered, and accuracy) were impacted by cognitive load (Figure 7). Compared to
the low cognitive load condition, when encountered an episode with a higher cognitive
load, participants executed more steps (M = 359.5 £ 38.1 and 163.1 = 22.7 for high and low
cognitive load conditions, respectively, F(1,8) = 55.17, p < 0.001, np2 = 0.87), encountered
more dead-ends (M = 4.1 £ 0.6 and 1.4 &+ 0.4 for high and low cognitive load conditions,
respectively, F(1,8) = 41.5, p < 0.001, np? = 0.84) and passed the episode with a lower
accuracy (M = 0.38 £ 0.08 and 0.91 % 0.05 for high and low cognitive load conditions,
respectively, F(1,8) = 55.4, p < 0.001, np? = 0.87). However, no effect of perceptual load
or interaction on behavior indexes was found, ps > 0.05. Combined with the result of
NASA-TLX, these results imply that behavior data can only reflect the type of load that
had the highest contribution to the perceived mental workload.

(a) * (b)
O ] ° 1 *
400 | 5 | L
3 5
v c
350 }
My g
2 300 | L2
'45 “5 > 3 B
o 250 f 5 O T
z 25 , |
E 200 } =
Z =z 1}
150 | I I
100 4 ’ 0 )
High Low High Low
Cognitive load Cognitive load
(c) *
1.0 I High perceptual load
[ Low perceptual load
0.8
3 06
M
‘5 D ——
3
< 04 F ll
02 |
0.0 4 ’

High Low
Cognitive load

Figure 7. Behavior performance in episodes with the different mental workloads. When encountering
episodes with a higher cognitive load, participants (a) needed more steps to pass the episode,
(b) encountered a higher number of dead-ends, and (c) had a lower accuracy. Error bars refer to one
standard error from the mean. * p < 0.05.
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3.3. Eye Movement Data

Both perceptual load and cognitive load impacted the fixation-related parameters
(Figure 8). Higher perceptual load led to decreased fixation durations (M = 312.3 & 16.5 ms
and 330.3 £ 13.9 for high and low perceptual load conditions, respectively, F(1,8) = 5.9, p < 0.05,
np® = 0.42), but higher cognitive load led to increased fixation durations (M =329 + 152 ms
and 313.6 & 14.5 for high and low cognitive load conditions, respectively, F(1,8) = 18.6,
p <0.01,np? = 0.7). In contrast, higher perceptual load led to increased fixation frequencies
(M =2.61 £ 0.08 times/second and 2.48 £ 0.08 times/second for high and low perceptual
load conditions, respectively, F(1,8) =7, p < 0.05, np2 =0.47), but higher cognitive load led to
decreased fixation frequencies (M = 2.47 & 0.07 times/second and 2.62 + 0.09 times/second
for high and low cognitive load conditions, respectively, F(1,8) = 20.9, p < 0.01, p? = 0.72).

High perceptual load

Low perceptual load
@) pereep (b)
*
o Sl I
*
350
i 7 5 26
S g2
3@ £3
g€ 58
8 §s
i 310 T
24
290
270 1 ] 29 1 )
e e
* *
High Low High Low
Cognitive load Cognitive load

Figure 8. Perceptual load and cognitive load had an opposite effect on fixation duration and fixation
frequency. (a) Higher perceptual load led to decreased fixation durations but higher cognitive load
led to increased fixation durations. (b) Higher perceptual load led to increased fixation frequencies
but higher cognitive load led to decreased fixation frequencies. The curly brackets and the asterisk at
the bottom of each graph indicate the main effect of the perceptual load where the red and blue curly
brackets indicate the mean value of the two red lines and the two blue lines, respectively, and the
asterisk at the bottom refers to a significant difference between these two mean values. Error bars
refer to one standard error from the mean. * p < 0.05.

4. Discussion

We have shown here as proof of concept that eye movement signals can reflect the
effects of different types of mental loads (i.e., perceptual load and cognitive load) imposed
by the current task. By modifying both the perceptual and cognitive processing require-
ments of a commercial game Baba Is You and manipulating perceptual load and cognitive
load independently, our results revealed that perceptual load and cognitive load had an
opposite effect on fixation-related parameters. These results support our hypotheses: Fixa-
tion duration decreased as the perceptual load increased and increased when the cognitive
load increased while fixation frequency increased as the perceptual load increased and
decreased as the cognitive load increased. The differentiation of the two kinds of mental
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workload can only be seen with eye movement signals, but not behavioral results (accuracy,
number of steps, and number of dead-ends) and questionnaires such as NASA-TLX. As far
as we know;, this is the first study demonstrating the possibility of using fixation-related
parameters (i.e., fixation duration and fixation frequency) for differentiating and assessing
the two kinds of mental workload (perceptual and cognitive load) separately.

Such opposite effects on fixation-related parameters are consistent with the load
theory [23] wherein perceptual load and cognitive load had opposite effects on determining
whether an item could be taken into further processing. As perceptual load and cognitive
load serve as early and late filters respectively, only a portion of items can be taken into
further processing with high perceptual load, whereas both relevant and irrelevant items
would be further processed with higher cognitive load. Therefore, when conducting a task,
both perceptual load and cognitive load work together to determine how many items could
be taken into further processing. Moreover, with a higher perceptual load, only a few items
can be taken for further processing at each fixation. Thus, the fixation duration can be
shortened, and participants need more fixations to receive a whole representation of the
game materials. In contrast, when cognitive load is high, because of the failure to suppress
irrelevant items for further processing, the number of items needed to be processed within
a fixation is larger than what would be expected when cognitive load is low. Therefore,
fixation duration would be lengthened, and participants can obtain the whole image with
fewer fixations.

The opposite effects of different types of loads on fixation-related parameters we found
here suggest that eye movement parameters, especially the fixation-related parameters,
can reveal not only more than the general mental workload perceived as assessed by other
measures (e.g., behavior performances such as the total steps used and questionnaires such
as NASA-TLX) but also the level of different types of loads perceived by the individual.
Such information may be useful in several application domains. For example, in the
applications regarding driving safety, several studies investigated the effect of mental
workload on driving behavior, especially the awareness of and the response to unexpected
objects (e.g., pedestrian) or events (e.g., sudden braking of a leading car), which are
critical for driving safety and suggest that high mental workload has negative effects on
driving [3-7,33]. Although an index of general workload can help us avoid immediate
hazards, it may not be helpful to reduce the mental workload perceived because the system
that receives the information to assist the user (e.g., the driver monitor system in the vehicle)
does not know the sources of the load. If the system can be informed of the sources of load
by utilizing eye movement information, it can further help the driver to reduce the mental
workload and diminish the risk in the remaining journey. For example, the system can
reduce the demand for perceptual processing by reducing the information provided on the
vehicle as much as possible. In addition, the system can also provide some advice regarding
the selection of the route or assist with controlling the vehicle to reduce the demand for
cognitive processing. In addition to the utilization in a real-time manner, such information
is also worthy in designing the vehicles or systems because it provides us a clear index
about whether the demands for either perceptual processing or cognitive processing of the
product exceed the capacity of the users.

In addition to the usage of the critical situation as mentioned above (e.g., driving),
such eye movement information is also valuable to education or training. According to the
cognitive load theory in education [34], three different loads can be perceived in learning:
(1) the intrinsic cognitive load, which is imposed by what a student is learning; (2) the
extraneous cognitive load, which is imposed by the teaching materials and the activities
that the student needs to interact with; (3) the germane cognitive load, which is imposed
by the amount of effort that the student has to put into to process the information relevant
to the learned materials. Thus, good learning or training needs to maximize the germane
cognitive load and minimize the extraneous cognitive load.

According to the load theory [23], the combined effect of perceptual load and cognitive
load on fixation-related parameters can be considered as a signal that tells us about how
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much relevant and irrelevant information would be taken into further processing while
doing a task. In line with this view, when the student suffers from the high perceptual load
as indicated by a shorter fixation duration and/or higher fixation frequency, it implies that
only a small portion of relevant information can be processed at each fixation. The student
thus needs to make more fixations to obtain a whole image of the teaching materials, which
increases the activities that the student needs to interact with the materials, namely a higher
extraneous cognitive load. Similarly, when the student undergoes high cognitive load as
expressed by a longer fixation duration and/or lower fixation frequency, it is inferred that
the cognitive resource of the student may be exhausted, and no resource can be used to
suppress the processing of the irrelevant information. Thus, more effort needs to be put
into the irrelevant information, also indicating a higher extraneous cognitive load.

Therefore, eye movement information may indicate how much effort students put
into irrelevant information or redundant behaviors (i.e., extraneous cognitive load). More
importantly, it indicates where this unwanted load comes from, which in turn provides
a guide for the teachers to improve their instructional effectiveness. For example, if the
teaching material is hard to understand and students show shorter fixation durations or
higher fixation frequencies when interacting with this material, it may hint to the teacher
that there is too much information presented (i.e., higher perceptual load). However, if
students show longer fixation durations or lower fixation frequencies when interacting
with the material, it may indicate that the students do not realize the key information of
the material, and thus, they spend more time organizing the information received and/or
deciding where to explore next. In both cases, to improve instructional effectiveness, the
teacher can redesign the teaching material and make it more concise and organized. For
the latter case, in addition to refining the material, the teacher may need to put more efforts
into clarifying the information presented and teaching the students strategies to interact
with the material in an efficient way, such as an efficient search pattern, that helps the
student attain the key information with ease.

Finally, in this study, the eye movement information was measured by a remote eye
tracking device; however, in the application situations as mentioned above, such a device
may not be the best choice. Although the remote eye-tracking device has a higher temporal
resolution than other types of eye-tracking devices (i.e., wearable devices), it also sets a
constraint on the movement of the user; for example, the device used in the current study
only allows the participants to move their head within a 22 cm x 18 cm x 20 cm square
box. Moreover, a space is needed in the environment to set up the device. Thus, it is not
suitable for applications where an individual needs to walk around and where no extra
space can be used to set up the remote device (e.g., riding a motorcycle). In addition,
high temporal resolution is unnecessary for the abovementioned applications. That is, an
eye-tracking device with a temporal resolution higher than 60 Hz is enough to measure
the eye movement parameters adopted in this study (i.e., fixation duration and fixation
frequency). Therefore, to maximize the value of eye movement information in assessing the
mental workload, future studies are recommended to adopt wearable eye-tracking devices
in real application situations to further verify the results we found here.

5. Conclusions

Assessing mental workload is imperative for avoiding unwanted negative conse-
quences (e.g., car crashes and poor instructional effectiveness) in several daily activities
(e.g., driving and learning). As far as we know, this is the first study that demonstrated
the potential of using fixation-related parameters for differentiating and assessing the two
kinds of mental workload (perceptual and cognitive load). That is, perceptual load and
cognitive load had opposite effects on both the fixation duration and fixation frequency.
Future studies should consider these results when developing an algorithm or system for
assessing the mental workload based on eye movements. This information may empower
the algorithm or system to better deal with the source of the mental workload that not only
reduces the mental workload perceived by the user but also reduces the possibility that
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the user may be overloaded again. Educators can also use this information as guidance to
modify the materials in teaching and learning scenarios.

Author Contributions: Conceptualization, J.-C.L., K.-A.L., S.-L.Y. and S.-Y.C.; methodology, ].-C.L.,
K.-A.L. and S.-L.Y,; software, ].-C.L., validation, ].-C.L., K.-A.L. and S.-L.Y.; formal analysis, J.-C.L.
and K.-A.L.; investigation, ]J.-C.L.; resources, S.-L.Y. and S.-Y.C.; data curation, K.-A.L.; writing—
original draft preparation, ].-C.L. and K.-A.L.; writing—review and editing, ] -C.L., K.-A.L., S.-L.Y.
and S.-Y.C.; visualization, K.-A.L.; supervision, S.-L.Y. and S.-Y.C.; project administration, K.-A.L.;
funding acquisition, S.-L.Y. and S.-Y.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by Ganzin Technology, Inc., Taipei, Taiwan, and grants from Tai-
wan’s Ministry of Science and Technology (MOST 110-2634-F-002-042 and 107-2410-H-002-129-MY3).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Research Ethics Committee at National Taiwan
University (NTU REC: 202007EM029).

Informed Consent Statement: Informed consent was obtained from all participants involved in
the study.

Data Availability Statement: The data supporting this study’s findings are available from the
following link: https:/ /osf.io/ukt46/?view_only=f1c95e22cabc4d9bbef7f9268909960c (accessed: 23
December 2021).

Acknowledgments: The authors would like to thank Hempuli Oy for allowing the adoption and
modification of the digital game “Baba Is You” in this study.

Conflicts of Interest: Two authors K.-A.L. and S.-Y.C. are members of one of the funding agencies,
Ganzin Technology, Inc., a company for the development of software, hardware, and applications of
eye-tracking devices. To ensure that this would not bias the processing and interpretation of the data,
the data were collected by the author J.-C.L. who declares no conflict of interest, and the analyses
were conducted and cross-validated by the two authors J.-C.L. and K.-A.L.

References

1.  Kantowitz, B.H. Mental workload. Adv. Psychol. 1987, 47, 81-121.

2. Lamble, D.; Kauranen, T.; Laakso, M.; Summala, H. Cognitive load and detection thresholds in car following situations: Safety
implications for using mobile (cellular) telephones while driving. Accid. Anal. Prev. 1999, 31, 617-623. [CrossRef]

3. Murphy, G.; Greene, C.M. The Elephant in the Road: Auditory Perceptual Load Affects Driver Perception and Awareness. Appl.
Cogn. Psychol. 2017, 31, 258-263. [CrossRef]

4. Lee, Y.C; Lee, ].D.; Ng Boyle, L. Visual attention in driving: The effects of cognitive load and visual disruption. Hum. Factors
2007, 49, 721-733. [CrossRef]

5. Murphy, G.; Greene, C.M. High perceptual load causes inattentional blindness and deafness in drivers. Vis. Cogn. 2015, 23,
810-814. [CrossRef]

6.  Murphy, G.; Greene, C.M. Load theory behind the wheel; perceptual and cognitive load effects. Can. J. Exp. Psychol./Rev. Can. de
Psychol. Expérimentale 2017, 71, 191-202. [CrossRef] [PubMed]

7. Murphy, G.; Greene, C.M. Perceptual Load Induces Inattentional Blindness in Drivers. Appl. Cogn. Psychol. 2016, 30, 479-483.
[CrossRef]

8. Causse, M.; Imbert, J.-P.; Giraudet, L.; Jouffrais, C.; Tremblay, S. The Role of Cognitive and Perceptual Loads in Inattentional
Deafness. Front. Hum. Neurosci. 2016, 10, 344. [CrossRef] [PubMed]

9.  Allsop, J.; Gray, R.; Biilthoff, H.; Chuang, L. Eye movement planning on Single-Sensor-Single-Indicator displays is vulnerable to
user anxiety and cognitive load. J. Eye Mov. Res. 2017, 10, 1-15. [CrossRef]

10. Hughes-Hallett, A.; Mayer, E.K.; Marcus, H.J.; Pratt, P.; Mason, S.; Darzi, A.W.,; Vale, ].A. Inattention blind-ness in surgery. Surg.
Endosc. 2015, 29, 3184-3189. [CrossRef]

11. Murphy, S.; Dalton, P. Out of touch? Visual load induces inattentional numbness. J. Exp. Psychol. Hum. Percept. Perform. 2016, 42,
761-765. [CrossRef]

12. Charles, R.L.; Nixon, J. Measuring mental workload using physiological measures: A systematic review. Appl. Ergon. 2019, 74,
221-232. [CrossRef] [PubMed]

13. Tao, D, Tan, H.; Wang, H.; Zhang, X.; Qu, X.; Zhang, T. A Systematic Review of Physiological Measures of Mental Workload. Int.
J. Environ. Res. Public Health 2019, 16, 2716. [CrossRef] [PubMed]

14. Egeth, H,; Kahneman, D. Attention and Effort. Am. J. Psychol. 1975, 88, 339. [CrossRef]


https://osf.io/ukt46/?view_only=f1c95e22cabc4d9bbef7f9268909960c
http://doi.org/10.1016/S0001-4575(99)00018-4
http://doi.org/10.1002/acp.3311
http://doi.org/10.1518/001872007X215791
http://doi.org/10.1080/13506285.2015.1093245
http://doi.org/10.1037/cep0000107
http://www.ncbi.nlm.nih.gov/pubmed/28604027
http://doi.org/10.1002/acp.3216
http://doi.org/10.3389/fnhum.2016.00344
http://www.ncbi.nlm.nih.gov/pubmed/27458362
http://doi.org/10.16910/jemr.10.5.8
http://doi.org/10.1007/s00464-014-4051-3
http://doi.org/10.1037/xhp0000218
http://doi.org/10.1016/j.apergo.2018.08.028
http://www.ncbi.nlm.nih.gov/pubmed/30487103
http://doi.org/10.3390/ijerph16152716
http://www.ncbi.nlm.nih.gov/pubmed/31366058
http://doi.org/10.2307/1421603

Sensors 2022, 22,1187 15 of 15

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

Beatty, J. Task-evoked pupillary responses, processing load, and the structure of processing resources. Psychol. Bull. 1982, 91, 276.
[CrossRef]

Mallick, R.; Slayback, D.; Touryan, J.; Ries, A.J.; Lance, B.J. The use of eye metrics to index cognitive workload in video games. In
Proceedings of the 2016 IEEE Second Workshop on Eye Tracking and Visualization (ETVIS), Baltimore, MD, USA, 23 October
2016; pp. 60-64.

Di Stasi, L.L.; Antoli, A.; Caiias, ].J. Evaluating mental workload while interacting with computer-generated artificial environments.
Entertain. Comput. 2013, 4, 63-69. [CrossRef]

Recarte, M.A.; Nunes, L.M. Effects of verbal and spatial-imagery tasks on eye fixations while driving. J. Exp. Psychol. Appl. 2000,
6, 31-43. [CrossRef] [PubMed]

Laeng, B.; Alnaes, D. Pupillometry. In Eye Movement Research; Springer: Cham, Switzerland, 2019; pp. 449-502.

Matthews, G.; Reinerman-Jones, L.E.; Barber, D.]J.; Abich, J., IV. The psychometrics of mental workload: Mul-tiple measures are
sensitive but divergent. Hum. Factors 2015, 57, 125-143. [CrossRef] [PubMed]

Foy, H.J.; Chapman, P. Mental workload is reflected in driver behaviour, physiology, eye movements and prefrontal cortex
activation. Appl. Ergon. 2018, 73, 90-99. [CrossRef]

De Rivecourt, M.; Kuperus, M.N.; Post, W.J.; Mulder, L.]. Cardiovascular and eye activity measures as indices for momentary
changes in mental effort during simulated flight. Ergonomics 2008, 51, 1295-1319. [CrossRef]

Lavie, N.; Dalton, P. Load theory of attention and cognitive control. In The Oxford Handbook of Attention; Oxford University Press:
Oxford, UK, 2014; pp. 56-75.

Faul, F; Erdfelder, E.; Lang, A.-G.; Buchner, A. G*Power 3: A flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav. Res. Methods 2007, 39, 175-191. [CrossRef] [PubMed]

Lakens, D. Calculating and reporting effect sizes to facilitate cumulative science: A practical primer for t-tests and ANOVAs.
Front. Psychol. 2013, 4, 863. [CrossRef] [PubMed]

Hempuli, O. (3 March 2019). Baba Is You. Available online: https://store.steampowered.com/app/736260/Baba_Is_You/
(accessed on 22 December 2021).

Thinking Rabbit (1982) Sokoban. Available online: https:/ /en.wikipedia.org/wiki/Sokoban (accessed on 22 December 2021).
Plante, C. Baba Is You Review: One of the Best Puzzle Games in Years. Polygon. 13 March 2019. Available online: https:
/ /www.polygon.com/reviews/2019/3/13/18263824 /baba-is-you-review-nintendo-switch-pc (accessed on 22 December 2021).
Hart, S.G.; Staveland, L.E. Development of NASA-TLX (Task Load Index): Results of empirical and theoretical research. Adv.
Psychol. 1988, 52, 139-183.

NASA Human Performance Research Group. TLX Paper and Pencil Version Instruction Manual; NASA Ames Research Center:
Moffet Field, CA, USA, 1986.

JASP Team. JASP (Version 0.15) [Computer Software]. 2021. Available online: https:/ /jasp-stats.org/ (accessed on 22 December 2021).
Wobbrock, ].O.; Findlater, L.; Gergle, D.; Higgins, J. The Aligned Rank Transform for Nonparametric Factorial Analyses Using
Only ANOVA Procedures. In Proceedings of the CHI Conference on Human Factors in Computing Systems (CHI “11), Vancouver,
BC, Canada, 7-12 May 2011; pp. 143-146. [CrossRef]

Engstrom, J.; Ljung Aust, M.; Vistrém, M. Effects of cognitive load and anticipation on driver re-sponses to a critical traffic event.
In Proceedings of the Human Factors and Ergonomics Society Annual Meeting, Philadelphia, PA, USA, 1-5 October 2018; SAGE
Publications: Los Angeles, CA, USA, 2018; Volume 62, pp. 1584-1588.

Sweller, J.; Van Merrienboer, J.J.G.; Paas, E. Cognitive Architecture and Instructional Design. Educ. Psychol. Rev. 1998, 10, 251-296.
[CrossRef]


http://doi.org/10.1037/0033-2909.91.2.276
http://doi.org/10.1016/j.entcom.2011.03.005
http://doi.org/10.1037/1076-898X.6.1.31
http://www.ncbi.nlm.nih.gov/pubmed/10937310
http://doi.org/10.1177/0018720814539505
http://www.ncbi.nlm.nih.gov/pubmed/25790574
http://doi.org/10.1016/j.apergo.2018.06.006
http://doi.org/10.1080/00140130802120267
http://doi.org/10.3758/BF03193146
http://www.ncbi.nlm.nih.gov/pubmed/17695343
http://doi.org/10.3389/fpsyg.2013.00863
http://www.ncbi.nlm.nih.gov/pubmed/24324449
https://store.steampowered.com/app/736260/Baba_Is_You/
https://en.wikipedia.org/wiki/Sokoban
https://www.polygon.com/reviews/2019/3/13/18263824/baba-is-you-review-nintendo-switch-pc
https://www.polygon.com/reviews/2019/3/13/18263824/baba-is-you-review-nintendo-switch-pc
https://jasp-stats.org/
http://doi.org/10.1145/1978942.1978963
http://doi.org/10.1023/A:1022193728205

	Introduction 
	Materials and Method 
	Participants 
	Equipment 
	Task 
	Workload Manipulation 
	Design 
	Procedure 
	Statistical Analysis 

	Results 
	NASA-TLX Score during the Practice Phase 
	Performance of the Episode 
	Eye Movement Data 

	Discussion 
	Conclusions 
	References

