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Abstract: Assessing drivers’ mental workload is crucial for reducing road accidents. This study
examined drivers’ mental workload in a simulated auditory-based dual-task driving scenario, with
driving tasks as the main task, and auditory-based N-back tasks as the secondary task. A total of three
levels of mental workload (i.e., low, medium, high) were manipulated by varying the difficulty levels
of the secondary task (i.e., no presence of secondary task, 1-back, 2-back). Multimodal measures,
including a set of subjective measures, physiological measures, and behavioral performance measures,
were collected during the experiment. The results showed that an increase in task difficulty led to
increased subjective ratings of mental workload and a decrease in task performance for the secondary
N-back tasks. Significant differences were observed across the different levels of mental workload
in multimodal physiological measures, such as delta waves in EEG signals, fixation distance in eye
movement signals, time- and frequency-domain measures in ECG signals, and skin conductance
in EDA signals. In addition, four driving performance measures related to vehicle velocity and
the deviation of pedal input and vehicle position also showed sensitivity to the changes in drivers’
mental workload. The findings from this study can contribute to a comprehensive understanding of
effective measures for mental workload assessment in driving scenarios and to the development of
smart driving systems for the accurate recognition of drivers” mental states.

Keywords: driver mental workload; physiological signals; behavioral performance; EEG; EOG;
ECG; EDA

1. Introduction

Road accidents pose a significant threat to public safety. According to a data report
by the World Health Organization [1], road accidents have become the leading cause of
death for the global population, with over 1.2 million people losing their lives due to traffic
accidents each year. In China, traffic accidents were ranked as the sixth leading cause
of death in 2019, accounting for over 250,000 fatalities [2]. Extensive research has been
dedicated to investigating the root causes of road traffic accidents [3-5], among which,
drivers’ mental states (such as mental workload (MWL)) have emerged as a primary factor.
During the driving process, the excessive MWL imposed on drivers due to the abundance
of information to be processed can lead to adverse conditions, such as increased driving
risks and the occurrence of consequential traffic accidents. Therefore, the monitoring and
assessment of drivers’ mental states could be especially important during the driving pro-
cess, which could help develop effective interventions for early warnings of the occurrence
of MWL-induced road accidents.

Driving is a complex cognitive task that requires drivers to obtain information and
make decisions through visual and auditory sources [6]. With the development of automo-
bile technology, it appears to be a normal configuration for automobiles to be equipped
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with varied in-vehicle information systems (IVIS), such as advanced driver assistance sys-
tems, in-vehicle information and entertainment systems, and smart driving systems [7-10].
Nowadays, while an increasing number of IVIS have been integrated with smart devices
and sensors to deliver entertainment and information services through audio interfaces
and allow for voice commands, their introduction is also likely to increase MWL on drivers
as well, potentially resulting in detrimental effects on driving performance [11]. While
interacting with an IVIS, drivers rely heavily on visual and auditory channels to receive
entertainment and information services [7]. According to the Multiple Resource Theory [12],
when the voice and visual information provided by IVIS requires drivers to process and
make judgments, it may compete with their mental resources and cognitive ability to
respond appropriately to the driving task. This competition is likely to increase drivers’
mental workload, potentially adversely impacting their driving performance. If the require-
ment for information processing (either from the main driving task or from non-driving
related tasks by interacting with an IVIS, or both) exceeds drivers’ information processing
capacity, it would cause overloaded mental states for them, which is likely to result in risky
driving behaviors and even traffic accidents. Therefore, assessing MWL experienced by
drivers when they simultaneously process voice and visual information in automobiles still
represents an urgent need in the prevention of driving risk and road accidents [13-15].

MWL is widely considered as a multidimensional concept, and the current consensus
is that it reflects the conflicting relationship between an individual’s information-processing
ability and the capacity required to process information [16]. For a better understanding
of MWL, it can be compared with physical workload [17]. Physical workload pertains
to the strain exerted on an individual’s body during a task, while MWL emphasizes the
subjective experience of an individual’s perceived workload for a given task. MWL could
be influenced by various factors, such as task quantity, time pressure, environment, and
individual experience. For example, novice drivers would perceive MWL differently
compared to experienced drivers [18]. Therefore, MWL should be measured based on the
identification of an individual’s personal MWL levels in particular environments.

There are three typical measuring techniques for assessing drivers” MWL, including
subjective measures, physiological measures, and task performance measures [17,19]. Sub-
jective measures involve using scales to elicit subjective MWL ratings from drivers during
the driving process, such as the NASA task load index (NASA-TLX) [20] and the Sub-
jective Workload Assessment Technique (SWAT) [21]. Physiological measures, including
electroencephalogram (EEG) signals [22], eye movement signals [23], electrocardiogram
(ECQG) signals [24], and skin conductance signals [25], can be employed to assess MWL of
drivers while driving, as the change in MWL would also lead to changes for corresponding
physiological activities in human body. Another common technique for MWL assessment is
to measure drivers’ task performance, also known as the primary-secondary task measure-
ment method [26]. This technique typically involves evaluating task performance from the
primary driving task and secondary tasks that are usually used to induce various levels of
MWL. Measures of drivers’ performance in the primary driving task, such as vehicle speed
and distance from the lane, are used to evaluate drivers” MWL during the driving process,
while the performance of secondary tasks (e.g., reaction time, error rate) is generally used
to determine the appropriateness of MWL task settings [15]. Overall, while subjective
measures are intuitive for MWL assessment and easy to implement, these measures are
likely to be subject to bias. In contrast, physiological and task performance measures,
though indirectly to reflect MWL, can be recorded simultaneously during driving process
and can avoid drivers’ conscious manipulation.

Previous studies have utilized the abovementioned measures to assess MWL of drivers
and establish some relationships between the measures and MWL. For instance, modi-
fying task difficulties during the driving process yields distinct subjective evaluations.
As task difficulty increases, drivers’ subjective scores on MWL scale show noticeable
differences [27,28]. Borghini et al.’s research revealed that the power of EEG signals (such
as 0, §, and «) is highly sensitive to different MWL states during the driving process.
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They also discovered that under high MWL conditions, the frontal lobe exhibits increased
EEG power in the 6 band, while the parietal lobe shows decreased EEG power in the «
band [29,30]. In simulated driving environments, gaze fixation duration decreases with an
increase in task load [31]. Heart rate and heart rate variability are also commonly used and
are effective ECG measures for assessing drivers” MWL [32]. Skin conductance level (SCL)
and skin conductance response (SCR) are frequently used in electrodermal activity mea-
surements to assess MWL. Belyusar et al. found a positive correlation between SCL, SCR,
and MWL [33]. Driving performance metrics, such as vehicle speed and lateral position,
were correlated with MWL. When MWL is high, vehicle speed and lateral position can
change significantly. Therefore, these measures can be used to assess the workload state of
drivers [34].

Despite the existing literature on the identification of effective measures for assessing
MWL, several points should be addressed before existing evidence could be applied to
a specific driving context. First, there remains an inconsistency in the effectiveness of
measures used across different studies and driving scenarios. While some measures work
well for assessing MWL in certain study scenarios, they may prove invalid in other scenar-
ios [15,35]. Indeed, recent review studies have shown that there are no such universally
effective measures that could work well for all scenarios to discriminate MWL [17,19]. This
lack of universally effective measures arises from the fact that human responses to MWL,
whether physiological, psychological, or behavioral, are highly dependent on task scenarios
and can be influenced by task characteristics and individual differences [17,19]. However,
the widely encountered auditory-based dual-task driving scenarios have not been well
examined. Furthermore, most of previous studies examined MWL with only a limited
number of measures. For instance, Almogbel et al. employed EEG measures only [22], and
Heine et al. applied ECG measures only [36]. This makes it challenging to directly compare
the effectiveness of different measures within the same scenarios. Consequently, it becomes
crucial to combine multiple types of measures to form a comprehensive evaluation of MWL
instead of relying solely on a few limited measures. Therefore, it is important to understand
how MWL could be detected, based on typical manipulations of driving scenarios, and how
a set of physiological, psychological, and behavioral measures would change by different
levels of drivers” MWL to allow for comparison within the same study scenario.

To address the limitations mentioned above, this study aims to provide a comprehen-
sive assessment of drivers” MWL with multimodal measures during a typical manipulation
of driving scenario. A representative auditory-based dual-task driving scenario was created
to simulate real-world driving conditions, where the widely used N-back task [37] was ma-
nipulated to simulate the auditory requirement from voice interaction with an IVIS while
driving and to induce three distinct levels of MWL by varying task difficulty levels. Thus,
the innovation of this study lies in its multimodal approach for a MWL assessment in an
auditory-based dual-task driving scenario. This helps identify which measures are effective
in MWL assessment, and which measures are insensitive to changes in MWL in such a
scenario. This also allows for a direct comparison of the effectiveness of different measures
and provides a more accurate understanding of how MWL affects drivers’ physiological,
psychological, and behavioral responses. Such knowledge would improve the accurate
assessment of MWL and can serve human state monitoring in future development of smart
driving systems and autonomous vehicles.

The remaining structure of this article is as follows: Section 2 provides a detailed
description of the methods used in this study, including the construction of the driving
simulation scenario, experimental design, experimental procedures, and data analysis
methods. Section 3 presents the results of the data analysis. Finally, we offer a discussion
and conclusion of the research conducted in this study.
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2. Materials and Methods
2.1. Participants

Considering previous research on sample size determination [34,38], we utilized the
G*Power 3.1 software to calculate sample size [39]. A minimally required sample size
of 20 was determined to detect a medium effect size of 0.3, with statistical power of 80%
and significance level of 5%, based on repeated measures analysis of variance (ANOVA).
Finally, we recruited 24 males (mean age = 24.5, SD = 2.3) to join in the experiment (We
only included males as they were more easily able to wear an EEG cap and ECG devices
for better acquisition of signals). All participants possessed a valid driver’s license with
at least one year’s driving experience (mean driving experience = 2.6 years, SD = 1.3).
None of the participants reported any prior history of neurological disorders, heart disease,
or other medical contraindications. This study obtained approval from the Institutional
Review Board of Shenzhen University, and all participants provided consent before their
participation into the study.

2.2. Experimental Design and Tasks

We adopted an auditory-based dual-task driving scenario to simulate scenarios of
verbal interaction between drivers and IVIS during the driving process, with driving tasks
as the main task, and auditory-based N-back tasks as the secondary task (Figure 1). A
one-factor within-subjects design was implemented in this experiment. Task difficulty
served as the independent variable, including low, medium, and high levels, which was
manipulated by the N-back task. The N-back task is commonly adopted to induce MWL
and has been widely used in previous studies on drivers’ MWL [40-42]. Specifically, the
low-difficulty task solely involved the primary driving task and had no presence of N-back,
the medium-difficulty task encompassed both the primary driving task and a 1-back task,
and the high-difficulty task included the primary driving task and a 2-back task.

G
Tobii Pro X3-120
EOG sensor

Versatile EEG 32
EEG sensor

EDA sensor \ °‘ 'y ECG sensor

[ ]

Figure 1. Experimental scenario and equipment for physiological signal acquisition.
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The primary driving task aimed to simulate a typical driving environment in urban
scenarios at a speed of approximately 80 km/h. The N-Back task was conducted in
synchrony with the primary driving task through voice broadcasting of random numbers.
Participants were required to respond to the N-Back tasks by pressing a button installed on
the steering wheel as quickly and accurately as possible. In particular, in the 1-back task,
participants were required to judge whether the current number they heard matched the
one that immediately preceded it, while in the 2-back task, participants were required to
judge whether the current number matched the one that preceded it by two items.

2.3. Apparatus and Procedures

The driving simulator utilized in this study consisted of a high-fidelity driving sim-
ulator with three monitors for the visual presentation of the driving scenario, a Logitech
feedback steering wheel pedal set control system for motion control, an external speaker
for audio information presentation, and a computer for behavioral data collection. FO-
RUMS8 UC-win/Road scene design 14.3 software was used to develop and present the
driving scenario.

Physiological signals were synchronously recorded in real time using the ErgoLab
3.0 Platform (Kingfar, Beijing, China) that was integrated with multiple wearable devices
to collect data for varied physiological signals. In particular, EEG signals were captured
by a BitBrain 32-channel EEG device (Bitbrain, Zaragoza, Spain) and a Tobii Pro X3-120
eye tracker (Tobii, Stockholm, Sweden) was used to capture electrooculogram (EOG)
signals, while ECG and electrodermal activity (EDA) signals were acquired through Kingfar
physiological acquisition sensors (Kingfar, Beijing, China). Figure 1 illustrates the simulated
driving scenario and the devices employed for physiological signal collection.

Before the experiment, participants were instructed to complete an informed consent
form, and then to wear the sensors. Participants proceeded to the driving simulation
platform for sufficient practice, which was aimed at familiarizing themselves with the
driving simulator and experimental tasks. Then, they conducted the main test, where they
were randomly assigned to one of the three driving tasks with different difficulty levels,
each lasting 60 min. After the completion of each of the three driving tasks, participants
were administered the NASA-TLX scale for subjective MWL assessment. To mitigate the
impact of driving fatigue on the experiment, participants were required to complete the
three types of driving tasks on three different days, respectively, with the order of task
difficulty present in a counterbalanced Latin Square design.

2.4. Measures
2.4.1. Subjective Ratings

The subjective evaluation of MWL was obtained through the NASA-TLX question-
naire with a rating scale ranging from 0 to 100. It encompasses six dimensions, mental
demand, physical demand, temporal demand, task performance, effort exerted, and level
of frustration, and has been widely used to assess MWL in varied human-computer inter-
action contexts [15,16]. Data on rating scores for the six dimensions were collected under
varying levels of task difficulty.

2.4.2. Physiological Measures

The EEG signals were preprocessed using the EEGLAB toolbox [43] and the signals
of EOG, ECG, and EDA were extracted using ErgoLab 3.0. The typical processing flow
for the EEG signals involved several steps. Firstly, the Kurtosis function was utilized to
automatically detect and interpolate bad channels using the spherical interpolation method.
Subsequently, the reference electrode on the scalp surface was selected as the average
electrode for referencing. To achieve bandpass filtering (1 Hz-30 Hz), the FIR plugin was
implemented. Following this, the ADJUST plugin was employed for the manual removal
of artifacts such as eye and muscle activity through independent component analysis. The
preprocessed brain signals were then subjected to a short-time Fourier transform (STFT) for
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time-frequency analysis and feature extraction. Ultimately, the study focused on extracting
the average power spectra densities (PSDs) of four brain waves (5: 14 Hz, 0: 4-8 Hz,
o: 8-14 Hz, 3: 14-30 Hz) from the EEG signals.

Regarding the processing of EOG signals, the maximum inter-blink interval was set
at 75 ms. Missing data was linearly interpolated, and denoising was performed using a
sliding median filter. The angular velocity of fixations was computed with a window length
of 20 ms and a threshold of 30°/s. After classification, a maximum time threshold of 75 ms
and a maximum angular threshold of 0.5° were set between fixations. Fixations not meeting
these criteria were merged into one fixation and fixations with durations shorter than 60 ms
were excluded. The study extracted four widely used eye movement measures [16,44]:
pupil diameter, fixation distance (i.e., distance between adjacent fixation points), blink
count (number of blinks per second), and saccade count (number of saccades per second).

For preprocessing the raw ECG data, we removed noise and outliers. This involved
wavelet denoising, bandpass filtering (0.01-200 Hz) to eliminate 50 Hz power line in-
terference, setting a maximum heart rate threshold of 120 bpm, establishing an R-wave
amplitude threshold of 70%, and defining a 20% threshold for premature beat detection.
Ectopic intervals were corrected using the mean method. A total of four time-domain mea-
sures (average heart rate per minute (AVHR), inter-beat interval (IBI), standard deviation
of heartbeat interval (SDNN), the square root of the mean of the sum of the squares of
difference between successive R intervals (RMSSD)) and three frequency-domain measures
(percentage of successive NN intervals that differ by more than 20 and 50 ms (pNN20, and
PNNB50), the rate of average power of low frequency to high frequency (LF/HF)) that were
widely used for MWL assessment [15,17] were subsequently extracted.

As for the EDA signal, it underwent low-pass filtering at 0.02 Hz, wavelet denoising,
and high-pass filtering at 0.2 Hz to preprocess the raw signal. This resulted in the extraction
of two measures: skin conductance level (SCL), and skin conductance response (SCR).

2.4.3. Driving Performance

Driving behavior data were recorded by the driving simulation system, which cap-
tured four parameters at a sampling rate of 20 Hz, including vehicle velocity, standard
deviation of accelerator pedal input (SDoAPI), absolute value of rotation angles of steering
wheel input (RAoSWI), and the absolute value of lateral movement of the vehicle from the
central line of the lane (lateral position).

In total, we obtained 23 objective measures to examine their association with MWL,
including 4 EEG measures, 4 EOG measures, 7 ECG measures, 2 EDA measures, and
4 driving performance measures. The detailed description of the measures is shown
in Table 1.

Table 1. Description of indexes measured in the experiment.

Modalities Measures Unit Description

5 uv2/Hz Power spectral density (PSD) of delta power (1-4 Hz)
EEG 0 12 /Hz PSD of theta power (4-8 Hz)

o uv2/Hz PSD of alpha power (8-14 Hz)

B uV2/Hz PSD of beta power (14-30 Hz)

Pupil diameter mm Diameter of the pupils
EOG Fixation distance px Distance between adjacent fixation points
Blink count N/s Number of blinks per second

Saccade count N/s Number of Saccades per second
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Table 1. Cont.

Modalities Measures Unit Description
AVHR bpm Average heart rate per minute
IBI ms Inter-Beat Interval
SDNN ms Standard deviation of heart beat interval
The square root of the mean of the sum of the squares of
ECG RMSSD ms difference between successive R intervals
PNN20 o Percentage of successive NN intervals that differ by more
than 20 ms
pNN50 % Percentage of successive NN intervals that differ by more
than 20 ms
LF ms? Average power of low frequency (0.04-0.15 Hz)
HF ms? Average power of high frequency (0.15-0.4 Hz)
LF/HF - The rate of LF to HF
Skin conductance uS The average conductivity level on skin surface during a set
EDA level (SCL) time interval
Skin conductance The phasic difference in skin’s moisture level before and after
uS . .
response (SCR) presentation of a stimulus
Velocity km/h Average velocity
Drivine performance SDoAPI - Standard deviation of accelerator pedal input
&P RA0SWI ®) Absolute value of rotation angles of steering wheel input
- Absolute value of lateral movement of the vehicle from the
Lateral position m

central line of the lane

2.5. Data Analysis

Repeated measures ANOVA was used to examine the effects of task difficulty (low,
medium, and high) on measures from subjective ratings, physiological measures, and
behavioral performance. For measures with a significance level (p < 0.05), post hoc Tukey’s
tests were conducted for pairwise comparisons. Pearson correlation analysis was performed
to assess the interrelationships among the measures examined in this study. Pearson’s
correlation analysis was employed to assess the strength of relationships between varied
measures. A significant correlation coefficient close to 1 means a strong positive correlation
between two measures, indicating that they exhibited similar trends in MWL assessment.
In contrast, a significant correlation coefficient approaching —1 signifies a strong negative
correlation between two measures, indicating that they exhibited opposite trends in MWL
assessment. Conversely, a correlation coefficient near 0 suggests a lack of discernible linear
correlation between the two measures. The significance level was set at p < 0.05. We
completed the statistical analysis with SPSS 25.

3. Results
3.1. Subjective Ratings on MWL

The overall MWL assessed by NASA-TLX was 32.36 (SD = 13.00), 41.95 (SD = 16.75),
and 52.22 (SD = 13.29) for low, medium, and high difficulty tasks, respectively. There was a
main effect of task difficulty on overall MWL (F(2,46) = 23.690, p < 0.001), indicating that the
manipulation of task difficulty levels successfully induced different levels of MWL. Also,
post hoc Tukey’s tests showed that there were significant differences between each pair
of the three different tasks (p’s < 0.05). Specifically, statistical analysis revealed significant
differences in the sub-dimensions of mental demand (F(2,46) = 26.806, p < 0.001) and
temporal demand (F(2,46) = 21.319, p < 0.001) for each pair of the three different tasks
as well. Performance was found to decrease as task difficulty increased (F(2,46) = 18.519,
p < 0.05), while the decrease was shown to be significant only between low and high task
difficulty levels (p < 0.05). Figure 2 presents the six sub-dimensions of NASA-TLX on
MWL. For three other sub-dimensions (i.e., physical demand, effort, and frustration), they
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increased with task difficulty, although the increase did not show significant differences
among the three different tasks.

[_Jrow
E:lMedium
100 A )
LI -ngh
| -
4 * | \
@
o | *
[=]
= 2 T
= |
¢| 50 4
5]
2 T
Z
0
Mental Physical Temporal  perjormance Effort Frustration
demand demand demand

Figure 2. Comparisons of sub-dimensions of NASA-TLX among three tasks with different difficulty
levels. Error bars represent standard errors (* p < 0.05, ** p < 0.01).

3.2. EEG Measures

There were significant differences in & band PSD across low, medium, and high
task difficulties (F(2,46) = 5.103, p = 0.010) (Figure 3, Table 2). Subsequent Tukey tests
showed significant differences in § band PSD across low, medium, and high task difficulties
(p’s < 0.05). PSDs were found to be the highest in high task difficulty for 6 and 3, and
highest in medium task difficulty for x. However, there were no significant differences
observed in the PSDs of 6, «, and 3 bands.

[ Jrow
Medium
B s+

Average power spectral density (uV*Hz)

> 0 a B

Figure 3. Comparisons of the four EEG measures among three tasks with different difficulty levels.
Error bars represent standard errors (* p < 0.05).
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Table 2. Statistical results of physiological measures and driving performance (mean =+ standard deviation).

Modalities

Measures Low Medium High F p
5 (LV2/Hz) 336+0.192 4554 043b 3.83+£0.53¢ 5.103 0.010
EEG 0 (uV?/Hz) 2.154+0.34 2.31 £0.61 3.78 +1.00 3.277 0.069
o (uV2/Hz) 1.49 +£0.21 248 £+ 0.64 2.10 £ 0.51 2.259 0.138
B (V2 /Hz) 1.42 +0.31 1.28 +0.34 227 +£0.72 2.060 0.162
Pupil diameter (mm) 3.53 +0.57 3.36 £ 0.79 3.61 £ 0.64 1.934 0.176
EOG Fixation distance (px) 220.24 +69.31 2 204.57 4+ 71.96 2P 175.98 + 67.2° 5.425 0.015
Blink count (N/s) 0.46 + 0.28 0.80 £+ 0.28 0.52 +0.28 1.353 0.269
Saccade count (N/s) 4.05+2.76 3.46 + 2.60 3.50 + 2.18 1.361 0.265
AVHR (bpm) 79.50 + 13.78 2 89.07 + 13.00 b 89.18 4 13.59 P 3.77 0.030
IBI (ms) 706.22 +132.27 2 676.37 + 86.29 636.18 + 98.98 b 2.11 0.133
SDNN (ms) 282.70 £+ 91.40 314.24 +78.10 419.42 + 151.93 0.20 0.608
ECG RMSSD (ms) 40.13 +13.832 54.58 4 30.48 © 76.61 +43.72 ¢ 8.86 0.002
PNN20 (%) 0.62 £0.20 0.54 +£0.17 0.53 £ 0.14 2.446 0.098
PNN50 (%) 0.49 £0.272 0.32+0.12b 0.33+0.18b 6.20 0.004
LF/HF 4.88 +6.11 4.53 +2.86 5.12 +6.76 0.076 0.927
EDA SCL (uS) 449+ 1554 6.57 +4.79b 539 +£2.54¢ 4272 0.020
SCR (uS) 0.14 £0.08 2 0.20 £0.16 P 0.14 + 0.07 @ 3.710 0.032
Velocity (km/h) 80.94 + 3.38 2 78.70 + 3.46 © 79.09 + 3.78 P 0.500 0.011
Driving SDoAPI 023+0.102 0.18 £ 0.07b 0.17 £ 0.07b 10.151 <0.001
performance RAOSWI (°) 1.61+0322 1.57 +0.232 1.45 4 023" 5.865 0.014
Lateral position (m) 049 £0.122 0.45 +0.13 2P 0.42 +0.13P 7.730 <0.001

Note: Values labelled with different superscript letters for groups in the same measures indicate a significant
difference (p < 0.05) as revealed by the Tukey test. Bold /underline indicates a statistically significant difference
(p <0.05).

3.3. EOG Measures

Among the four EOG measures, only fixation distance demonstrated statistically
significant differences across various task conditions (F(2,46) = 5.425, p = 0.015) (Table 2).
As the MWL increased, the fixation distance decreased. Subsequent post hoc Tukey tests
further revealed significant differences between the low and high difficulty levels (p < 0.05).

3.4. ECG Measures

As MWL increased, AVHR, SDNN, and RMSSD demonstrated an upward trend,
while IBI, pNN20, and pNN50 showed a downward trend (Table 2). LF/HF did not
display any significant pattern of change across different task levels. In particular, there
was a significant main effect of task difficulty on AVHR (F(2,46) = 3.77, p = 0.030), IBI
(F(2,46) = 2.11, p = 0.133), RMSSD (F(2,46) = 8.86, p = 0.002), and pNN50 (F(2,46) = 6.20,
p = 0.004). Post hoc Tukey tests showed that, while AVHR IBI and pNN50 did not exhibit
significant differences between medium and high difficulty levels, they showed significant
differences between low and medium difficulty levels. RMSSD displayed significant
differences between any two of the three task difficulty levels. No significant differences
were found in SDNN, pNN20, and LF/HF among different task levels.

3.5. EDA Measures

The values of SCL and SCR in medium-difficulty tasks were observed to be higher
than those in low- and high-difficulty tasks (Table 2). The main effect of task difficulty
on SCL (F(2,46) = 4.272, p = 0.020) and SCR (F(2,46) = 3.71, p = 0.032) was found to be
significant. Post hoc Tukey tests revealed that significant differences existed in SCL between
different difficulty levels of tasks. However, no significant difference was observed in SCR
between the low and high difficulty levels.
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3.6. Behavioral Performance

For secondary task performance, there was a significant decrease in accuracy (t = 4.390,
p < 0.001) and a significant increase in response time (t = —6.712, p < 0.001), as the sec-
ondary task changed from a 1-back task to a 2-back task. This also indicated the successful
manipulation of the task difficulty levels. For main task performance, there were signif-
icant differences among the four driving behavioral measures across different difficulty
levels: velocity (F(2,46) = 0.500, p = 0.011), SDoAPI (F(2,46) = 10.151, p < 0.001), RAoSWI
(F(2,46) = 5.865, p = 0.014), and lateral position (F(2,46) = 7.730, p < 0.001). Generally, it
showed that the four measures decreased as task difficulty increased.

3.7. Correlations between Multimodal Measures

Pearson correlation analysis (Table 3) showed positive correlations among the four
brain waves (5, 6, «, 3). Notably, 6 wave exhibited the strongest correlation with « wave,
with a correlation coefficient of 0.908. Conversely, the weakest correlation was observed
between the 3 and 5 waves, with a coefficient of only 0.295. Furthermore, PSD of 5 waves
showed notable negative associations with both pupil diameter and AVHR. Similarly, PSD
of 6 waves displayed significant negative correlations with AVHR and IBI. Conversely,
o waves exhibited significant negative correlations with AVHR, while it demonstrated
significant positive correlations with RMSSD, pNN20, pNN50, and SCR. Likewise, {3
waves exhibited comparable significant positive correlations with RMSSD, pNN20, pNN50,
and SCR.

Regarding the EOG signals, pupil diameter exhibited noteworthy positive associations
with fixation distance and SCL. Additionally, blink count displayed significant positive cor-
relations with pNN20 and RAoSWI. Furthermore, saccade count demonstrated significant
positive correlations with SCL. Concerning the ECG signals, AVHR showcased significant
negative correlations with RMSSD, pNN20, pNN50, LF/HF ratio, SCL, SCR, and RAoWL
Moreover, IBI exhibited significant negative correlations with RMSSD, pNN20, and pNN50,
while RMSSD demonstrated significant positive correlations with pNN20, pNN50, and
LF/HEF. The LF/HF ratio exhibited significant positive correlations with SCR. In terms of
EDA signals, SCL exhibited a highly positive correlation with SCR, with a coefficient of
0.813, whereas SCR showed a significant positive correlation with RAoSWI. Among driving
behavioral performance measures, SDoAPI demonstrated a significant positive correlation
with velocity.
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Table 3. Correlation analysis results among multimodal measures.

Measures 5 0 « B poupll - Fhation Blink Saccade AVHR IBI RMSSD  pNN20  pNN50 LE/HF scL SCR Velocity ~ RAoSWI  SDoAPI -ateral
5 1
] 0.897 * 1
o 0.720% 0.908 * 1
B 0.205% 0.555* 0.786 * 1
Pupil —0244* 0197 ~0.160 0.022 1
diameter —_—
S%X‘"‘“"“ —0.134 —0.148 —0.136 —0.070 0.387 * 1
istance
Blink —0.025 ~0.030 —0.034 —0.027 —0.101 ~0.001 1
Saccade 0107 0.087 0.052 0.030 0157 —0.193 —0.046 1
AVHR ~ —0266*  —0318*  —0352*  —0.231 0.051 0.015 —0.180 0.050 1
IBI 0192  —0296% 0215 —0.159 —0114 —0.221 —0.180 ~0.206 —0.421 1
RMSSD 0.135 0.208 0.267 * 0.245 * 0062 ~0149 0.144 0.005 —0835* 0244 1
PNN20 0.044 0.148 0.246* 0.264* 0.019 ~0.039 0252 0.023 —0522%F  —0276*  0.502* 1
PNN50 0.058 0.152 0.257* 0.270* 0.190 0.054 0222 0.062 —0564%  —0359%  0376* 0.889 * 1
LF/HF 0.032 0.062 0117 0.164 ~0.033 ~0.199 0.164 0.188 —0528% 0528  0.748% 0211 0.149 1
sCL ~0.07 —0.011 0.049 0.049 0.145* —0.004 —0.075 0179*  —0.166" 0.007 0.145 0.045 017 0.076 1
SCR 0.033 0.075 0.131* 0.128 * 0.051 0.007 —0.057 0.027 —0176*  —0.0%9 0.070 0.003 —0121 0.110 * 0.813 * 1
Velocity 0.106 0.060 —0.059 ~0.097 0.135 0.115 0.008 0001 0122  —0004 —0.106 —0.055 —0.063 —0.114 ~0142 0.051 1
RAOSWI 0.136 0.124 0.151 0.060 ~0.059 ~0.169 0.232* 0020  —0321* 0.107 0.316 * 0213 0.150 0.223 0.165 0.122* —0.011 1
SDoAPI 0114 0.072 —0.014 —0.144 —0177 —0.053 0.198 —0001  —0.45 0.033 0.040 0.028 —0.036 —0.057 —0.018 0.079 0277 * 0.358* 1
]}jstﬁfgi‘ —0.145 ~0.139 —0.145 ~0.108 0.152 —0.087 0.046 0.009 0.048 ~0119 ~0.002 0.016 ~0.036 0.007 ~0.106 0.003 —0011 0031 —0036 1

* p < 0.05. Bold/underline indicates a statistically significant difference (p < 0.05).
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4. Discussion

Despite the extensive literature on the assessment of MWL, there are still knowledge
gaps remaining in the utilization of different measurements to assess MWL in driving
scenarios. Additionally, the effectiveness of multimodal measures was less investigated in
similar contexts, making direct comparisons among them challenging. To address this issue,
we proposed a multimodal approach for assessing MWL in a simulated auditory-based
dual-task driving scenario. In particular, we aimed to explore whether a comprehensive
set of measures, including subjective, physiological, and behavioral measures, can be
utilized to assess changes in MWL. The subjective ratings validated that our manipulation
of dual-task driving scenarios successfully induced different levels of MWL. Changes
in task difficulty were associated with changes in many of the multimodal measures of
MWL, which appears sensitive in reflecting MWL. The subsequent sections present a
detailed discussion on the effectiveness of measures from different modalities in reflecting
drivers’ MWL.

4.1. Subjective Ratings

The results demonstrate significant differences in subjective ratings of MWL among
tasks with varying difficulty levels. This finding, consistent with previous studies that have
used NASA-TLX to investigate subjective MWL [15,31], confirms that our manipulation of
varied dual-task driving scenarios successfully induced varying levels of MWL.

However, our study also revealed some differences in outcomes compared to previous
research. In particular, the sub-dimensions of mental demand, temporal demand, and
performance contribute most to the significant differences in three levels of MWL. Our study
showed a significant difference in the sub-dimension of performance only between low and
high difficulty tasks, while Ding et al. [15] found that the performance dimension showed
significant differences across low, medium, and high difficulty tasks. A possible explanation
for this difference lies in the different task scenarios used in the two studies. Ding et al.
induced task difficulty through mental arithmetic tasks, while our study involved the
simultaneous processing of visual and low-difficulty auditory tasks. According to Wicken’s
theory of multiple resources [12], visual and low-difficulty auditory tasks result in a limited
degree of competitive allocation of mental resources. Our results suggest that the subjective
rating of performance did not significantly change when drivers simultaneously processed
the driving task and low-difficulty secondary tasks. Only when drivers needed to process
higher-difficulty secondary task did their subjective performance rating decrease noticeably.
These findings suggest that drivers believed that handling some simple voice information
while driving would not contribute to their overall MWL.

Overall, subjective ratings of MWL in this experiment suggest that drivers do not
perceive handling simple voice information while driving as contributing significantly to
their overall MWL. This finding can inform the development of smart driving systems to
minimize the complexity of voice information to alleviate the potential for driver distraction
and enhance safety on the roads.

4.2. Physiological Measures
4.2.1. EEG Measures

EEG evaluation has been established as an effective method for assessing MWL [45].
Numerous studies have shown that EEG rhythmicity is sensitive to changes in workload
levels, for instance, Paxion et al. discovered that & waves are highly responsive to MWL,
exhibiting a decrease in PSD as workload increases. Conversely, 8, 3, and 5 waves have
demonstrated a positive correlation with workload intensity [18]. In our study, we aimed
to further investigate the relationship between MWL and EEG patterns. We found that as
MWL increased from low to medium, there were more pronounced changes in 4 and o
waves, while 0 and 3 waves did not exhibit significant variations. As MWL escalated from
medium to high, the PSD of 6 and 3 waves increased, indicating a positive correlation,
whereas 6 and o waves decreased, displaying a negative correlation. These findings deviate
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somewhat from those of Hussain et al. [8], highlighting the limitations of relying solely on
a single EEG indicator to assess MWL. It may be that different experimental scenarios may
yield different results.

Among the three levels of task difficulty, only 6 waves exhibited significant differences
in PSD changes among the various frequency brain waves. The patterns of change for three
other brain waves varied significantly in our study. However, Borghini et al. [30] found
that a decrease in « wave PSD was accompanied by an increase in 6 wave PSD, as MWL
increased. This aligns with the observed changes in o and 6 waves when task difficulty
changed from the medium level to the high level in our study. This also explains why some
studies utilize multiple ratios of brain waves to evaluate MWL, such as the ratio of o to 6
waves [46] and the ratio of 0 to 3 waves [47].

4.2.2. EOG Measures

Eye movement metrics provide insight into the activity of eyes, and can serve as
measures of MWL in complex scenarios. Parameters such as pupil diameter, blink count,
saccade count, and fixation distance can be analyzed to assess MWL [48]. However, the
findings of this study did not reveal clear patterns in pupil diameter and saccade count
across different levels of MWL. Nevertheless, blink rate was found to increase significantly
with task difficulty, while fixation distance showed a significant decrease.

Previous studies have established that eye activity can reflect MWL, but its mani-
festation is largely influenced by visual demands [49]. In our study, the secondary task
involved limited visual demands, primarily relying on auditory-based presentation. This
may explain why the observed variations in eye movement metrics were not pronounced.
Consequently, the reliable eye movement metrics previously identified, such as pupil diam-
eter [50], eye saccades [44], and blink rate [51], did not exhibit significant differences in this
particular experiment.

These findings highlight the importance of considering task characteristics, particularly
visual demands, when assessing MWL using eye movement metrics. Future research could
explore the use of other measures or adaptations of eye movement metrics that are more
suitable for scenarios with limited visual demands.

4.2.3. ECG Measures

ECG measures are widely studied and are easily accessible measures. Portable devices,
such as smart wristbands and watches, can capture cardiac indices like heart rate and
heartbeat intervals. In this experiment, four temporal indices (AVHR, IBI, SDNN, RMSSD)
and three frequency domain indices (pNN20, pNN50, LF/HF) were obtained from the
cardiac signals.

To provide a clear comparison between our findings and previous outcomes, we
discussed each measure individually in relation to previous studies. For AVHR, De et al.
reported an increase in AVHR with increased MWL in a simulated flight experiment [23].
However, in our study, AVHR only increased under low- and medium-difficulty levels,
with no significant difference observed between medium- and high-difficulty levels. These
findings differ from those of De et al. [23]. IBI is another commonly reported cardiac index
in MWL assessment. A review by Tao et al. found significant differences in IBI among
varying levels of MWL in 13 out of 19 previous studies [17]. In our study, we did observe
a decrease in IBI with increased task difficulty, but this decrease did not reach statistical
significance. For SDNN, although it changes with increased task difficulty, it did not show
significant differences across different levels of MWL. Similar variations in SDNN were
also observed by Hsu et al. [47]. For RMSSD, it was found to be the most sensitive ECG
measure. Consistent with previous research [52], we found that it increased with higher
MWL levels. Moreover, in our study, pNN50 decreases with increasing task difficulty. In
particular, a decreasing trend was observed between low and medium MWL levels, similar
to the findings of Wilson et al. [53]. This suggests that pNN50 may be more likely to be
sensitive in low to medium MWL levels, and it may suffer from a ceiling effect in high
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MW.L-level assessment. Finally, the ratio of LF/HF did not show significant differences at
different levels of MWL, similar to the findings of Ding et al. [15], indicating that LF/HF
may not be sensitive to MWL in both their and our study contexts.

In summary, our study reveals differences in AVHR and IBI compared to previous
research, while SDNN, RMSSD, pNNb50, and LF/HF show either similar or contrasting
results. These findings also highlight the potential limitations and sensitivities of these ECG
measures under varying task difficulties. The discrepancies can be attributed to various
factors, including differences in experimental conditions, participant characteristics, and the
specific measures employed. Therefore, it is crucial to conduct a comprehensive assessment
of drivers” MWL using multimodal measures during typical driving scenarios in order to
gain a better understanding of the relationship between ECG indicators and MWL.

4.2.4. EDA Measures

Previous studies have increasingly utilized EDA signals as a means of assessing
MWL [17,19]. For example, the review by Charles et al. showed that 7 of 58 studies that
used physiological measures on MWL assessment have employed EDA signals to gauge
MWL [19]. This growing trend may be attributed to the fact that mental overload leads
to an escalation in metabolic demand, resulting in stress and perspiration, thus causing
variations in skin conductance signals.

Consistently, we found that EDA measures, such as SCL and SCR, exhibited significant
main effects on MWL. In particular, these two measures increased as MWL increased from
low to medium levels but showed a decreasing trend as MWL increased from medium to
high levels. This result is consistent with findings of Mehler et al. [28]. They reported that
an increase in skin conductance was observed with the augmentation of stimulus in the
second task (to increase the task difficulty), but no change occurred when the task difficulty
was further increased. This may indicate a lack of sensitivity for skin conductance signals
in assessing higher MWL levels. This speculation might have been confirmed by Charles
etal.’s review [19], which also highlighted the limitations of using skin conductance signals
to assess higher MWL levels.

4.3. Behavioral Performance

Our study revealed significant differences in both the number of correct responses
and reaction times between the 1-back and 2-back tasks. Furthermore, the results of the
NASA-TLX questionnaire also indicated notable differences in subjective mental workload
(MWL) levels across the various task difficulty levels, which validates our subtask design
for inducing diverse levels of difficulty.

In addition, our investigation into the three different task levels demonstrated signif-
icant variations in driving performance among drivers. This was evidenced by the four
measures we selected, including velocity, SDoAPI, RAoSWI, and lateral position. Specif-
ically, as task difficulty increased, all four measures exhibited decreasing trends. These
findings underscore that driving performance is highly sensitive to drivers’ MWL.

Moreover, our results suggest that as MWL increased, drivers became more cautious
in their driving behaviors to counterbalance the negative impacts caused by MWL. This
implies that drivers may be able to adapt their driving strategies to mitigate the effects of
MWL on their driving performance. Overall, our study contributes to a better understand-
ing of the relationship between MWL and driving performance and highlights the need for
appropriate countermeasures to enhance driving safety.

4.4. Correlations among Multimodal Measures

The correlation analysis revealed significant associations among specific measures
across different modalities, consistent with the findings reported in the review articles by
Charles [21] and Huang [54]. These results suggested the widespread impact of MWL
on various physiological aspects of the human body, indicating their varying degrees
of sensitivity in reflecting MWL. Notably, a remarkably strong correlation was observed
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among the EEG measures, while pupil diameter in eye movement signals exhibited robust
correlations with other eye movement characteristics. In contrast, heart rate in ECG signals
displayed pronounced negative correlations with other ECG measures. Furthermore,
a substantial positive correlation was noted between skin conductance level and skin
conductance response in the EDA signals. Some measures within the driving behavioral
performance also demonstrated correlations.

Overall, the correlations among measures within the same modality were more promi-
nent than those from different modalities. However, no discernible pattern emerged
regarding the correlations among measures from different modalities. These findings
partially align with the ANOVA results, indicating that different modal measures exhibit
varying sensitivity to MWL. This appears to suggest the presence of collinearity or redun-
dant measurements when evaluating MWL solely using measures from the same modality
or a single modality. It also emphasized the need for future research to adopt multimodal
measurement approaches for a more comprehensive assessment of MWL.

4.5. Implications

The findings from this study have significant implications for the evaluation and
prediction of MWL in the driving industry. First, our study established a multimodal
approach for drivers” MWL assessment through a typical auditory-based dual-task driving
scenario. Data on a comprehensive set of measures, including subjective evaluations,
physiological measures, and behavioral performance, were synchronously recorded, which
allows for direct comparison among the multimodal measures about the sensitivity to
drivers” MWL.

Second, various physiological measures, including EEG, EOG, ECG, and EDA, showed
diverse responses to task difficulty, suggesting that each type of measure may offer distinct
insights into MWL assessment. This highlights the necessity to take into account multiple
types of physiological measures to accurately assess MWL in specific contexts. Furthermore,
significant differences in specific measures were identified across three levels of task diffi-
culty, emphasizing the limitations of relying solely on individual physiological measures
to comprehensively reflect MWL characteristics. Therefore, a comprehensive approach
considering multimodal measures, such as the  wave of the EEG, fixation distance of the
EOG, RMSSD, and pNNb50 of the ECG, and SCL of the EDA, is crucial for an accurate
assessment of MWL. Future research should prioritize the rational and effective utilization
of these measures to establish a mechanism for multimodal MWL assessment.

Finally, integrating these findings into future research and practical applications can
aid in the development of real-time tools for continuous monitoring and predicting MWL
in future development of smart driving systems, thereby preventing accidents caused by
mental overload, and ultimately improving road safety. Specifically, a comprehensive as-
sessment using multiple physiological measures can assist IVIS in perceiving drivers” MWL
more accurately, thus enabling the realization of more intelligent and personalized driving
assistance systems. For example, when a driving system detects excessively high MWL in
a driver, it can implement corresponding intelligent assistance via IVIS, based on specific
changes in physiological measures. Such assistance may involve adjusting the vehicle’s
interior environment, providing voice prompts, or automating certain operations to help
alleviate the driver’s MWL. Consequently, these findings have significant implications
for the development of intelligent-assisted driving systems. Future research can further
explore the integration of multiple physiological measures with IVIs to achieve precise
prediction and intelligent assistance for drivers” mental workload.

4.6. Limitations

There are limitations to this study. First, due to safety concerns, a driving simulation
environment was utilized, limiting the replication of real driving processes. Unlike what
occurs in highly controlled laboratory environments, real-world environments are more
dynamic and complex, and drivers’ physiological reactions could be different from those
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in a laboratory driving environment [55,56]. Therefore, future studies should consider
utilizing a real driving environment while ensuring driving safety. Second, due to the
inconvenience of females wearing the wearable sensors and devices, as well as the recruit-
ment of participants from campus, our participants were predominantly young males aged
20-30, with little variation in their driving experience. However, driving experience might
be an important factor in drivers’ responses to different levels of mental workload [55].
Future studies could extend our study to include a more diverse population (e.g., including
individuals with both genders and with diverse driving experience) in order to consider
the potential impact of gender and driving experience on the experimental results. Finally,
the measures used in this experiment represent average values over a certain period, with-
out considering temporal changes in MWL [32]. Thus, future research could explore the
temporal characteristics of MWL and examine how MWL would change over time.

5. Conclusions

This study was conducted to provide a comprehensive assessment of drivers” MWL
by multimodal measures through a typical auditory-based dual-task driving scenario. The
findings demonstrated that the NASA-TLX effectively measures the intensity of MWL in
varied dual-task driving scenarios, albeit it typically served as a validation method due to
its post-test nature. Multimodal physiological signals, including EEG, EOG, ECG, and EDA
measures, were analyzed across varied task difficulty levels, and they exhibited diverse
trends in response to task difficulty. Several measures that were effective in drivers’ MWL
assessment were identified, includingd wave in EEG signals, fixation distance in EOG
signals, RMSSD and pNNb50 in ECG signals, and SCL in EDA signals. The findings from
this study can help establish a multimodal approach for drivers’ MWL assessment and
can provide valuable insights for the assessment of MWL in the driving industry and the
development of smart driving systems for the accurate recognition of drivers’ mental states.

Author Contributions: Conceptualization, D.T., Q.Z. and T.W.; methodology, D.T., Q.Z., ].H. and TW.,;
software, ].H. and Q.Z,; validation, J.H. and D.T.; formal analysis, Q.Z. and J.H.; investigation, Q.Z.
and ]J.H.; resources, D.T. and T.Z.; data curation, ].H. and Q.Z.; writing—original draft preparation,
J.H. and D.T.; writing—review and editing, D.T., ].H. and T.Z.; visualization, ].H.; supervision, D.T.
and T.W.; project administration, D.T. and T.W.; funding acquisition, D.T. and T.Z. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant
number 32271130), the Natural Science Foundation of Guangdong Province of China (grant number
2023A1515012843 and 24050000694), the Foundation of Shenzhen Science and Technology Innovation
Committee (grant number JCYJ20230808105219038 and JCYJ20210324100014040).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of Shenzhen University (protocol code
32271130 and date of approval 2 March 2022).

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

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy issue.

Acknowledgments: The authors thank Yuyong Huang for his assistance in data analysis.

Conflicts of Interest: The authors declare no conflicts of interest.

1. World Health Organization. Global Status Report on Road Safety 2018; World Health Organization: Geneva, Switzerland, 2018;

p- 403.

2. Dattani, S.; Spooner, F; Ritchie, H.; Roser, M. Causes of Death. Our World in Data 2023. Available online: https:/ /ourworldindata.
org/causes-of-death (accessed on 11 December 2023).

3. Chen, S.; Kuhn, M.; Prettner, K.; Bloom, D.E. The global macroeconomic burden of road injuries: Estimates and projections for
166 countries. Lancet Planet. Health 2019, 3, €390-e398. [CrossRef]


https://ourworldindata.org/causes-of-death
https://ourworldindata.org/causes-of-death
https://doi.org/10.1016/S2542-5196(19)30170-6

Sensors 2024, 24, 1041 17 of 19

10.

11.

12.
13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Chowdhury, M.E.H.; Alzoubi, K.; Khandakar, A.; Khallifa, R.; Abouhasera, R.; Koubaa, S.; Ahmed, R.; Hasan, A. Wearable
Real-Time Heart Attack Detection and Warning System to Reduce Road Accidents. Sensors 2019, 19, 2780. [CrossRef]

Dutta, U.; Zhong, X.; Gsouda, N. Analysis of Global Road Traffic Death Data Using a Clustering Approach. Curr. Urban Stud.
2022, 10, 275-292. [CrossRef]

Sivak, M. The Information That Drivers Use: Is it Indeed 90% Visual? Perception 1996, 25, 1081-1089. [CrossRef]
Morales-Alvarez, W.; Sipele, O.; Léberon, R.; Tadjine, H.H.; Olaverri-Monreal, C. Automated Driving: A Literature Review of the
Take over Request in Conditional Automation. Electronics 2020, 9, 2087. [CrossRef]

Hussain, I.; Young, S.; Park, S.-J. Driving-Induced Neurological Biomarkers in an Advanced Driver-Assistance System. Sensors
2021, 21, 6985. [CrossRef] [PubMed]

Neuhuber, N.; Pretto, P.; Kubicek, B. Interaction strategies with advanced driver assistance systems. Transp. Res. Part F Traffic
Psychol. Behav. 2022, 88, 223-235. [CrossRef]

Zhang, T; Liu, X.; Zeng, W.; Tao, D.; Li, G.; Qu, X. Input modality matters: A comparison of touch, speech, and gesture based
in-vehicle interaction. Appl. Ergon. 2023, 108, 103958. [CrossRef] [PubMed]

Lee, S.C.; Yoon, S.H.; Ji, Y.G. Modeling task completion time of in-vehicle information systems while driving with keystroke level
modeling. Int. . Ind. Ergon. 2019, 72, 252-260. [CrossRef]

Wickens, C.D. Multiple Resources and Mental Workload. Hum. Factors 2008, 50, 449-455. [CrossRef]

Healey, J.A.; Picard, R.-W. Detecting Stress During Real-World Driving Tasks Using Physiological Sensors. IEEE Trans. Intell.
Transp. Syst. 2005, 6, 156-166. [CrossRef]

Singh, R.R.; Conjeti, S.; Banerjee, R. A comparative evaluation of neural network classifiers for stress level analysis of automotive
drivers using physiological signals. Biomed. Signal Process. Control 2013, 8, 740-754. [CrossRef]

Ding, Y.; Cao, Y.; Duffy, V.G.; Wang, Y.; Zhang, X. Measurement and identification of mental workload during simulated computer
tasks with multimodal methods and machine learning. Ergonomics 2020, 63, 896-908. [CrossRef] [PubMed]

Longo, L.; Wickens, C.D.; Hancock, G.; Hancock, P.A. Human Mental Workload: A Survey and a Novel Inclusive Definition.
Front. Psychol. 2022, 13, 883321. [CrossRef] [PubMed]

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]

Paxion, J.; Galy, E.; Berthelon, C. Mental workload and driving. Front. Psychol. 2014, 5, 1344. [CrossRef]

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

Hart, S.G. Nasa-Task Load Index (NASA-TLX); 20 Years Later. Proc. Hum. Factors Ergon. Soc. Annu. Meet. 2006, 50, 904-908.
[CrossRef]

Reid, G.B.; Nygren, T.E. The Subjective Workload Assessment Technique: A Scaling Procedure for Measuring Mental Workload.
In Advances in Psychology; Elsevier: Amsterdam, The Netherlands, 1988; Volume 52, pp. 185-218.

Almogbel, M.A.; Dang, A.H.; Kameyama, W. EEG-signals based cognitive workload detection of vehicle driver using deep
learning. In Proceedings of the 2018 20th International Conference on Advanced Communications Technology (ICACT), 2/2018,
Chuncheon, Republic of Korea, 11-14 February 2018; pp. 256-259.

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

Koenig, A.; Rehg, T.; Rasshofer, R. Statistical sensor fusion of ECG data using automotive-grade sensors. Adv. Radio Sci. 2015, 13,
197-202. [CrossRef]

Zontone, P; Affanni, A.; Bernardini, R.; Piras, A.; Rinaldo, R. Stress Detection Through Electrodermal Activity (EDA) and
Electrocardiogram (ECG) Analysis in Car Drivers. In Proceedings of the 2019 27th European Signal Processing Conference
(EUSIPCO), 9/2019, A Coruiia, Spain, 2-6 September 2019; pp. 1-5.

Butmee, T.; Lansdown, T.C.; Walker, G.H. Mental Workload and Performance Measurements in Driving Task: A Review Literature.
In Proceedings of the 20th Congress of the International Ergonomics Association (IEA 2018); Bagnara, S., Tartaglia, R., Albolino, S.,
Alexander, T., Fujita, Y., Eds.; Springer International Publishing: Cham, Switzerland, 2019; Volume 823, pp. 286-294.

Reimer, B.; Mehler, B. The impact of cognitive workload on physiological arousal in young adult drivers: A field study and
simulation validation. Ergonomics 2011, 54, 932-942. [CrossRef]

Mehler, B.; Reimer, B.; Coughlin, J.F. Sensitivity of Physiological Measures for Detecting Systematic Variations in Cognitive
Demand From a Working Memory Task: An On-Road Study Across Three Age Groups. Hum. Factors 2012, 54, 396—412. [CrossRef]
Borghini, G.; Vecchiato, G.; Toppi, J.; Astolfi, L.; Maglione, A.; Isabella, R.; Caltagirone, C.; Kong, W.; Wei, D.; Zhou, Z,; et al.
Assessment of mental fatigue during car driving by using high resolution EEG activity and neurophysiologic indices. In
Proceedings of the 2012 34th Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC),
8/2012, San Diego, CA, USA, 28 August-1 September 2012; pp. 6442-6445.

Borghini, G.; Astolfi, L.; Vecchiato, G.; Mattia, D.; Babiloni, F. Measuring neurophysiological signals in aircraft pilots and car
drivers for the assessment of mental workload, fatigue and drowsiness. Neurosci. Biobehav. Rev. 2014, 44, 58-75. [CrossRef]

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]


https://doi.org/10.3390/s19122780
https://doi.org/10.4236/cus.2022.102017
https://doi.org/10.1068/p251081
https://doi.org/10.3390/electronics9122087
https://doi.org/10.3390/s21216985
https://www.ncbi.nlm.nih.gov/pubmed/34770304
https://doi.org/10.1016/j.trf.2022.05.013
https://doi.org/10.1016/j.apergo.2022.103958
https://www.ncbi.nlm.nih.gov/pubmed/36587503
https://doi.org/10.1016/j.ergon.2019.06.001
https://doi.org/10.1518/001872008X288394
https://doi.org/10.1109/TITS.2005.848368
https://doi.org/10.1016/j.bspc.2013.06.014
https://doi.org/10.1080/00140139.2020.1759699
https://www.ncbi.nlm.nih.gov/pubmed/32330080
https://doi.org/10.3389/fpsyg.2022.883321
https://www.ncbi.nlm.nih.gov/pubmed/35719509
https://doi.org/10.3390/ijerph16152716
https://doi.org/10.3389/fpsyg.2014.01344
https://doi.org/10.1016/j.apergo.2018.08.028
https://doi.org/10.1177/154193120605000909
https://doi.org/10.1080/00140130802120267
https://doi.org/10.5194/ars-13-197-2015
https://doi.org/10.1080/00140139.2011.604431
https://doi.org/10.1177/0018720812442086
https://doi.org/10.1016/j.neubiorev.2012.10.003
https://doi.org/10.1016/j.apergo.2018.06.006

Sensors 2024, 24, 1041 18 of 19

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Yang, S.; Kuo, J.; Lenné, M.G,; Fitzharris, M.; Horberry, T.; Blay, K.; Wood, D.; Mulvihill, C.; Truche, C. The Impacts of Temporal
Variation and Individual Differences in Driver Cognitive Workload on ECG-Based Detection. Hum. Factors 2021, 63, 772-787.
[CrossRef]

Belyusar, D.; Mehler, B.; Solovey, E.; Reimer, B. Impact of Repeated Exposure to a Multilevel Working Memory Task on
Physiological Arousal and Driving Performance. Transp. Res. Rec. 2015, 2518, 46-53. [CrossRef]

Liao, Y.;; Li, G.; Li, S.E.; Cheng, B.; Green, P. Understanding Driver Response Patterns to Mental Workload Increase in Typical
Driving Scenarios. IEEE Access 2018, 6, 35890-35900. [CrossRef]

Cardone, D.; Perpetuini, D.; Filippini, C.; Mancini, L.; Nocco, S.; Tritto, M.; Rinella, S.; Giacobbe, A.; Fallica, G.; Ricci, F; et al.
Classification of Drivers’ Mental Workload Levels: Comparison of Machine Learning Methods Based on ECG and Infrared
Thermal Signals. Sensors 2022, 22, 7300. [CrossRef] [PubMed]

Heine, T.; Lenis, G.; Reichensperger, P.; Beran, T.; Doessel, O.; Deml, B. Electrocardiographic features for the measurement of
drivers’ mental workload. Appl. Ergon. 2017, 61, 31-43. [CrossRef] [PubMed]

Forn, C.; Barros-Loscertales, A.; Escudero, J.; Benlloch, V.; Campos, S.; Antonia Parcet, M.; Avila, C. Compensatory activations in
patients with multiple sclerosis during preserved performance on the auditory N-back task. Hum. Brain Mapp. 2007, 28, 424-430.
[CrossRef] [PubMed]

Abd Rahman, N.I,; Md Dawal, S.Z.; Yusoff, N. Driving mental workload and performance of ageing drivers. Transp. Res. Part F
Traffic Psychol. Behav. 2020, 69, 265-285. [CrossRef]

Faul, F; Erdfelder, E.; Buchner, A.; Lang, A.-G. Statistical power analyses using G*Power 3.1: Tests for correlation and regression
analyses. Behav. Res. Methods 2009, 41, 1149-1160. [CrossRef]

Ploch, C.J.; Bae, ].H.; Ploch, C.C.; Ju, W.; Cutkosky, M.R. Comparing haptic and audio navigation cues on the road for distracted
drivers with a skin stretch steering wheel. In Proceedings of the 2017 IEEE World Haptics Conference (WHC), 6/2017, Munich,
Germany, 6-9 June 2017; pp. 448-453.

Chihara, T.; Kobayashi, F.; Sakamoto, J. Evaluation of mental workload during automobile driving using one-class support vector
machine with eye movement data. Appl. Ergon. 2020, 89, 103201. [CrossRef] [PubMed]

Hilton, D.C,; Jarrett, M.A.; Rondon, A.T.; Tutek, J.; Mulla, M.M. Increased Working Memory Load in a Dual-Task Design Impairs
Nonverbal Social Encoding in Children with High and Low Attention-Deficit/Hyperactivity Disorder Symptoms. Child Psychiatry
Hum. Dev. 2020, 51, 127-137. [CrossRef]

Delorme, A.; Makeig, S. EEGLAB: An open source toolbox for analysis of single-trial EEG dynamics including independent
component analysis. . Neurosci. Methods 2004, 134, 9-21. [CrossRef] [PubMed]

Pang, L.; Fan, Y.; Deng, Y.; Wang, X.; Wang, T. Mental Workload Classification By Eye Movements in Visual Search Tasks. In
Proceedings of the 2020 13th International Congress on Image and Signal Processing, BioMedical Engineering and Informatics
(CISP-BMEI), Chengdu, China, 17-19 October 2020; pp. 29-33.

Berka, C.; Levendowski, D.].; Lumicao, M.N.; Yau, A.; Davis, G.; Zivkovic, V.T.; Olmstead, R.E.; Tremoulet, P.D.; Craven, P.L. EEG
correlates of task engagement and mental workload in vigilance, learning, and memory tasks. Aviat. Space Environ. Med. 2007, 78,
B231-B244. [PubMed]

Fan, X.; Zhao, C.; Zhang, X.; Luo, H.; Zhang, W. Assessment of mental workload based on multi-physiological signals. Technol.
Health Care 2020, 28, 67-80. [CrossRef] [PubMed]

Hsu, B.-W.,; Wang, M.-].].; Chen, C.-Y.; Chen, E. Effective Indices for Monitoring Mental Workload While Performing Multiple
Tasks. Percept. Mot. Skills 2015, 121, 94-117. [CrossRef]

Di Stasi, L.L.; Alvarez-Valbuena, V.; Cafias, J.J.; Maldonado, A.; Catena, A.; Antoli, A.; Candido, A. Risk behaviour and mental
workload: Multimodal assessment techniques applied to motorbike riding simulation. Transp. Res. Part F Traffic Psychol. Behav.
2009, 12, 361-370. [CrossRef]

De Waard, D.; Brookhuis, K.A. The Measurement of Drivers’ Mental Workload. 1996. Available online: https:/ /www.researchgate.
net/profile /Dick-Waard /publication/30481401_The_measurement_of_drivers’_mental_workload/links/00b7d53aab0ca05ce3
000000/ The-measurement-of-drivers-mental-workload.pdf (accessed on 16 December 2023).

Pfleging, B.; Fekety, D.K.; Schmidt, A.; Kun, A.L. A Model Relating Pupil Diameter to Mental Workload and Lighting Conditions.
In Proceedings of the CHI"16: CHI Conference on Human Factors in Computing Systems, San Jose, CA, USA, 7-12 May 2016;
ACM: New York, NY, USA, 2016; pp. 5776-5788.

Faure, V.; Lobjois, R.; Benguigui, N. The effects of driving environment complexity and dual tasking on drivers” mental workload
and eye blink behavior. Transp. Res. Part F Traffic Psychol. Behav. 2016, 40, 78-90. [CrossRef]

Fallahi, M.; Motamedzade, M.; Heidarimoghadam, R.; Soltanian, A.R.; Miyake, S. Effects of mental workload on physiological
and subjective responses during traffic density monitoring: A field study. Appl. Ergon. 2016, 52, 95-103. [CrossRef] [PubMed]
Wilson, G.F. An Analysis of Mental Workload in Pilots During Flight Using Multiple Psychophysiological Measures. Int. |. Aerosp.
Psychol. 2002, 12, 3-18. [CrossRef]

Huang, J.; Liu, Y.; Peng, X. Recognition of driver’s mental workload based on physiological signals, a comparative study. Biomed.
Signal Process. Control 2022, 71, 103094. [CrossRef]


https://doi.org/10.1177/0018720821990484
https://doi.org/10.3141/2518-06
https://doi.org/10.1109/ACCESS.2018.2851309
https://doi.org/10.3390/s22197300
https://www.ncbi.nlm.nih.gov/pubmed/36236399
https://doi.org/10.1016/j.apergo.2016.12.015
https://www.ncbi.nlm.nih.gov/pubmed/28237018
https://doi.org/10.1002/hbm.20284
https://www.ncbi.nlm.nih.gov/pubmed/16944483
https://doi.org/10.1016/j.trf.2020.01.019
https://doi.org/10.3758/BRM.41.4.1149
https://doi.org/10.1016/j.apergo.2020.103201
https://www.ncbi.nlm.nih.gov/pubmed/32658775
https://doi.org/10.1007/s10578-019-00915-3
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://www.ncbi.nlm.nih.gov/pubmed/15102499
https://www.ncbi.nlm.nih.gov/pubmed/17547324
https://doi.org/10.3233/THC-209008
https://www.ncbi.nlm.nih.gov/pubmed/32364145
https://doi.org/10.2466/22.PMS.121c12x5
https://doi.org/10.1016/j.trf.2009.02.004
https://www.researchgate.net/profile/Dick-Waard/publication/30481401_The_measurement_of_drivers'_mental_workload/links/00b7d53aab0ca05ce3000000/The-measurement-of-drivers-mental-workload.pdf
https://www.researchgate.net/profile/Dick-Waard/publication/30481401_The_measurement_of_drivers'_mental_workload/links/00b7d53aab0ca05ce3000000/The-measurement-of-drivers-mental-workload.pdf
https://www.researchgate.net/profile/Dick-Waard/publication/30481401_The_measurement_of_drivers'_mental_workload/links/00b7d53aab0ca05ce3000000/The-measurement-of-drivers-mental-workload.pdf
https://doi.org/10.1016/j.trf.2016.04.007
https://doi.org/10.1016/j.apergo.2015.07.009
https://www.ncbi.nlm.nih.gov/pubmed/26360199
https://doi.org/10.1207/S15327108IJAP1201_2
https://doi.org/10.1016/j.bspc.2021.103094

Sensors 2024, 24, 1041 19 of 19

55. Lohani, M.; Payne, B.R.; Strayer, D.L. A Review of Psychophysiological Measures to Assess Cognitive States in Real-World
Driving. Front. Hum. Neurosci. 2019, 13, 57. [CrossRef] [PubMed]

56. Wei, W,; Fu, X.; Zhong, S.; Ge, H. Driver’s mental workload classification using physiological, traffic flow and environmental
factors. Transp. Res. Part F Traffic Psychol. Behav. 2023, 94, 151-169. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fnhum.2019.00057
https://www.ncbi.nlm.nih.gov/pubmed/30941023
https://doi.org/10.1016/j.trf.2023.02.004

	Introduction 
	Materials and Methods 
	Participants 
	Experimental Design and Tasks 
	Apparatus and Procedures 
	Measures 
	Subjective Ratings 
	Physiological Measures 
	Driving Performance 

	Data Analysis 

	Results 
	Subjective Ratings on MWL 
	EEG Measures 
	EOG Measures 
	ECG Measures 
	EDA Measures 
	Behavioral Performance 
	Correlations between Multimodal Measures 

	Discussion 
	Subjective Ratings 
	Physiological Measures 
	EEG Measures 
	EOG Measures 
	ECG Measures 
	EDA Measures 

	Behavioral Performance 
	Correlations among Multimodal Measures 
	Implications 
	Limitations 

	Conclusions 
	References

