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Abstract: Mental workload is considered to be strongly linked to human perfor-
mance, and the ability to measure it accurately is key for balancing human health
and work. In this study, brain signals were elicited by mental arithmetic tasks of
varying difficulty to stimulate different levels of mental workload. In addition, a
finite impulse response (FIR) filter, independent component analysis (ICA), and
multiple artifact rejection algorithms (MARAs) were used to filter event-related
potentials (ERPs). Then, the data consisting of ERPs, subjective ratings of mental
workload, and task performance, were analyzed through the use of variance and
Spearman’s correlation during a simulated computer task. We found that partici-
pants responded faster and performed better in the easy task condition, followed
by the medium and high-difficulty conditions, which verifies the validity of the
ERP filtering. Moreover, larger P2 and P3 waveforms were evoked as the task dif-
ficulty increased, and a higher task difficulty elicited a more enhanced N300. Cor-
relation analysis revealed a negative relationship between the amplitude of P3 and
the subjective ratings, and a positive relationship between the P3 amplitude and
accuracy. The results presented in this paper demonstrate that a combination of
FIR, ICA, and MARA methods can filter ERPs in the non-invasive real-time mea-
surement of workload. Additionally, frontocentral P2, N3, and parietal P3 compo-
nents showed differences between genders. The proposed measurement of mental
workload can be useful for real-time identification of mental states and can be
applied to human—computer interaction in the future.

Keywords: Mental workload; event-related potentials; finite impulse response
filter; independent component analysis; multiple artifact rejection algorithms

1 Introduction

Mental workload has become increasingly important due to the intense demand on the brain in complex
working environments. Therefore, optimizing it could not be more imperative today [1]. When a system
includes a human operator, the variability and reliability of the operator are critical to the system’s
performance. The mental workload experienced by the operator impacts his/her performance, which in
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turn affects the entire system [2]. Excessively high or low levels of a mental workload can negatively impact
performance. Therefore, monitoring, predicting, and managing overload/underload is particularly important
for a full understanding of its role in human—computer interactions. Furthermore, exploring how to measure it
accurately is of primary concern.

Mental workload is multidimensional and determined by the characteristics of the task, the operator, and
the environmental context. It is difficult to measure directly and can affect an operator’s performance.
Nevertheless, previous research has suggested that it can be inferred from the measurement of
physiological processes [3]. Compared to subjective measures and performance measures, physiological
indices perform better in terms of sensitivity, diagnostic ability, and non-intrusiveness [4,5].

A wide range of physiological variables associated with mental workload have been investigated in the
literature [6]. These physiological signals include brain activity, cardiac activity, electrodermal activity, eye
movement, respiration, blood pressure, and skin temperature. Of these, event-related potentials, a well-
established non-invasive technique for recording brainwave activity, may better account for the specific
processing requirements of complex tasks compared to other measures [7,8]. In this study, we
investigated a method to measure workload specifically based on ERPs. First, a simulated computer task
was designed based on mental arithmetic tasks to elicit different levels of mental workload, and an
electroencephalogram (EEG) cap was prepared to record brain signals. Second, data from the experiment
were processed using the EEGLAB toolbox in MATLAB. We also took advantage of the finite impulse
response (FIR) filter, independent component analysis (ICA), and multiple artifact rejection algorithms
(MARAS) to filter the ERPs. Third, we conducted an analysis of variance (ANOVA) and Spearman’s rank
correlation coefficient to assess the results based on task difficulty. Violation of sphericity was handled
with a Greenhouse—Geisser correction. Finally, the filtered ERPs were used to indicate mental workload.

2 Related Work

Many researchers have attempted to measure and model mental workload. Currently, mental workload
measurement methods can be divided into three categories: those methods employing the operator’s
performance, those based on subjective experiences, and those considering physiological responses.
Methods using subjective ratings are the most commonly used because they are inexpensive, easy to
conduct, and include the subjective workload assessment [9] and NASA task load index (NASA-TLX)
[10]. However, these methods have some limitations due to social desirability and are not suitable for
continuous monitoring of workload. Social desirability is a common phenomenon in subjective surveys.
It refers to a participant answering not according to the condition, but based on what they think is
socially acceptable or desirable. Meanwhile, in performance-based methods, the subject needs to be
engaged in only one task. Their major restriction is the difficulty of assessing mental workload in near-
real time [11].

Even though there is no agreement on what mental workload is, there is a certain consensus in
conceptualizing mental workload as the number of resources invested by an operator with limited
attentional capacity. Mental workload encompasses multiple dimensions, and a subjective experienced
physiological processing state. Some physiological measures, such as ERPs, are natural workload metrics
for the physiological activity required by tasks. Furthermore, these measures can overcome the limitations
mentioned above. The physiological indices are obtained by recording a person’s brain activity, cardiac
activity, electrodermal activity, eye movement, respiration activity, and blood pressure. More information
about physiological indices used for measuring mental workload can be seen in literature reviews. We
note here that no universal solution for measuring mental workload using physiological indicators has
been found, and no single method stands out.
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ERPs seem to be the most promising measure to date, and they can complement the information
provided by subjective and performance indicators. Beginning with the seminal work, numerous studies
have been conducted to investigate the assessment of mental workload by employing ERPs. P300 (with a
latency between 300 ms and 800 ms) has been the most extensively explored ERP component concerning
resource allocation and mental workload. ERP studies have shown that the amplitude of P300 at parietal
sites can discriminate tasks, and is reduced in high-workload conditions compared to low-workload
conditions [12—14]. Other ERP components may also be sensitive to mental workload. Solis-Marcos and
Kircher found that N1 latency increased in the high and adjustable workload conditions, and the
N1 amplitude was greater in low-speed conditions [7]. In the study conducted by Allison and Polich,
aparticipants were asked to view and play three levels of a game (easy, moderate, and hard) [15]. The
authors reported larger P2, N2, and P3 amplitudes during the viewing condition than during playing
conditions, and a decrease in N2 amplitude during the hard condition relative to the medium condition.
Miller, Rietschel, McDonald, and Hatfield also found similar results: N1, P2, P3, and late positive
potential (LPP) component amplitudes were inversely related to task difficulty [13]. However, studies on
mental arithmetic showed that used early (P100, P200) and late (P300, N300) ERP components to
measure mental workload obtained inconsistent results [16]. Other studies about mental arithmetic
investigated the cognitive differences when applying various arithmetic operations. Hohnsbein pointed
out that time pressure and attention affect P300 [17], while Falkenstein found a larger P300 for severe
time pressure than for moderate time pressure [18]. Time pressure is one component of mental workload,
and mental workload should increase under severe time pressure. However, inconsistent results were
found in previous studies. There are many repetitive jobs with some extent of time pressure, and we need
to monitor the worker’s mental workload directly in real-time to prevent mental exhaustion from reaching
“redline.” All of the above research brings us to the key research question: Because mental workload is
so important, is there a method of filtering ERPs that specifically illustrates mental workload so as to
make mental workload measurable?

3 System Model and Design Goal

In this section, we propose a system model and illustrate our design goals.

3.1 System Model

To address the above question, three simulated computer tasks were designed to elicit different levels of
mental workload. First, subjects were introduced to the experiment, and an EEG cap was prepared to record
brain signals. After the experiment, subjective ratings of mental workload were obtained. Brain signals were
processed using EEGLAB. The system model is illustrated in Fig. 1.

3.2 Design Goal and Methods

The purpose of this study was to investigate the measurement of ERPs that reflect mental workload. A
combined method of FIR, ICA, and MARA was applied to extract and clean the ERPs. A schematic
workflow for high-pass filtering of raw EEG data was performed prior to ICA decomposition. IC filters
were applied to the unfiltered raw data prior to classification by MARA.

ICA and MARA: To reject artifacts, we used ICA [19,20] and MARA [21] to clean the EEG signals.
Given EEG signals, x,...,xx recorded from K electrodes over time, ICA methods linearly decompose the
data into K source components si,..., sx. ICA assumes the mutual independence of the source
components and a linear generative model as follows:

5= all sk (el K}, M
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Figure 1: Recording and analysis of brain signals

Here, a; € RX denotes the spatial activation pattern of source & and a;[/] its jth element. High-pass
filtering is a linear transformation of the signals. Therefore, if the assumed generative model is true,
filtering will not change the ICA model coefficients. Under the model assumptions, the linear generative
model also holds for the filtered signals 4 (x;):

W) = (3l o) = Do, alil - hlse). @)

where /(.) denotes the linear filtering. The filtered source signals /(sk ) remain mutually independent, and the
coefficients of the mixing matrix a;[;] are unchanged. Therefore, it is valid to use the filtered data for the
estimation of the ICA only, and then the obtained demixing matrix is applied to the unfiltered data.

MARA is a heuristic that can rapidly and objectively solve the binary classification problem “reject vs.
accept.” When confronted with mixed components, MARA makes a conservative decision and retains mixed
components in the data.

FIR: High-pass filtering can facilitate the ICA estimation by increasing the independence between
sources because gradually changing trends are not very independent [22]. Furthermore, standard ICA
assumptions such as a limited number of sources are at best approximately met in practice. Filtering
guides the ICA decomposition toward extracting the components that explain the activity we are
interested in, and may help us to better satisfy ICA’s stationarity assumption. The low-frequency parts of
an EEG signal contain a large portion of its variance, and it is this variance that we are typically not very
interested in. Therefore, it is often beneficial to remove these low-frequency components.

SNR: Single-subject ERPs were used to derive the grand average waveforms for display and analysis.
Because suitable artifact processing has the potential to decrease single-trial noise around the average ERP
response, for each artifact removal variant, we assessed this effect by computing the signal-to-noise ratio
(SNR). Given N epochs, y,,..., y, € R, with each ERP measured over T time points in one channel,
the SNR is measured as follows:
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NR = +—— Var {y(1)} 7 5
Nznzl Var {yu (1) — 3(1)}
1
where () = N Zi\/: L Ya() is the ERP averaged over the epochs at time ¢. This defines the ratio of the

variance of the ERP (signal) and the mean variance of the residual deviation (noise) [21]. Each ERP was
based on at least 40 trials (with correct responses). The mean amplitude was calculated for each
component with a narrow time window centered around the peaks of the components in the grand
average waveform. According to previous studies, the time windows were set as follows: P2 = 160—
220 ms, N3 = 280-340 ms, and P3 = 350-500 ms.

Subjective difference exploration: In previous studies, gender affected the subjective estimate of
mental workload and other information processes [23]. It was found that female subjects rated effort and
frustration significantly higher, and their performance was significantly lower than that of their male
counterparts. Furthermore, in ERP studies, researchers found that females exhibited larger amplitudes of
P2, N2, and P3 [24,25]. Therefore, whether gender affects ERP responses is also explored in this study.

4 ERP Analysis Approach
4.1 Experimental Design

This experiment aimed to investigate the measurement of mental workload in computer work through
EEG recordings. Open-source GPower 3.1 software was used to calculate the sample size. To obtain a large
effect size of 0.3, a minimum sample size of 22 was required in the experiment when Cohen’s d = 0.5,
o = 0.05, and £ = 0.8 (as recommended by Caine [26]). Twenty-five healthy right-handed individuals
with normal or corrected vision were recruited as participants (12 males and 13 females, aged 19—
24 years, mean age of 21.6, SD = 1.26).

Three types of mental arithmetic operations were designed to elicit varying levels of mental workload.
This method has been applied in many studies that employed simulated mental arithmetic tasks [27]. At the
easy level, participants were required to complete mental arithmetic tasks consisting of three numbers (i.e., a
+b+c) in 15 minutes. Each mental arithmetic operation lasted for six seconds and was randomly generated.
Participants were asked to respond by clicking the right mouse button as soon as possible if the answer was
between 10 and 20; otherwise, they were asked to click the left mouse button (if they did not respond, the
stimulus was replaced by a fixation screen). In the medium-level task, participants were required to complete
mental arithmetic tasks consisting of five numbers (i.e., at+b-c+d-e) in 15 minutes. Each mental arithmetic
operation lasted for six seconds and was randomly generated. Participants were asked to respond by
clicking the right mouse button as soon as possible if the answer was between —5 and 5; otherwise, they
were asked to click the left mouse button. For the hard task, participants were required to complete
mental arithmetic tasks consisting of seven numbers (i.e., atb-c+d-e+f-g) in 15 minutes. The mental
arithmetic operations were randomly generated and lasted for six seconds. Participants were asked to
respond by clicking the right mouse button as soon as possible if the answer was between —4 and 6;
otherwise, they were asked to click the left mouse button. The tasks were programmed and presented
using E-Prime 2.0 Professional behavioral research software. Three tasks with different levels of mental
demand can form six experimental groups. The 25 participants were randomly assigned to the six groups.
Prior to the formal experiment, participants were required to practice the task for three minutes;
familiarity with the tasks was not guaranteed by judging the participants’ accuracy during this practice stage.
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4.2 EEG Recording

Electrical brain signals were recorded continuously from 64 Ag/AgCl ring scalp electrodes distributed
according to the 10-20 international system (Fp1l, Fp2, AFz, AF3, AF4, AF7, AFS, Fz, F1, F2, F3, F4, F5,
F6,F7,F8,FCz FCI1, FC2, FC3, FC4, FC5, FCo, FT7, FTS8, FT9, FT10, Cz, C1, C2, C3, C4, C5, C6, T7, TS,
CPz, CP1, CP2, CP3, CP4, CP5, CP6, TP7, TP8, TP9, TP10, Pz, P1, P2, P3, P4, P5, P6, P7, P8, POz, PO3,
PO4, PO7, PO8, Oz, Ol, and O2), mounted in an elastic cap (Brain Products GmbH actiCAP, Germany).
Vertical and horizontal electro-oculographic (EOG) activity was recorded with additional electrodes
located 1.5 cm above and below the left eye and 1.5 cm outside the outer canthi of both eyes. All
electrodes were referenced to the FCz site with a common ground (GND site). The brain signals were
amplified by an actiCHamp amplifier (Brain Products GmbH) and digitally stored using Brain Vision
Recorder software (Brain Products GmbH). The impedance levels of all electrodes were set below 5 kQ.
The brain signals were recorded at 1000 Hz and filtered with a 0.05 to 70 Hz bandpass filter.

4.3 Procedure

All stimuli were presented on an Acer P229HQL monitor with 1920 x 1080 resolution. The experiment
was controlled by E-Prime 2.0. The experimental program and materials can be downloaded from https://pan.
baidu.com/s/IN59vdITOJIkY ANPwP4yo3w. Participants sat approximately 60 cm from the screen, without a
chinrest, in a quiet room with normal light. The environmental conditions were controlled with a soft light
(300 £ 5 Ix) to eliminate the impact of visibility on task performance. The microclimatic environment was set
at a comfortable level, with a temperature of 24 + 0.2°C and a relative humidity of 36.0% + 2%.
Physiological indicators in relation to mental workload measurement or prediction are sensitive to
temperature, humidity, age, gender, time of day, and season. Accordingly, subjects participated in the
experiment under similar environmental conditions to reduce the impact of the environment as much as
possible. Once the environmental conditions were confirmed, each subject put on an elastic cap to record
their brain signals.

Three tasks were designed to impose different mental workloads on participants and explore the
relationship between mental workload, task performance, and brain activity. Participants were asked to
complete the three tasks in a random sequence. After the first task was finished, the participants were
trained to use the NASA-TLX scale, which was used to collect subjective ratings of perceived mental
workload. After 10 minutes of rest, participants moved on to the next task. After each task, the
participants rated their mental workload with NASA-TLX on a scale from 0 (low) to 20 (high). Finally,
the scores were translated to a 0—100 scale for ease of interpretation. The experimental procedure is
shown in Fig. 2.

Instruction
2000 ms 2000 ms

3+8-7+9-5+4-3

[-4,6]

Fasy Medium High

Figure 2: Experimental procedure
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4.4 Subjective Statistical Analysis

A paired-sample #-test was used to determine the differences in subjective ratings and task performance.
Then, 3 x 4 (condition x electrode) repeated measure within-subject ANOVAs were used to examine the
effects of changes in the levels of mental demands (easy, medium, and hard) on the mean amplitude of
each ERP component. Violation of sphericity was handled with a Greenhouse—Geisser correction, and the
effect size (eta squared, #°) was reported for all ANOVAs. Data analysis was carried out using SPSS
version 24.0 (IBM Corp.). Spearman’s rank correlation coefficient analysis was calculated to identify the
relationships between the different measures of mental workload. Statistical significance for all tests was
set at p < 0.05. Outliers were deleted using boxplots [28,29]. Raw brain signal data and materials for the
three tasks can be downloaded from https://pan.baidu.com/s/IN59vdITOJIkKY ANPwP4yo3w.

4.5 EEG Analysis

EEG signals were computed by using EEG epochs ranging from 200 ms before stimulus onset to
1000 ms after stimulus onset. Each epoch was baseline-corrected using the signal that occurred 200 ms
before the onset of the stimulus. A standard procedure to subtract part of the vertical EOG (VEOG) and
horizontal EOG (HEOG) from each recorded EEG electrode x; is as follows:

5(1) = x(1) — GVEOG(t) — B,HEOG(1) — 3, )

where z; denotes the “cleaned” EEG signal at electrode j, and 7, ﬁj, and }; are regression coefficients
estimated by ordinary least squares. For this analysis, EOG was derived as a post-hoc bipolar derivation
from channels F9 and F10 for the HEOG and channels Fp2 and EOGvu for the VEOG. Channels F9,
F10, and Fp2 were excluded from the set of EEG channels. Fig. 3 shows the ERPs after FIR.
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Figure 3: ERPs after FIR

The grand average ERPs with several artifact removal methods are depicted in Fig. 4. The influence of
high-pass filtering on the ICA and MARA decomposition is reflected in the shape of the ERPs [30]. Peak
amplitudes were slightly attenuated when the ICA was trained on 30-Hz high-pass-filtered data.
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Figure 4: ERPs before ICA and MARA (left) and after ICA and MARA (right)

5 Performance Evaluation
5.1 Task Performance

The accuracy of responses (ACC) and response time (RT; i.e., the time from stimulus presentation to the
participant’s click on the mouse) were also collected during the experiments. The accuracies on easy,
medium, and hard tasks were 0.98 (SD = 0.02), 0.75 (SD = 0.15), and 0.60 (SD = 0.10), respectively.
The response times for easy, medium, and hard tasks were 1.75 s (SD = 0.42), 3.90 s (SD = 0.57), and
4.56 s (SD = 0.51), respectively. Subjects had the highest accuracy and fastest response in the easy task,
and had higher accuracy and a faster response in the medium-difficulty task than in the hard task.
Moreover, for the ACC, there was a significant difference between males (medium: mean = 0.82,
SD = 0.11; high: mean = 0.64, SD = 0.11) and females (medium: mean = 0.68, SD = 0.15; hard:
mean = 0.56, SD = 0.09) in the medium-difficulty tasks (¢ [23] = 2.78, p = 0.01) and hard tasks (t
[23] = 2.08, p = 0.05), but there was no significant difference in RT. Raw behavioral performance data
can be downloaded from https://pan.baidu.com/s/IN59vdITOJIkY AINPwP4yo3w.

5.2 Subjective Evaluation

The NASA-TLX, which includes six dimensions, was used to collect participants’ subjective responses
in order to assess mental workload. The subjective ratings (SR) of mental workload were 34.59 (SD = 13.74),
60.63 (SD = 17.16), and 82.49 (SD = 11.93) for the easy, medium, and hard tasks, respectively. The paired-
sample z-test results showed that there were significant differences between the easy and medium tasks
(z [24] = —11.39, p < 0.001), between the easy and hard tasks (¢ [24] = —19.38, p < 0.001), and between
the medium and hard tasks (¢ [24] = —9.86, p < 0.001). However, there was no significant difference
between males and females in subjective ratings (p > 0.05).

5.3 ERP Results

The results from one male subject were eliminated due to excessive noise in the recording process.
Therefore, brain signals were obtained from 24 participants (11 males and 13 females, aged 19-24 years,
mean age of 21.5, SD = 1.27). ERP waveforms corresponding to the easy, medium, and hard tasks and
the corresponding scalp topographic maps for each time window are shown in Fig. 5.
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Figure 5: Topographic maps and averaged ERPs from tasks of different difficulty levels at various
electrodes

The grand averaged ERP waveforms for each task were from the anterior frontal (AF3/AFz/AF4),
frontal (F5/Fz/F6), frontocentral (FC5/FCz/FC6), central (C5/Cz/C6), centro-parietal (CP5/CPz/CP6),
parietal (P5/Pz/P6), and post-occipital (PO3/POz/PO4) regions (the ERP waveforms from all electrodes
are available in the supplementary data at https://pan.baidu.com/s/IN59vdITOJIkYdNPwP4yo3w).
Electrodes from four areas (anterior frontal-AF, frontal-F, frontocentral-FC, and central-C) were chosen
for statistical analysis of P2 within the time window of 160-220 ms and N3 within the time window of
280-340 ms. Electrodes (central-C, centro-parietal-CP, parietal-P, post-occipital PO) were chosen for
statistical analysis of P3 within the time window of 350-500 ms. The statistical analysis showed that
difficulty mainly affected the P2 component (F [2,46] = 9.78, p < 0.001, * = 0.298) and the
N3 component (F [2,46] = 17.63, p < 0.001, #* = 0.434). In addition, the statistical analysis revealed a
condition x electrode interaction effect for the P3 component (F [3.1,70.4] = 3.84, p = 0.013, 5> = 0.143).
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P2: Post hoc analysis revealed that for P2, regardless of electrode, the average amplitude was
significantly different across the three experimental conditions (Fig. 5) (easy > hard, p < 0.001, d = 3.53;
easy > medium, p = 0.04, d = 1.76; medium > hard, p = 0.05, d = 1.77). P200 has been associated with
compulsory, early sensory processing, and exhibits a frontocentral scalp distribution; moreover, a
decreased P200 amplitude has been linked to an increased allocation of attention [31,32].

An independent-sample #-test was conducted to analyze the differences between male and female
participants. The results showed that there was a gender difference in the mean amplitude of P2 only
between the easy and medium conditions. A significantly larger P2 was evoked in females compared to
males in the easy (¢ 22] = —3.04, p = 0.006) and medium (¢ [22] = —2.13, p = 0.039) conditions, but not
in the hard task (¢ [22] = —1.97, p = 0.069).

N3: Similar to P2, post hoc analysis revealed that for N3, regardless of electrode, the average amplitude
was significantly different across the three experimental conditions (Fig. 5) (easy > hard, p <0.001, d =5.56;
easy > medium, p = 0.003, d = 3.87; medium > hard, p = 0.05, d = 1.69). N300 at prefrontal and frontocentral
sites is associated with increased general cognitive ability in more effort-intensive tasks of executive
function, information processing, and verbal memory and learning.

An independent-sample #-test was conducted to analyze the differences between the male and female
participants. The results showed that there was no significant difference between males and females
across the three experimental conditions with p > 0.05.

P3: Post hoc analysis revealed that for P3 at the electrodes of CP and P areas, the mean amplitude was
significantly different across the three experimental conditions (easy > hard, p = 0.005, d = 3.29; easy >
medium, p = 0.038, d = 1.85; medium > hard, p = 0.045, d = 1.44). P3 is believed to represent a non-
obligatory, cognitive evaluation of stimuli and generates a parietal maximal distribution. Importantly, the
P3 at Pz reflects cognitive processes independent of variations in motor processes and is not associated
with memory, but it is correlated with participants’ decisions on how to respond to stimuli [33,34].

An independent-sample 7-test was conducted to analyze the gender differences. The results showed that
there was a significant gender difference in the mean amplitude of P3 between the medium and hard
conditions. A larger P3 was evoked in female participants in the medium (¢ [22] = —2.53, p = 0.019) and
hard (¢ [22] = —2.27, p = 0.033) conditions; no significant difference was observed in the easy condition
(t [22] = —0.56, p = 0.580).

5.4 Correlation Analysis

The correlations between different measurements were analyzed. The amplitudes averaged from
electrodes FC5/FCz/FC6 for P2, from AF3/AFz/AF4 for N3, and from P5/Pz/P6 for P3 within the
corresponding time windows were chosen to conduct correlations with the subjective ratings, accuracy,
and response time. The results showed that there were significant correlations between the mean
amplitude of the P2 component and N3 (» = 0.317, p = 0.007), and between the mean amplitude of the
P2 component and P3 (» = 0.232, p = 0.050). Additionally, there was a significant negative correlation
between the mean amplitude of P2 and subjective ratings (» = —0.329, p = 0.005) and a significant
positive correlation between the mean amplitude of P2 and accuracy (» = 0.254, p = 0.031). For N3, there
were significant negative correlations between the mean amplitude of N3 and subjective ratings
(r = —0.282, p = 0.017) and between the mean amplitude of N3 and response time (r = —0.448, p <
0.001), whereas there was a significant positive correlation between the mean amplitude of N3 and
accuracy (r = 0.275, p = 0.019). Similar to the P2 component, there was a significant negative correlation
between the mean amplitude of P3 and subjective ratings (» = — 0.361, p = 0.002) and a significant
positive correlation between the mean amplitude of P3 and accuracy (» = 0.318, p = 0.006). Moreover,
there were negative correlations between subjective ratings and accuracy (» = —0.635, p < 0.001) and
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between response time and accuracy (r = —0.691, p < 0.001). There was a positive correlation between
subjective ratings and response time (» = 0.701, p < 0.001). Additional correlation analyses can be found
in the supplementary data (https://pan.baidu.com/s/1N59vdITOJIKY ANPwP4yo3w).

6 Discussion

First, the mental workload measured by NASA-TLX confirmed that there was a measurable difference
across the three experimental conditions. Additionally, performance varied significantly across the three
experimental conditions. Participants responded faster to tasks with a lower mental demand. These results
are consistent with those of previous research conducted using subjective methods [35,36]. For task
performance, males had higher accuracy than females in medium and hard conditions. There were no
differences in the subjective ratings or response time. A recent study indicated that gender may influence
performance on math achievement tests [37]. In our study, a gender difference was found in tasks of
medium and high difficulty but not in easy tasks.

Second, three types of components showed differences elicited by the visual stimuli, and the results
demonstrated the effectiveness of ERP in indexing mental workload. The first component was the early
cortical visual P2, which is related to the properties of the stimuli; the second was N300, which could be
involved in the coding of action, and the third was the late endogenous P3, which is related to the
cognitive processing of stimuli. Crowley and Colrain pointed out that frontocentral P2 has been linked to
an increased allocation of attention [32]. From this perspective, tasks with higher difficulty require more
mental resource distribution, and therefore more attention should be paid to a task of higher difficulty. In
a study by Miller et al., the oddball paradigm was applied to determine which ERPs could reflect mental
workload [13]. Miller et al. found that the amplitudes of the N1, P2, P3, and LPP components were
inversely related to task difficulty. In our study, the amplitudes of P2 and P3 increased with decreasing
task difficulty. Research has found that an increase in the amplitude of positive components is associated
with a decrease in general cognitive performance on tasks [38], as task difficulty increases, task
performance should decrease, which was observed for the amplitudes of the P2 and P3 components.

Higher mental workload conditions elicited an enhanced frontocentral N3 compared to lower mental
workload conditions. We have to consider why this was observed. Here, the N3 could not be late N2,
because the stimulus in the same condition was fully predictable. Therefore, its occurrence always
matched the expectations of the subjects and the previous stimulation. Moreover, the enhanced
N3 showed significantly higher mental workload conditions than other stimuli, which was not elicited by
eye movements. As shown in Fig. 5, similar results were observed at central and anterior sites. However,
there were no such results for the N3 component regarding mental workload measurement. Previous
studies on attention and cognition have pointed out that an increase in the amplitude of negative ERP
components at the prefrontal and frontocentral sites is associated with increased general cognitive ability
on the more effort-intensive tasks of executive function, information processing, and verbal memory and
learning. From this view, when participants were performing higher-difficulty tasks, the mental demand
was higher, and an enhanced N3 was observed (more details can be seen in the supplementary data at
https://pan.baidu.com/s/IN59vdITOJIkKY ANPwP4yo3w). Sekine pointed out that an enhanced N3 was
obtained as brain arousal increased [39]. Thus, we can conclude that broader activation of cortical regions
in the frontal cortex, rather than inhibition, could be associated with the increased cognitive capacity for
more complex and effortful processing.

The amplitudes of the P2 and P3 components showed a gender difference. Gender differences for
P2 existed in the easy and medium conditions, whereas those for P3 existed in the medium and hard
conditions (both were higher in females than in males). Yuan found that women exhibited larger
amplitudes than men for P2, N2, and P3 components [25]. Similar results were obtained in the present
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study. In a review, Melynyte pointed that P3 amplitude could be significantly modulated by gender, with
greater P3 in females relative to males [24]. In the present experiment, gender differences were found in
the medium and hard conditions but not in the easy condition.

The comparison between multiple measures showed that there were significant correlations among
them. The amplitude of P3 is sensitive to the number of attentional resources, and with increasing task
difficulty, P3 decreases. Higher-difficulty tasks evoked enhanced P2 and N3. However, the gender
difference analysis showed consistent results on P3 and task performance, which were exhibited in
medium as well as hard conditions.

Overall, this study sheds light on the use of ERPs to gauge mental workload during repetitive tasks under
some time pressure. Mental state monitoring is a critical component of current and future human—computer
interfaces. This study offers the potential to provide a data collection method for the design of wearable
monitoring devices and provides preliminary data and theoretical ideas for early mental workload
detection systems. Implementing such systems in the real world would greatly benefit worker health and
the efficiency of companies.
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