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Abstract 

Objective:  The event-related potential (ERP) methods based on laboratory control scenes have been widely used to 
measure the level of mental workload during operational tasks. In this study, both task difficulty and test time were 
considered. Auditory probes (ignored task-irrelevant background sounds) were used to explore the changes in mental 
workload of unmanned aerial vehicle (UAV) operators during task execution and their ERP representations.

Approach:  51 students participated in a 10-day training and test of simulated quadrotor UAV. During the experi-
ment, background sound was played to induce ERP according to the requirements of oddball paradigm, and the 
relationship between mental workload and the amplitudes of N200 and P300 in ERP was explored.

Main results:  Our study shows that the mental workload during operational task training is multi-dimensional, and 
its changes are affected by bottom-up perception and top-down cognition. The N200 component of the ERP evoked 
by the auditory probe corresponds to the bottom-up perceptual part; while the P300 component corresponds to the 
top-down cognitive part, which is positively correlated with the improvement of skill level.

Significance:  This paper describes the relationship between ERP induced by auditory probes and mental workload 
from the perspective of multi-resource theory and human information processing. This suggests that the auditory 
probe can be used to reveal the mental workload during the training of operational tasks, which not only provides a 
possible reference for measuring the mental workload, but also provides a possibility for identifying the development 
of the operator’s skill level and evaluating the training effect.
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Introduction
Unmanned systems have been used widely in now world. 
Now the unmanned aerial vehicle (UAV) systems are 
complex to operate, which usually require the operator 
to undergo specialized training and pass several tests 
before taking the task. Understanding the variation of the 
mental workload of operators is very important for evalu-
ating the level of mental workload of operators, improv-
ing the training effect and further building a safer and 

healthier training system [1–3]. High mental workload 
levels significantly affect the performance of UAV opera-
tors. Accurate assessment of mental workload can help 
prevent human error and allow intervention before per-
formance declines due to mental overload or underload. 
Recognition of mental workload is one of the core prob-
lems in neuroergonomics [4, 5].

Mental workload is a multi-dimensional structure [6]. 
Many factors, such as the difficulty of the task, the envi-
ronment in which it is performed, and the skill level and 
cognitive state of the operator, might have an impact 
on it. At present, the interpretation of mental workload 
by multi-dimensional resource theory [7] is accepted 
by most researchers. The theory holds that cognitive 
resources are limited and negatively correlated with 
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the level of mental workload. When engaged in men-
tally demanding tasks, there will be fewer resources left, 
reducing the brain’s ability to recognize visual or auditory 
events. This means that changes in mental workload lev-
els can be identified by measuring either the amount of 
resources occupied or remaining.

Neuroimaging can be used to directly measure the 
state of the central nervous system [8–10], so as to 
achieve a relatively objective measurement of the men-
tal workload of the operator. The methods to estimate 
mental workload by extracting EEG features are promis-
ing [11]. Among them, the most widely studied features 
are the power spectrum density (PSD) and event-related 
potentials (ERP) of persistent EEG. Previous studies 
have shown that the use of ERP has better classification 
performance and cross-task consistency [12–14]. Such 
studies are often associated with Oddball experimen-
tal paradigm [15], and most of them focus on P300 and 
N200 components induced by this paradigm. Current 
studies have shown that the N200 and P300 components 
of ERP are closely related to the cognitive processes of 
perception and selective attention[16–19]. Studies on 
measuring the mental workload of operators based on 
ERP can be divided into two categories according to 
whether the active attention of the operators is required. 
One is the dual-task paradigm [12, 14, 20, 21]. This 
kind of paradigm requires the subjects to devote part 
of resources to the secondary task while completing the 
operational task (main task), and to measure the cogni-
tive state by measuring the ERP induced by the second-
ary task (for example, counting or pressing the auditory 
stimulus during the execution of the main task).The other 
is the single-task paradigm [18, 22–24], which induces 
ERP using task-independent probes that do not require a 
response actively. This is to minimize the competition for 
cognitive resources and to avoid the influence of probes 
on operational tasks. Almost all of these studies use audi-
tory probes to induce ERP because visual channels are 
needed for almost all operational tasks. The ERP induced 
by the dual-task paradigm are generally higher, but it 
requires the operator to actively invest extra cognitive 
resources into the secondary task, which leads to distrac-
tion. For systems with high safety requirements such as 
UAV operations, the requirement that the operator needs 
to respond to a secondary task during the execution of a 
task is not applicable because it has been found to dis-
rupt the execution of the primary task [12]. Although the 
amplitude of ERP induced by auditory probe is relatively 
small, it has the practical advantage of solving problems 
where the dual-task paradigm may affect the main task 
[17, 25].

Some studies have used the single-task paradigm with 
task-independent auditory stimuli to assess cognitive 

workload and report a reduction in ERP amplitude as 
cognitive workload increases [18, 19, 26, 27]. Most of 
these studies are based on the reciprocity hypothesis [28, 
29], which describes the inverse relationship between 
task demands and the level of reserved attentional abil-
ity. Other studies have designed classifiers based on the 
amplitude characteristics of ERP to realize the classifica-
tion of different levels of psychological workload[23, 30, 
31].

Most of the previous studies using auditory probes 
were designed to induce different degrees of men-
tal workload by setting various task difficulties in one 
experiment. Through such experimental design, the ERP 
changes of the operator when facing different difficult 
tasks were studied. However, training in reality often 
requires several days and multiple times. At present, the 
experimental results of using task-independent auditory 
probe to study mental load at both test time and difficulty 
levels have not been reported.

In order to explore the change rule of mental workload 
and its representation in ERP under the training scenario 
which is closer to the reality, the following three aspects 
were carried out in this study. First, we designed UAV 
operation experiments that better fit the real training 
environment and included both task difficulty and test 
time. Secondly, task-independent auditory probe was 
used to induce ERP in the experiment, and the changes of 
mental workload during training and its representation 
at ERP were analyzed. Thirdly, a theoretical framework is 
proposed to explain the corresponding relationship and 
change rule between the perceptual and cognitive links 
and ERP components in the process of human informa-
tion processing, which provides a theoretical explanation 
for the changes of mental workload in the training pro-
cess of operational tasks (such as UAV) in the real scene. 
The development of theories may facilitate the develop-
ment of more sensitive methods for measuring mental 
workload [32].

The rest of this paper is as follows: In “Materials and 
methods” Section, we explain our experimental proce-
dures and data processing methods. In “ Results” Section 
reports the results of changes in subjects’ ERP during 
the experiment, which are verified by repeated-measures 
ANOVA. In “Discussion” Section  , a theoretical frame-
work is proposed to explain the possible reasons for the 
changes of P300 and N200 components in ERP affected 
by task difficulty and test time during training.

Materials and methods
Participants
The data set used in this study has been reported in our 
previously published study [33]. 51 right-handed male 
volunteers (23.25 ± 2.12 years old) were recruited for the 
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experiment, all of whom had no experience in operating 
UAV. This study was approved by the Ethics Committee 
of Beijing Normal University, and all subjects provided 
informed consent.

Experiment protocol
All subjects participated in a total of 10 days of UAV sim-
ulated flight training and testing tasks. The experimen-
tal process has previously been described in detail [33]. 
In brief, each subject was asked to fulfil six experimen-
tal tasks over 10 days (days 1–4, 7, and 10), which were 
made up of four test sessions (Days 1, 4, 7, and 10) and 
two training sessions (Days 2 and 3). The purpose of the 
training is to improve the skill levels of the operator. Only 
the task with difficulty level 1 is used for training, so that 
the skills of the operator can reach the basic qualified 
level, that is, they can complete all the four difficult tasks, 
and the score of the operation task is above 60 points on 
the premise that the full score is 100 points. No test or 
training session lasted more than 1 h. Figure 1 shows an 
overview of the experimental environment, experimen-
tal flow arrangement, and task scenarios. Subjects were 
asked to use a handle to fly the drone on an ∞ trajectory 
calibrated by a fixed stake. The tasks are set to four lev-
els of difficulty (LEVEL1, no wind; LEVEL2: directional 
breeze; LEVEL3: strong wind in fixed direction; LEVEL4: 
strong wind in random direction). In test sessions, sub-
jects need to complete the flight task, and get the flight 
score after each successful completion of the flight; oth-
erwise, the score is 0. The test session consisted of four 
difficulty levels and 16 trials (4 levels × 4 trials/level = 
16 trials), sorted in ascending or descending order. After 
each trials, the subjects were required to complete the 
Cooper-Harper Scale [34], the score of which reflects the 
self-evaluation of the operator’s load on the flight opera-
tion task. In two training sessions on days 2 and 3, the 
subjects only had to train for 1 h using task with difficulty 

level 1. Before and after each experiment, we asked the 
subjects to fill in the Karolinska Sleepiness Scale [35] to 
evaluate the level of mental fatigue caused by the experi-
ment (1–10, the larger the number is, the more seri-
ous the mental fatigue is), and fill in the self-evaluation 
scale of the impact of background sound stimulus on the 
operational task (1–10, The higher the number, the more 
affected the task is, with 1 being no affected and 10 being 
very affected). During each test, the subjects’ EEG was 
recorded, along with their behavioral data and a subjec-
tive rating scale.

The 1200Hz and 2000Hz tones of sound (100ms dura-
tion, 10ms rise/fall time, 75–80 dB SPL, 1000±100ms 
intervals) were presented about 80  cm behind the sub-
ject’s head through Lenove computer speakers with the 
probabilities of 80% and 20% , respectively. The ampli-
tudes of N200 and P300 were positively modulated by 
the stimulus intensity [36]. Exposure for more than 8 h in 
the scene with a volume above 85 dB will cause ear dam-
age [37]. In order to avoid damage to subjects’ ears and 
obtain high quality signal, we used a volume lower than 
85 dB in the experiment. Figure  2 shows the procedure 
and design principle of the auditory probe experiment.

The operation task is only visually based, and the stim-
ulus sounds are presented in the background. We did not 
give the subjects any instructions about the sound. At 
the end of each experiment, subjects filled out the rating 
scale for the effect of the sound on the operational task.

Data analysis
A polygraph recorded data at a sampling rate of 1 kHz. 
According to the International 10–20 system [38], 24 
electrodes were placed: FP1, F2, F7, F8, F3, F4, FZ, C3, 
C4, FC5, FC6, CP5, CP6, T3, T4, TP7, TP8, P3, P4, P7, 
P8, P8, PZ, O1 and O2. All electrodes are grounded to 
the Fpz channel by referring to the Cz channel, and their 
impedance is kept below 10k� . The original collected 

Fig. 1  Illustration of the simulated UAV flight training and evaluation task. a Simulated UAV operation tasks and experimental environment. b Sche-
matic of the study procedure (adopted from our previous research [33])
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EEG signals are first converted into an average reference 
form. Then, a finite impulse response filter is used to 
digitally filter the EEG data in the range of 0.5 to 45 Hz. 
Afterwards, the data are sampled to 256Hz. Finally, arti-
facts related to blinking, horizontal eye movements, and 
ECG activity were removed from EEG data using inde-
pendent component analysis [39].

The ERP data were obtained using a time window from 
200ms before the onset of auditory stimulation to 800ms 
after the stimulation, and then the baseline was corrected 
with reference to the pre-stimulus interval. The ampli-
tude of each ERP component was calculated using the 
mean-amplitude method [40] which recommended the 
use of a delimited time window centred on the peak of 
the component in the large mean waveform, with good 
results for large components such as N200 and P300. 
The time windows used were as follows: N200=180–
250ms; P300=280–350ms. The data were analyzed with 
MATLAB R2020b software using scripts based on the 
EEGLAB 2021 toolbox [41]. RStudio (Windows 1.4) is 
used to calculate statistics. The behavioral data, scale data 
and amplitude data of subjects at four task difficulty lev-
els in four tests were submitted to a repeated-measures 
ANOVA, with test time (level 4) and task difficulty (level 
4) as factors. The Geisser-Greenhouse correction is used 
when a sphericity violation occurs during the integrated 
test. A paired T-test with a 0.05 significance criterion was 
used to determine the locus of the main effect. The Bon-
ferroni method was used for multiple comparison cor-
rection. The estimated effect size was given using the η2g 
statistic.

Results
In this study, data from four tests were selected for analy-
sis, namely, the first day of the experiment (TEST1), the 
fourth day after two training sessions to improve the level 
(TEST2), and the seventh day (TEST3) and the tenth day 

(TEST4). Each test consists of tasks with four levels of 
difficulty (LEVEL1 to LEVEL4).

Measurement of behavioral performance
In TEST1, only 24 subjects completed tasks of four levels 
(LEVEL1 to LEVEL4). The remaining 27 subjects failed 
to complete all tests because they were unable to achieve 
the required scores. Therefore, in the statistical test of 
behavioral performance, only 24 subjects who completed 
all tasks were used for analysis. Two main effects were 
significant: task difficulty ( F(3,69) = 66.399 , p < 0.0001 , 
η2g = 0.743 ); test time ( F(2.117,48.693) = 44.293 , 
p < 0.0001 , η2g = 0.658 ). The interaction between 
test time and task difficulty was not significant 
( F(9,207) = 43.918 , p = 0.694 , η2g = 0.03 ). As shown in 
Fig.  3, the test scores of subjects improve significantly 
with the test time, which also indicates the improvement 
of the skill level of the operational task. With the increase 
of difficulty level, the test scores of subjects decrease sig-
nificantly, indicating that the experiment successfully set 
different operational task difficulties. However, the dis-
tinction between LEVELl3 and LEVEL4 is not obvious. 
After inquiry, some subjects think that the difficulty of 
LEVEL3 is higher than that of LEVEL4.

Self‑reported ratings
The Cooper-Harper Scale scores of all subjects were 
included in the analysis, and the interaction between 
the test time and the task difficulty was not significant, 
( F(4.370, 218.511) = 1.559 , p = 0.181 , η2g = 0.030 ). Both 
the test time and the task difficulty had significant effects: 
task difficulty ( F(1.383, 69.141) = 175.021 , p < 0.0001 , 
η2g = 0.778 ); test time ( F(1.488, 74.386) = 50.328 , 
p < 0.0001 , η2g = 0.502 ). The results showed that with 
the progress of the test, the mental workload level of the 
subjects during the execution of the task significantly 
decreased, and the mental workload level of the subjects 

Fig. 2  Schematic diagram of experimental program and principle
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significantly increased with the increase of the task dif-
ficulty (Fig. 4).

We also analyzed the results of the Karolinska Nar-
colepsy Scale [35] and found no significant differences 
in scores before and after each test, indicating that our 
experiment did not cause significant mental fatigue. 
The scale score of the effect of auditory stimulation on 
task performance recorded after each experiment was 
1.55±1.20, indicating that the effect of auditory probes 
on the task was small.

EEG results
We used mean amplitude between two fixed latencies 
[15] to represent the amplitudes of P300 and N200 on the 
selected channels. Figure  5 shows the topographic map 
of the grand average of the N200 and P300 components 
from four tests × four difficulty levels after max-abs nor-
malization. As Fig. 5 shows, the amplitudes of N200 and 

P300 were larger in the parietal, occipital and temporal 
lobes. We used the data from five channels (Fz, O1, O2, 
P7 and P8) in the above brain regions for further analysis.

Fig. 3  Total score of UAV task. The results in the left panel indicate that task performance decreases significantly with increasing task difficulty. 
The results in the right subfigure show that after repeated training and testing, the performance of the subjects driving the UAV has significantly 
improved ( ∗ p < 0.05, ∗∗ p < 0.01, ∗ ∗ ∗∗ p < 0.0001)

Fig. 4  Self-rated scores of the subjects measured by Cooper-Harper scale. The results on the left show that tasks designed successfully triggered 
different levels of mental workload. The results on the right show that after repeated training and testing, the subjects’ perceived difficulty in the 
same task situation decreased(∗∗ p < 0.01, ∗ ∗ ∗∗ p < 0.0001)

Fig. 5  Grand average topographic maps of the N200 and P300 com-
ponents for four difficulty levels at four tests
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Figures  6 and 7 shows the statistical results, and we 
found the following results:

The amplitude of P300 on the selected channel increases 
with the test time
The main effect of the test time is significant, while the 
interaction between the test time and the task difficulty 
and the main effect of the task difficulty are not signifi-
cant. The five figures in the first column of figure 6 show 
the relationship between the amplitude of P300 on the 
selected channel and the task difficulty. The Bonferroni 
post-test results of the test time showed that the ampli-
tude of P300 in the first test was significantly lower than 
that in the subsequent three tests after training.

The amplitude of N200 on the selected channel decreases 
as the task difficulty increases
The main effect of the task difficulty is significant, 
while the interaction between the test time and the 
task difficulty and the main effect of the test time are 
not significant. The five figures in the second column 
of Fig.  6 show the relationship between the amplitude 
of N200 on the selected channel and task difficulty. The 
Bonferroni post-test results of task difficulty showed 
that the amplitude of N200 obtained at task difficulty 
Level=2,3,4 tended to decrease compared to that 
obtained at task difficulty Level=1.

Fig. 6  Results of repeated-measures ANOVA calculation of the amplitude of selected ERP components versus test difficulty or test time. ( ∗ p < 0.05, 
∗∗ p < 0.01, ∗ ∗ ∗ p < 0.001, ∗ ∗ ∗∗ p < 0.0001). Because of the use of average reference, the amplitude of channel Fz is inverted for consistency
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The calculation results of P300‑N200 increase with the test 
time and decrease with the task difficulty level
The interaction between the test time and the task dif-
ficulty is not significant, while the main effect of the 
test time and the task difficulty are significant. The five 
figures in the third column of Fig.  6 show the relation-
ship between the calculation results of P300-N200 and 
the test time. The Bonferroni post-test results of the test 
time show that, the P300-N200 obtained in the first test 
was significantly lower than that in the next three tests 
after training. The five figures in the fourth column show 
the relationship between P300-N200 and the difficulty 
of the task. The Bonferroni post-test results of task dif-
ficulty showed that the calculation results of P300-N200 
decreased with the increase of task difficulty.

The amplitude of P300 and task performance scores were 
positively correlated
Figure 7 shows the correlation results between the ampli-
tude of P300 and the performance of all four tests calcu-
lated by spearman method [42]. The amplitude of P300 
on all channels selected are positively correlated with the 
task performance. The correlation was highest at the Fz 
channel, located on the frontal region. However, the cor-
relation results between the amplitude of N200 and the 
performance of all four tests are not significant.

Discussion
The objective of this study was to explore the changes in 
mental workload during operational task and its relation-
ship with ERP induced by auditory probes. Different from 
the previous works in which a simple single task was set 
with several difficulty levels to induce different levels of 
mental workload, we designed a more complex experi-
mental scheme that was closer to the realistic training sit-
uation. As far as we know, we are the first to introduce a 

factor of skill level development in mental workload stud-
ies based on auditory probes. As shown in Fig. 8, based 
on the human information processing model [7] and the 
cognitive framework of sequential motor behavior [43], 
we proposed a framework for the corresponding relation-
ship between ERP induced by auditory probes and men-
tal workload changes during training. The framework 
demonstrates the feasibility of using ERP to assess the 
varying levels of mental workload due to the varying skill 
levels and operational task difficulties during UAV opera-
tion training.

In brief, human information processing for external 
stimuli is carried out according to the process of per-
ception, cognition and response. This time sequence is 
also reflected in the ERP waveform induced by auditory 
probes. The N200 corresponds to the bottom-up per-
ception part and the P300 corresponds to the top-down 
cognition part. Our experimental results verify the theo-
retical framework described above, which is discussed in 
detail below in combination with the previous statistical 
results.

•	 The N200 component induced by auditory probes is 
related to the external information perception pro-
cess, which is a bottom-up process, and its amplitude 
decreases with the increase of task difficulty.

In all tests, our results confirmed the previous results 
on auditory probes [22], namely, the amplitude of N200 
decreases with the increase of difficulty, further prov-
ing the reliability of this conclusion. Figure  8B shows 
how bottom-up perceived resources change with task 
difficulty during training. The perception process of 
task-independent auditory probes is expected to con-
sume perceptual resources corresponding to attentional 
orientation responses. We believe that the skill level of 
the operator will not fluctuate drastically in the same 

Fig. 7  The amplitude of P300 is correlated with the task performance score (Since the average reference was used in this study, the amplitude of 
channel Fz is inverted for consistency). The shadow indicates the 95% confidence interval
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test session. Under this premise, when faced with a 
low-difficulty task in the same test session, the operator 
only needs to perceive the basic goals. As the difficulty 
of the task increases, the perceived goals required by the 
operator increase, such as wind direction, wind intensity 
and inclination of the UAV, etc., so the operation task 
requires more perceptual resources. The difficulty dis-
tinction in our experiment was mainly achieved in this 
way. This results in the formation of varying degrees of 
competition between the perceptual resources required 
for the auditory probe and those required for the opera-
tion task. There is a performance requirement for the 
UAV task, but for the background auditory probe, there 
is no requirement for the operator. Therefore, when such 
resource competition occurs, the perceptual resources 
available to task-independent auditory probes are com-
pressed. At the electrophysiological level, the ampli-
tude of N200 corresponding to the perceived resources 
decreases. At the same task difficulty level, the perceived 
goal required for each test was the same, so there was no 
significant difference in test time.

•	 The P300 component induced by auditory probes is 
related to the cognitive processing of external stimuli, 
which is a top-down process, and its amplitude will 
increase with the test time. This indicator can indi-

rectly reflect the development of skills in operational 
tasks.

Previous studies have shown that P300 has an obvious 
attentional effect, and its amplitude is small under non-
attentional conditions, and its amplitude is related to the 
amount of cognitive resources actively invested [44, 45]. 
It is related to the active allocation of information pro-
cessing resources. We suggest that the amplitude of P300 
induced by auditory probes can indirectly reflect the 
development of skill level.

Figure  8C shows how top-down cognitive resources 
during training vary with test time. When the skill 
level is low, the operator has no concept of the opera-
tion task and does not form the mental diagram. A 
mental schema is a structure of knowledge about a sub-
ject or event that allows the brain to work more effi-
ciently. It is based on experience and is used to guide 
current understanding or action [46]. Mental schema 
is dynamic and developed with experience, which also 
echoes the concept of plasticity in brain development. 
According to Bartlett’s schema theory [47], procedural 
memory, as a part of long-term memory formed by 
practice, is responsible for controlling the limbs to per-
form tasks with certain strategies, also known as motor 
skills. When mature mental schema are not formed, the 

Fig. 8  The theoretical framework proposed in this study. A The correspondence between N200 and P300 in ERP and perception and cognition in 
the process of information processing. B Bottom-up changes in sensory resources during training can be reflected at the electrophysiological level 
through N200 composition induced by auditory probes. C Top-down changes in cognitive resources during training can be reflected at the electro-
physiological level through P300 composition induced by auditory probes
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operator executes the task in the form of a large num-
ber of motor elements with simple content and weak 
correlation [43]. Such a decentralized, step-by-step pro-
cess leads to a higher occupancy of cognitive resources 
and a lower efficiency [48]. After a period of training, 
the operator becomes more familiar with the opera-
tion task, and the execution of the operation becomes 
more automatic, forming a mature mental schema. At 
this time, the action is based on the internal model. 
The action at this time is controlled through the motor 
sequences or action block [43, 49]. There is increasing 
continuity between the steps of an operational task and 
fewer cognitive resources are required to perform it.

The results in the first column of Fig. 6 show that the 
amplitude of P300 increases with the sequence of tests. 
This is because the skill level of the operator increases 
with the sequence of tests. Figure  8C shows that with 
the improvement of skill level, the operators form an 
increasingly mature mental schema [33, 50], and thus 
they can deal with difficult situations more easily, and 
multiple operation steps form automatic and continu-
ous motion blocks. The cognitive resources occupied 
by the manipulative task are reduced so the remaining 
available cognitive resources are increased, and opera-
tors are more flexible in allocating resources. For these 
reasons, we believe that the amplitude of P300 can indi-
rectly indicate the development of skill level during 
operational tasks. This conclusion is also supported by 
the results shown in Fig. 7, namely, the positive correla-
tion between the amplitude of P300 and the score of the 
operation task.

•	 N200-P300 can be used as an effective supplementary 
indicator for more reliable mental workload detection 
methods.

The use of auditory probes for mental workload research 
is of wide significance and highly feasible because it 
requires only a small number of task-independent stimuli 
(in our experience, a relatively reliable ERP waveform can 
be obtained with more than 50 trials at the stimulus vol-
ume we adopted). Since it will not interfere with the main 
task and loudness of the used sound stimulus will not 
cause any damage to the operator, it can easily be com-
patible with the traditional load assessment methods. At 
present, there have been some studies using ERP compo-
nents as indexes to design classifiers and realize the clas-
sification of different levels of mental workload[51, 52]. 
Therefore, it is a useful supplement to state assessment in 
the training of various cognitive skills (such as maneuver-
ing aircraft and playing chess), and can be used in a long 
term in a variety of learning environments and human–
machine interfaces.

N200 and P300 are often studied together, not only 
because they can be induced by the Oddball paradigm, 
but also because they are major components sensitive 
to mental workload [53]. The third and fourth columns 
in Fig. 6 prove this point. The N200 and P300 can reflect 
the mental workload state during the execution of opera-
tional tasks from the bottom-up perceptual level and 
the top-down cognitive level respectively. Therefore, the 
index P300-N200, which is formed by combining them, 
reflects the unified theory of multi-dimensional cogni-
tive resources and can explain the mental workload in the 
changing environment. In other words, N200 reflects the 
consumption of earlier perceptual resources. However, 
P300 reflects the consumption of processing resources 
actively invested in the later stage [54]. This index takes 
into account the influence of task difficulty and skill level 
development, which may be a better and more com-
prehensive indicator of mental workload. Therefore, 
this index can provide supplementary information for 
other traditional mental load measurement. Its applica-
tions in future system evaluation and design should be 
investigated.

Limitations and further research
There are some limitations in the study. First of all, 
we only used the components of ERP with the largest 
amplitude, namely N200 and P300, which have been 
widely concerned in mental workload studies. Some 
studies suggest that other components may also contain 
information related to mental workload, but we did not 
conduct a unified analysis. Secondly, this study analyzes 
at the group level and demonstrates the law of change 
at the group level, which reduces the influence of indi-
vidual differences. Thirdly, since most UAV operators 
are male at present, we only conducted experiments on 
male subjects in this experiment, which caused a criti-
cal gender unbalance problem in the data collection. 
We will recruit female subjects to further verify our 
conclusions. Despite the above shortcomings, based 
on the multi-resource model, we suggest that the use 
of auditory probes can reflect the perception-cognitive 
mental workload. Future work will revolve around: In 
the aspect of experimental design, designing a more 
complex oddball paradigm, i.e., one involving three 
acoustic stimuli, to compare with the results of this 
study. In the aspect of data analysis, operators were fur-
ther grouped according to performance and other con-
ditions to analyze individual differences, and more ERP 
components were analyzed. In the aspect of theoretical 
to practical application, we plan to explore the calibra-
tion method of mental workload and skill level devel-
opment based on ERP in the next step, and consider 
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the combination with brain rhythm and other factors 
to establish a more comprehensive mental workload 
measurement method.

Conclusion
Training in real scenarios often can’t be completed in one 
day. Therefore, we designed a UAV operation experiment 
which is closer to the real training environment and con-
tains both task difficulty (LEVEL1 to LEVEL4) and test 
time (TEST1 to TEST4) as factors. In this design scheme, 
we not only examine the effects of task difficulty from 
an electrophysiological perspective, but also analyze the 
changes in skill level development that accompany the 
test time. Our study demonstrates the value of auditory 
probes in assessing the mental workload of the opera-
tor during training tasks, especially for skill-based tasks 
such as UAV. Our proposed framework can describe the 
electrophysiological changes of the operator’s perceptual 
and cognitive resources in UAV control tasks from the 
perspective of information processing, namely, N200 is 
related to task difficulty and P300 is related to skill level 
development. The statistical results of ERP demonstrate 
the validity of our model to a certain extent. Our results 
lay a foundation for the application of auditory probes in 
more realistic training scenarios. The P300 and N200 in 
ERP components induced by auditory probes can reflect 
the changes in the mental workload of the manipulator 
from the perspective of cognition and perception, respec-
tively, so these two components should be considered 
comprehensively. P300-N200 takes into account both 
internal (skill level) and external (task difficulty) factors 
that affect the level of mental workload, and can be used 
as a reference index to identify the mental load of opera-
tors in the execution of operational tasks. The introduc-
tion of this index into future mental workload detection 
systems may provide a more accurate measurement of 
mental load and may also provide insight into the devel-
opment of the operator’s skill level.
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