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ABSTRACT

The work of an Air Traffic Controller (ATCO) involves a constantly changing mental
workload and stressful situations to which one must react adequately. Candidates for
this profession are expected to demonstrate sufficient resilience and adaptability to
such situations already in the selection procedure and during the training process.
However, the complexity of Air Traffic Controllers’ tasks has increased dramatically in
the last decades. This change has mainly become apparent in the number of additio-
nal skills a trainee has to possess even before initiating the On the Job (OJT) Training.
These include, for example, the ability to obtain optimal flight efficiency or flexibi-
lity in planning aircraft sequences. To address the additional complexity, Training
Organizations are constantly optimizing training processes to prepare a candidate able
to withstand challenging situations with varying workloads. To investigate trainees’
reactions to increased workload in the context of conducted errors, an experiment
was organized examining 14 subjects that participated in a simulator exercise with
increasing intensity. The experiment aimed to assess the impact of increased wor-
kload, utilizing ECG measurement, on the trainees’ performance and subsequent error
analyses. To analyze the ECG measurement, data in the form of RR intervals were
filtered and further processed by heart rate variability analysis (HRVAS) software by
time-frequency analysis. A subject’s individual psychophysiological condition could
be further obtained based on these data. Next, an error analysis was conducted, obse-
rving 10 categories of errors, including wrong phraseology, application of wrong ATC
procedures, separation infringement, and loss of situational awareness. The expe-
riment has shown that the students are prone to conduct mainly errors associated
with basic procedures while with time and increasing workload, also errors conne-
cted to aircraft separation, situational awareness, and flight efficiency. This paper aims
to assess student Air Traffic Controllers’ psychophysiological state and performance
during times of increased workload and provide an overview of physiological reacti-
ons and subsequent mistakes conducted by the trainees. Also, it should serve as an
outlook of possible drawbacks that have a negative impact on the initial training pro-
gress and should therefore be addressed with special care. Therefore, the experiment’s
results can be used to adjust basic training where the most common errors occurring
during increased workload can be addressed and trained within the enhanced practical
part of the basic training.
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INTRODUCTION

The complexity of Air Traffic Controllers (ATCO) tasks has in the last deca-
des dramatically increased. Therefore, a transformation of the ATCO training
syllabus was inevitable to ensure the ability of future ATCOs to cope with this
changing environment. This change has mainly become apparent in the num-
ber of practical skills a trainee has to possess even before initiating the On
the Job (OJT) training. Further, the emphasis on practical competencies has
consequently increased demand for synthetic training throughout the licen-
sing process (Eurocontrol, 2010). However, a crucial indicator of the training
success is not only a well-prepared candidate for the future ATCO role but
also the time aspect that forces the training organizations to compress the
training syllabus to a minimum feasible number of days.

Even though Air Traffic Controller basic training is mainly theoretical, it is
also composed of practical skills assessment based on the formulated perfor-
mance objectives per Commission Regulation (EU) 340/2015, PART D.030
(European Commission, 2015). This assessment, conducted on an ATC simu-
lator, expects the candidate to be proficient in basics like phraseology or
familiarity with a professional environment but also proper ATC procedures
application and situational awareness, which are complex tasks and require
sufficient time the trainee has to spend on a simulator. To be able to focus on
the content of the practical part so that the quality of trainees is acceptable
and the aspect of cost-efficiency of the basic training is met, it is essential to
target the possible problems, and deficiencies trainees may experience already
from the early stages of the initial training. Even though the initial training
syllabus is set as per the Commission Regulation (EU) 340/2015, there is no
notion of how the actual training process shall be organized. Therefore, there
might be substantial differences among training organizations in terms of the
length of the training or design of the practical training part (Juričić et al.,
2020).

No studies could be found assessing student ATCOs’ workload during the
initial training and its effect on learning progress. In this paper, the workload
is understood as a combination of the ATCO mental demand a particular task
or task sequence requires and the physiological response. In particular, none
of the research deals with trainees’ psychophysiological reaction to increased
workload generated from increasing task load and an effect on actual per-
formance regarding the accuracy, situational awareness, and flight efficiency.
Identification of errors is a complex problem in the case of air traffic control.
It is not always possible to unambiguously determine whether an error has
been conducted, as it often happens in the course of a particular situation or
as a consequence of more actions. Several methods have been developed to
identify and classify the error and its source to objectivize the error analysis
of aviation operational personnel. The US Federal Aviation Administration
has, in the study on Examining ATC Operational Errors Using the Human
Factors Analysis and Classification System, proposed an error classification
system to recognize the source of error and its consequences easily. The asses-
sment matrix also involves managerial actions to ensure corrective actions.
The classification includes (Scarborough et al., 2005):
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• Data Posting actions (incorrect data input, incorrect or late data update),
• Radar Display (misidentification, inappropriate use of displayed data),
• Communication Error (Phraseology, Misunderstanding, Readback),
• Coordination (Violation of separation standards, Incorrect altitude, flight

level, route of flight, speed).

On the other hand, Donmez et al. apply in the research on Service
Quality and Efficiency-Oriented Training Design in Air Traffic Manage-
ment a method of decreasing the percentage score every time a student
ATCO conducts any of the previously specified mistakes. The gravity of the
mistake is represented in the percentage value. Therefore, in case of a loss of
separation, the student will lose 30% of the initial 100%. Mistakes in vecto-
ring, radiocommunication, and flight strip updates are graded by a loss of
5 to 3% (Donmez et al., 2022).

This paper aims to connect the two aspects, evaluate the physiological
response toward increased workload, and assess mistakes the trainees are
prone to make while solving complex situations during simulation exerci-
ses. Two approaches were applied to assess trainees’ actual performance and
workload; an error assessment analyzing the type of errors and their fre-
quency with increasing workload and ECG measurements to determine the
participant’s physiological condition.

The results may help understand the physiological response of a trainee
during an increased workload and its effect on the quality of air traffic con-
trol. The results are also valuable information on what processes should be
especially emphasized during the initial training to prevent the most common
types of errors and increase the training successes.

MATERIALS AND METHODS

Participants

The experiment aimed to put subjects in a situation with a high workload so
that their performance and physiological response could be tested. Fourteen
subjects aged 18 to 28 years participated in the measurement. The experiment
subjects were Department of Air Transport students with no particular expe-
rience in ATC but considerable knowledge of standards and procedures in air
traffic control and familiarity with the simulation environment. It is therefore
supposed that the level of skills and knowledge of the subjects are equivalent
to student Air Traffic Controllers conducting the basic training. The baseline
level of knowledge included basic procedures in air traffic control, familiarity
with the performance characteristics of the most recognizable aircraft, radar
vectoring, and a basic understanding of aviation phraseology. All subjects
were informed about the process and risks of the experiment, with the pos-
sibility to withdraw at any stage, and subjects participated voluntarily. The
experiment was conducted following ethical principles for research involving
human subjects (Rickmann, 1964).

Experimental Setup

For the purposes of this measurement, all subjects had equal access and con-
ditions. Initially, they had a briefing on the experiment’s rules, which included
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familiarization with the area of responsibility, standard procedures for depar-
ting and arriving traffic, completing paper flight strips, letters of agreement
with other air traffic control units, and simulator controls. The briefing also
included a practical introduction.

The entire area of responsibility is fictional to obtain consistency. Each
subject completed a 90-minute exercise without interruption. The scenario
consisted of 75 IFR traffic and a few aircraft with a change of flight rules. The
first 60 minutes was the control under standard operating conditions with an
increasing workload in the form of increased traffic and potential conflicts.
At approximately the 60th minute, the controller should have been at the edge
of his mental capacity when the airport traffic control tower performed ver-
bal coordination, informing that the airport was suspending operations and
not accepting any flights due to the failure of lighting and electrical equi-
pment. The subject had to immediately abort all approaches and send the
aircraft to holding patterns. He was also supposed to inform everyone about
the situation and the unpredictably long delay. The untangling and seque-
ncing of traffic after lasted until the end of the exercise, approximately 20 to
30 minutes. Due to the short-term overload the situation caused, the fatigue
of subjects became apparent.

For assessment purposes, the exercise scenario described above has been
evaluated in accordance with the Eurocontrol methodology for developing
ATCO synthetic training. While each activity an ATCO has to conduct is
awarded a particular point score. The methodology states that an ATCO can
handle maximum workload points of 300 (Eurocontrol, 2010). The scenario
used for the experiment has a workload course displayed in Figure 1.

The experimental scenario displayed in Figure 1 is based on the four most
significant factors affecting the ATCO workload:

• 1st peak (212 Workload points) – increase is caused by the rise in the
number of aircraft on frequency, from 8 up to 14 in several seconds. ATCO
must form a plan.

• 2nd peak (191 Workload points) – 8 aircraft were vectored, 6 altitude
changes, 4 speed control acts.

Figure 1: Scenario workload score.
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• 3rd peak (234 Workload points) – 12 aircraft on frequency, 9 altitude
changes, 5 aircraft were vectored, and 5 acts of verbal coordination were
required.

• 4th peak (266 Workload points) – 15 aircraft on frequency, 11 aircraft
were vectored (holding patterns included), 7 altitude changes.

Based on the Eurocontrol methodology, the exercise described can be
evaluated as Intermediate. Eurocontrol recommends three peaks with ca.
4–5-minute-long valleys in between these peaks. Peaks are recommended
to have around a 30% increase in the maximum Workload value, with the
described exercise having only around 15–20%. Because the graph produced
is the result of a purely mathematical process, it can lead to misconcepti-
ons about the workload, especially if there are too many sudden changes
happening in a short period of time that cannot be reflected by natural men-
tal activity. Also, to obtain knowledge about participants’ performance, ten
types of errors were assessed during the experiment that can be further divi-
ded into three categories; critical errors, serious errors but not time-critical,
and errors connected to the experience and proficiency of subjects, see
Table 1.

Errors were assessed as cumulative values, and no further analyses of pos-
sible error subgroups was conducted. Situational Awareness in the context
of conducted experiment refers to an ability to maintain an overview of all
movements and their intended flight operations within the area of ATCOs
responsibility in a 3D airspace. Further, the assessment of Flight Efficiency
aims to evaluate the ATCO’s ability to provide the aircraft with the most
optimal flight path.

A heart rate variability (HRV) analysis was used to assess the subjects’
physiological state for objective workload monitoring. Cardiac activity was
measured by a single-lead electrocardiograph using the VLV-Lab (Albertov
Research Center, Prague, CZ), providing an electrocardiogram (ECG) with a
sampling frequency of 1000 Hz (Hon et al., 2015).

The system provides an unfiltered ECG curve, so the data must be
pre-processed first. For this purpose, the Pan-Tompkins algorithm (Pan and
Tompkins, 1985) was used to detect individual R-peaks (Sedghamiz, 2014).
The RR-intervals were calculated to obtain RR-interval vectors based on

Table 1. Error assessment scheme.

Error type Severity

Separation minima infringement Critical error
Airspace violation
Unsafe clearance
Wrong readback Serious error
Late/incorrect target identification
Failure to confirm ATIS/ QNH/ Mode C information
Incorrect phraseology
Situational Awareness Error caused by lack of

experience and proficiencyFlight Efficiency
Submitting aircraft to a wrong frequency
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the detected R-peaks. These so-called tachograms were further used for
HRV analysis in the frequency domain. The ratio of power spectral den-
sity (PSD) in a low-frequency band (LF, 0.04–0.15 Hz) and high-frequency
band (HF, 0.15–0.4 Hz) calculated from tachograms was selected as the
relevant parameters depicting the current load status from the ECG mea-
surements as it was proven as useful for such applications (Hsu et al.,
2015). This parameter reflects the so-called sympathovagal balance, cor-
responding to the degree of the current activity of the sympathetic and
parasympathetic divisions of the autonomic nervous system. This parame-
ter is believed to be a reliable indicator of the current psychophysiological
state, which is affected by workload variations (Hsu et al., 2015). Also,
PSD in separated bands (LF, HF) were used as it puts the LF/HF ratio into
context.

The HRV analysis in frequency analysis involves the calculation of PSD,
but this loses the time information. Therefore, given the paper’s objectives, it
was necessary to perform a time-frequency analysis via Short Time Fourier
Transform (STFT). The above analysis was performed using Matlab software
implantation HRVAS (Ramshur, 2010).

After obtaining the LF and HF waveforms, these were exported to be
further processed in the Matlab 2022a software environment (MathWorks,
Natick, MA, USA). The LF/HF ratio was then calculated from the LF and HF
vectors. In order to allow for inter-individual comparisons, inter-, and intra-
individual variability had to be suppressed as much as possible. The above
was done by using standardization, specifically z-score, which converts the
original dataset to a zero-mean dataset, with the distance of each data point
from the mean measured in standard deviations (Carey and Delaney, 2010).
Standardization was performed separately for each subject, and the resulting
z-score datasets were further averaged to create a standardized LF/HF curve
and LF and HF curves for follow-up purposes.For averaging purposes, it was
first necessary to unify the timeline of the datasets due to the difference in
the experiment duration between various subjects, as some of them mana-
ged the traffic more efficiently and finished the assignment in a shorter time.
Thus, all assessed time series were relativized to the planned exercise duration
(for comparison with the workload curve), i.e., to the range of 0–100 minu-
tes. Standardizing all data series,’ and sample sizes were necessary for further
evaluation. For this purpose, given the nature of the data, linear interpolation
was used.

The trend extraction from the noisy LF/HF, LF, and HF mean curves was
performed by polynomial fitting (a polynomial of degree 20 was used for
the purpose of sufficient smoothing while preserving the character of the
curve). The curve was fitted with a 95% confidence interval. To allow visual
comparison of the obtained mean curves with the calculated workload score
curve, the latter was normalized to the same range as the LF/HF curve.
Statistical comparison of the “similarity” of the two curves was performed
using cross-correlation (Buck et al., 1997).

RESULTS

The results of physiological conditions during the experiment are presen-
ted in Figure 2 A–C. These have shown that the physiological reaction of
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Figure 2: Comparison of mean standardized heart rate variability parameters and wor-
kload curve and normalized cross-corelation between those two curves for LF/HF (A),
LF (B), and HF (C).

a student ATCO correlates to the anticipated workload to some extent. It
is clear from the results that there is a gradual increase in all three parame-
ters during the measurement, with several significant fluctuations (decreases),
especially at about the 25th minute and before the end of the measurement.
The HF and LF/HF parameters follow an inverse trend to the load curve,
i.e., as the exercise load increases, these parameters decrease and vice versa.
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Although the LF parameter trend is similar to the other two, there is a smoo-
ther increase in the parameter except for the aforementioned 25th minute.
Also, there is a slight reactionary shift apparent that is caused by a nor-
mal physiological reaction to an increased workload. The cross-correlation
results are similar for all three monitored parameters, with the highest cor-
relation occurring at a shift of approximately 150 samples, corresponding to
about 35 minutes. The zero-shift results indicate a weak, negative correlation
(see Figure 2).

Another aspect of measurement investigated is the classification of the
errors made by the subjects during the experiment. However, in this type
of experiment, error assessment is often challenging as it is not possible to
clearly determine what is considered an error and what is not, given that the
subjects were not actual air traffic controllers-in-training. Nevertheless, the
error assessment has shown that while facing lower workloads, the subjects
are prone to conduct errors associated with basic procedures (Identification,
QNH, or submitting the aircraft to the wrong frequency). With time and
increasing workload and fatigue, errors connected to aircraft separation, situ-
ational awareness, and flight efficiency were more frequent. Specific overall
occurrences of all errors based on their type and severity among all subjects
are presented in Figure 3.

Figure 3: Error occurrence by type (A) and severity (B).

DISCUSSION

The results of HRV, to some extent, do not fulfill the expectations before the
experiment, as it was supposed that a non-trained individual would react to
complex situations simulated in the scenario by an increase in LF/HF. On the
other hand, this ratio reacts very well inversely to the load, i.e., when it incre-
ases, it decreases, and vice versa. The individual behavior of each division of
the autonomic nervous system can explain the above. Although it is generally
understood that the LF/HF ratio reflects increased load by its increase, some
authors contradict this fact. For example, Kim et al. find that LF/HF increa-
ses with load in individuals who prefer passive stress coping strategies. At the
same time, it decreases in individuals who prefer active stress coping strate-
gies (Kim et al., 2014). Other authors then contradict the simplification of the
sympathetic/parasympathetic relationship to a linear dependence represented
by the LF/HF ratio (Billman, 2013; von Rosenberg et al., 2017). In any case,
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the results presented in Figure 2 show that cardiac activity reflects the expe-
cted stress, albeit opposite to how LF/HF is generally understood. The low
correlation between physiological parameters and the assumed workload is
then likely related to the different magnitude of the physiological response
and the slight shift between the physiological data and the workload curve
(measurement difficulty) that is assumed, given the inertia of the physiologi-
cal response and the inter- and intra-individual variability of the subjects. At
the same time, this shift is not and cannot be constant over the entire mea-
surement period, also taking into account the fact that some tasks may be
easier for a certain part of the subjects than for another, i.e., the perceived
load may be different and at the same time the time required to perform the
task may vary slightly. These facts are then likely to negatively impact the
statistical comparison of the individual curves, as evident from the graphs in
Figure 2.

Regarding the error analysis, the results do not, of course, include the
individual psychological state of the subjects, their level of fatigue or wakeful-
ness, or their current emotional state, which may have influenced the results
of the measurements. The results, however, indicate that errors categorized
as serious (Wrong readback, Late target identification, failure to confirm
ATIS/QNH, or Wrong phraseology) are failures that should be specially
addressed already in the initial phase of the ATCO training. These can be
obtained by incorporating practical exercises already in the early stages of
the initial training so that the student ATCOs get enough time to develop
proper practical habits in line with the theoretical education they receive in
the first part of the Air Traffic Controller Training.

CONCLUSION

The number of skills that the student ATCO has to possess even before initia-
ting the practical part of the training has increased in the last decade due to the
complexity of air traffic. The results of the above-described experiment show
that the coordination of theoretical education and practical exercises already
from the beginning of the ATCO training might positively affect the ability to
apply procedures correctly as the recently explained theoretical concepts are
immediately applied in praxis. The early introduction of practical training
may also influence the trainee’s ability to respond to an increased workload,
thus improving overall performance. This might affect the training duration
and successes kept at a minimum feasible time for economic and operational
reasons.
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