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Abstract: The study of human factors in aviation makes an important contribution to safety. Within
this discipline, real-time simulations (RTS) are a very powerful tool. The use of simulators allows
for exercises with controlled air traffic control (ATC) events to be designed so that their influence
on the performance of air traffic controllers (ATCOs) can be studied. The CRITERIA (atC event-
dRiven capacITy modEls foR alr nAvigation) project aims to establish capacity models and deter-
mine the influence of a series of ATC events on the workload of ATCOs. To establish a correlation
between these ATC events and neurophysiological variables, a previous step is needed: a method-
ology for defining the taskload faced by the ATCO during the development of each simulation. This
paper presents the development of this methodology and a series of recommendations for extrapo-
lating the lessons learnt from this line of research to similar experiments. This methodology starts
from a taskload design, and after RTS and through the use of data related to the subjective evalua-
tion of workload as an intermediate tool it allows the taskload profile experienced by the ATCO in
each simulation to be defined. Six ATCO students participated in this experiment. They performed
four exercises using the SkySim simulator. As an example, a case study of the analysis of one of the
participants is presented.

Keywords: human factors; air traffic management; air traffic controllers; subjective workload
assessment; air traffic control events; simulation platform; taskload; real-time simulations

1. Introduction

Aviation combines great technological development with key activities performed
by humans. Human factors are dedicated to better understanding how humans can safely
and efficiently integrate with technology in aviation [1]. At the tactical level, air traffic
controllers (ATCOs) are at the core of today’s air traffic management (ATM) [2].

As their work has a direct influence on air traffic safety, ATCOs must be highly
trained and skilled to provide air traffic control (ATC) services [3]. Due to the great re-
sponsibility associated with the activities performed by these professionals, identifying
which situations cause greater difficulty in their decision-making process so as to be able
to model these situations to limit their workload is of great interest. In particular, the
study of air traffic controllers’” workload is a topic of significant relevance within the air
traffic industry.

The environment in which ATCOs work is inherently dynamic and requires them
not only to perform their tasks safely and efficiently, but also to interact with a multitude
of systems and coordinate with other people. Exploration of digitalisation and the possi-
bility of automating some of these tasks is increasingly prevalent in current research. As
an example, [4] presents an experiment conducted with six ATCOs to analyse the possi-
bilities and challenges of automation in terms of teamwork in a realistic ATC en route
phase scenario. The authors in [5] presented a methodology for predicting if and when
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ATCOs would react to the presence of conflicts, which was developed through the use of
deep learning techniques.

The use of simulations in the research and development stages has many advantages.
One of them is the ability to create highly realistic exercises with controlled ATC events
in order to understand their influence on the decision-making processes of air traffic con-
trollers when resolving such events. In addition, it also allows for the testing and valida-
tion of new functionalities prior to large-scale implementation. These simulations also al-
low for the recreation of unusual or emergency situations in a controlled manner. In sum-
mary, current needs and future trends make simulators invaluable tools for both ATCO
training and ATM system development [6].

1.1. CRITERIA Project

The CRITERIA project (atC event-dRiven capaclTy modEls foR alr nAvigation) is a
collaborative project between Universidad Politécnica de Madrid (UPM) and CRIDA, the
Spanish ATM Research and Development Reference Centre. The objective of this project
is to establish capacity models based on ATC events. In the same way, another fundamen-
tal objective is to integrate the study of the human factors associated with air traffic con-
trollers into these models.

ATC events are a model of the different actions carried out by air traffic controllers.
From the beginning of the project, it was defined as one of the requirements that the data
used in the analysis should be obtained during the development of the project itself so as
to improve the traceability of the data and the explainability of the models.

For this purpose, an en route flight simulator has been used for the development of
simulations. The simulator chosen was SkySim, which was developed by SkySoft-ATM.
Within this project, SkySim has been used for the development of real-time simulations.
However, the simulator can also be used for procedure and airspace design, ATC training,
or the testing of new systems and functionalities. SkySim consists of simulation, user in-
terface, management, recording, and replay modules [7].

Two ATC positions are available within the simulation platform. The user interface
module consists of a radar display with a full graphical presentation of all ATC infor-
mation and data [8].

Before this project started (though after the setup of the platform and a set of prelim-
inary exercises had been designed), test simulations were carried out to study the feasi-
bility of starting a project focused on the study of the neurophysiological variables of
ATCOs and their relationship with ATC events. The methodology and preliminary results
validating interest in the launch of a more detailed and robust project can be found in [9].

The ATC events mentioned in the above reference are conceptually the same as those
that will be defined in later sections. The naming of the events has changed as a conse-
quence of the development of the test simulations. Similarly, the exercises presented in
the present study are practically the same as the first four exercises described in the pre-
vious reference. Following the development of the test simulations, improvements were
made and minor errors were identified and corrected.

During the execution of the simulation and data acquisition campaign, the following
data were recorded:

e  Subjective records of the workload perceived by participants during the course of the
simulations.

e Data on neurophysiological variables, in particular electroencephalography (EEG)
and eye-tracking data.

e Information on the actions carried out by the participants during the exercises.

Once the first simulations had been developed, it was necessary to define a method-
ology for assessing the impact of the ATC events that occurred during the development
of the simulations on the ATCOs. This methodology is one of the main contributions of
this paper.
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Studying ATC events separately is not sufficient in itself. A variable is required that
relates these events to the difficulty perceived by the ATCOs.

1.2. Taskload and Workload

Taskload is a measure associated with the challenge and difficulty faced by a person
in completing a task [10]. ATCOs are subject to multiple task demand loads, or taskloads,
over time [11]. Another key concept is mental workload. Mental workload reflects the
subjective experience of individuals when performing specific tasks in specific environ-
ments and under specific time constraints [12].

Taskload and workload are not synonyms. While the concept of taskload refers to
external duties, the amount of work, or the number of tasks to be performed by the ATCO,
the concept of workload refers to the individual effort made by a person and his or her
subjective experience under given conditions [13].

In [14], the authors identify some of the factors that influence the variables of taskload
and workload. Factors such as airspace demand, interface demand, and procedure de-
mand influence taskload. On the contrary, some factors that influence workload are skills,
strategy, and expertise.

There are multiple approaches to defining the taskload faced by ATCOs. As an ex-
ample, in [15], a study was conducted to determine whether air traffic control communi-
cation events would predict subjective estimates of controller workload and controller
taskload measures. There were four taskload components considered in this study: two
principal components related to the number and duration of communication-related
events and two principal components related to the content of voice communications. This
study is an example of the fact that, despite the generic definition of taskload, the way it
is quantified and its components vary according to the specific objective of the study.

The authors in [16] discuss a comparison of different complexity metrics related to
the ability to match the subjective workload results obtained in a simulation. The defini-
tions of taskload and workload in this reference coincide with the definitions of these
terms in this line of research. In the above reference, it is also explained that one of the
simplest ways to quantify taskload is to count the number of aircraft present in a sector.
Similarly, it is noted that this approach presents limitations, as it does not consider the
evolution of aircraft in the sector. The study presented in this paper aims to use a more
comprehensive measure of taskload than aircraft counts. To do so, the experiment de-
scribed in this paper uses event-based taskload as a metric, which results from considering
the taskload contribution of the aforementioned set of ATC events.

Based on the definitions of taskload and workload, it can be concluded that taskload
is the part of the work demand imposed on the controller purely due to the tasks he/she
has to perform [17]. The taskload value of the ATC events included in the research line of
this paper is specific to each event. However, the workload perceived by the participants
when facing such events will be specific to each person.

1.3. Hypothesis and Obejctives of the Study

To meet the objectives of the research line, tasks include a massive analysis of the
data on neurophysiological variables so that correlation between their evolution over time
and the ATC events that have taken place during the simulation can be defined. The aim
is to establish general patterns and set limits on certain combinations of events so that the
workload of ATCOs is within acceptable levels.
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The starting hypotheses of the study are as follows:

Hypothesis 1: It is possible to determine a taskload distribution profile based on data recorded in
a control position that can serve as a reference for the subsequent analysis of the evolution of the
neurophysiological variables of ATCOs.

Hypothesis 2: Based on a taskload distribution profile, variables related to subjective workload
assessment can be used to establish whether this baseline profile is the best reference for the subse-
quent study of the evolution of neurophysiological variables.

To test the hypotheses of this study, the development of a laboratory experiment with
controlled ATC events, the use of an ATC simulator, and the development of a campaign
of real-time simulations were chosen. Initially, when the exercises were designed, the
starting point was a designed taskload profile. The research question to be answered now
is whether this designed taskload is a good reference or whether it is necessary to define
a more adequate taskload profile. Only by answering this question will it be possible to
continue the study of events and the analysis of the combinations of events that induce a
higher workload on the participants.

Additional information about the participants will be presented in later sections. The
sample was selected in such a way that participants were as homogeneous as possible in
relation to their age, training, and skills. In this first part of the research line, it was im-
portant to invest as many hours as possible in the simulator to obtain a robust methodol-
ogy. For this reason, the chosen participants are ATCO students.

The study presented in this paper has two main objectives: (i) to establish a suitable
taskload profile, which will serve as a reference for further studies in the project and de-
termine whether the designed taskload profile can fulfil this function or whether it is nec-
essary to define a new one; and (ii) once this reference is established, to study which events
or combinations of events cause the most complex situations within the sector.

To the authors” knowledge, this study is original as it includes as taskload references
a series of specific events to this line of research. Similarly, the methodology used and the
process of analysing the data collected during the experiment are also novel.

Studies focused on the taskload and workload concepts sometimes present the im-
portant limitation of using the two terms interchangeably. In this paper, right from the
introduction, the aim is to eliminate this limitation by clarifying the differences between
the two concepts. In the same way, another risk that can arise from these studies focused
on such specific topics is that they have a limited application and cannot be extrapolated
to other research. To overcome this limitation, this study, in addition to generalising the
methodology to other similar experiments, includes a series of recommendations when
discussing the results obtained. These recommendations are intended to serve as a guide
for applying the lessons learnt during this research to similar subsequent studies.

The remainder of this paper aims to present the steps that have been taken to achieve
these objectives. The structure is as follows. In Section 2, Materials and Methods, the steps
followed in the study are presented, as well as some details on the development of the
simulations and the data recorded. Section 3 presents the results obtained after the simu-
lations were carried out by the six participants. Section 4 presents two subsections. In the
first, the results are explained using a case study of one of the participants and the key
findings are identified. The second subsection presents some recommendations for future
research based on the lessons learnt in this study. Finally, Section 5 summarises the results
obtained and the next steps to be taken within the line of research.
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2. Materials and Methods

Before discussing the results obtained, it is necessary to present the methodology fol-
lowed to achieve them. This section includes general information on the methodology
followed in the first subsection, as well as some details on the events considered in the
design of the simulations, useful information on the simulations carried out, and an ex-
planation of the data recorded, respectively, in the following subsections.

2.1. Methodology

This subsection summarises the methodology followed throughout the study, from
the first steps taken to setup the simulation platform to detailed analysis of the event com-
binations and their influence on the taskload and subjective workload of ATCOs. The
methodology followed in this study can be seen in the form of a flow chart in Figure 1.
Four stages have been defined:

e  Previous steps: includes all the activities that needed to be carried out in order to get
the simulation platform up and running and to start working with the participants.

e  Simulation campaign and data recording: includes the process of running the exper-
iment, as well as the recording of all the data associated with the simulations.

e Definition of the best taskload profile: To be able to study the relationship between
the evolution of the neurophysiological variables and the ATC events in the simula-
tion, it is necessary to determine the best reference taskload profile. If this profile
proves to be different from the designed profile, it will be necessary to define a new
methodology to obtain a baseline that considers the actual events that occurred dur-
ing the simulations. This stage is a decision point represented by a diamond with two
possible outputs in Figure 1. Once this baseline is established, the first objective of
the paper mentioned in Section 1 will be achieved.

¢  Event analysis: Once the baseline has been established, the next step is to study which
events or combinations of events induce the greatest difficulty in the exercise and the
highest workload on the controller. This step addresses the second objective of the

paper.
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Figure 1. Methodology to follow to obtain an event-based taskload profile of reference and to study
ATC events and their combinations.

Before simulations could be performed, several preliminary steps had to be taken.
First, the simulation platform was configured. Subsequently, the ATC events that would
serve as the basis for exercise design were defined. For this first stage of the project, a total
of four exercises of increasing difficulty were designed. When events were introduced at
specific moments of the exercise, a unique designed taskload profile was obtained for each
of the exercises.
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Once the exercises had been designed, the next step was to develop the simulation
campaign. In total, six participants participated in the simulations. Each of them simulated
each of the four exercises. Several data were recorded during the development of the ex-
ercises.

For this line of research, the data of interest were the video recordings of the simula-
tions, which provided information on the actual events and actions carried out by the
participants, and subjective workload assessment data. For this purpose, the Instantane-
ous Self-Assessment (ISA) method was implemented in the simulator through the use of
a window that appeared on the radar screen every two and a half minutes to ask partici-
pants to evaluate their perceived workload.

The ISA method is based on the idea of asking the operator to assess their workload
at regular intervals. At each assessment, the operator is required to select a value on a
scale of 1-5. On this scale, 1 means under-utilised and 5 means excessively busy [18]. The
ISA method was chosen because it is considered less intrusive than other subjective work-
load assessment methods [19]. Furthermore, it can be run during the progression of exer-
cises.

The first objective was to find an event-based taskload baseline. In fact, the ultimate
goal was to create a profile with the taskload values for each minute of the simulation.
When the exercises were created, a designed taskload profile was defined. Therefore, the
first question to be solved is whether this designed taskload can be used as a reference.
This question is represented by the diamond in Figure 1. There are two options: ‘yes’” and
‘no’. The first option is to demonstrate that the answer is ‘yes’. This would be the simplest
possible situation. In that case, since the designed events of the simulations are known in
advance, the designed taskload profile could be used directly as a reference when study-
ing the evolution of neurophysiological variables.

The other alternative is that the answer to the question is negative. If it is not possible
to use the designed taskload profile as a reference, it will be necessary to establish a meth-
odology for obtaining a better reference based on the events that actually took place dur-
ing the development of the simulations before addressing the second objective of the
study and moving towards analysis of the events and their relationship with the recorded
subjective workload values.

2.2. Events Considered in the Design of Exercises

To design the exercises, the first step was to agree on the ATC events to be considered
when creating a designed taskload profile that would characterise each exercise. For this
purpose, a series of workshops were organised that brought together ATM experts as well
as people with previous experience using SkySim.

Within the group of experts, the vision of experienced working controllers was
highly valued. On the other hand, researchers with previous experience in the design of
simulation exercises and in the development of validations in research projects at the na-
tional and European level were included in the working group.

In particular, there were two previous studies that were very useful for defining the
final ATC events. On the one hand, at the national level, UPM had previous experience
working with the Spanish Aviation Safety Agency.

On the other hand, the events considered in the SESAR AUTOPACE project were
also of great interest [20].

The results of the AUTOPACE project provide a better understanding of how cogni-
tion and automation coexist, thus supporting new strategies for training and interface de-
sign [21]. Although the objectives are not aligned with those of the present line of research,
the events defined in this project have been considered as a reference, as has the definition
of difficulty in the design of the exercises.

Figure 2 shows, in schematic format, the activities that were identified as key ATC
tasks (shaded in blue), the designed ATC events associated with each of them (shaded in
green), and the base score for each of the events (rectangles with a white background).
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Figure 2. Identification of the key activities carried out by ATCOs (blue rectangles) and the ATC
events associated with them (green rectangles). In total, twelve ATC events form the basis of the
simulations in the experiment conducted.

The first aspect that was defined was the key activities carried out by ATCOs in nom-
inal traffic situations. The result can be seen in the six blue rectangles shown in Figure 2,
including the identification of an aircraft, the takeover/handover process, the identifica-
tion of a conflict and its resolution, and, finally, the monitoring of the traffic present in the
sector. On the basis of these activities, at least one event associated with each of them was
defined. The twelve events considered can be seen in the green rectangles in the figure
above. For each event, an average duration and a base score were defined.

Eleven of the events have an absolute value associated with the event. The monitor-
ing event is the only one that is relative. It is associated per minute with each of the aircraft
within the sector at a given time.

In defining the twelve events, complexity factors aligned with those identified by
other authors have been considered. Specifically, the authors of [22] conducted a Principal
Component Analysis (PCA) on 24 complexity factors defined in the literature to reduce
them. The final result was a set of eight complexity factors. Several of these factors have
been considered when defining the events listed in Figure 2, in particular, aircraft count,
aircraft vertical transitioning, and conflict sensitivity. In this line of research, the complex-
ity factor of aircraft count has been considered by defining three scenarios of traffic den-
sity that condition the base values of taskload. Similarly, in the case of conflicts, the con-
tribution of aircraft climbing or descending has been taken into account by giving conflicts
where one or both aircraft are changing their flight level a higher taskload value than
conflicts where aircraft are at cruise level.
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Air traffic control is a service task whose duty is to prevent conflicts between aircraft
[23]. The events associated with conflicts were discussed in detail. It was decided that
conflicts should be categorised according to the state in which the aircraft were: in cruise
flight or climbing or descending. When two aircraft are on the same trajectory and one of
them starts to approach the other, until the separation minima are infringed, an overtak-
ing event occurs.

ATCOs are required to ensure that minimum separation standards are complied with
at all times in terms of horizontal and vertical separation between aircraft [24]. Regarding
the level of automation of the platform, the configuration used in this experiment is very
similar to the so-called attention-guided mode in [25]. In this configuration, conflict de-
tection is automatically performed by the simulator. However, the ATCO retains the role
of controlling the aircraft and is not assisted in resolving the conflict. In the context of this
experiment, a conflict is defined as a situation where the minima of 5.0 NM in the hori-
zontal plane and 1000 ft in the vertical plane are infringed.

In the simulator’s conflict detection tool, the detection threshold in the horizontal
plane is set to 7.9 NM. This allows ATCOs to receive information in advance of a conflict
situation occurring. The conflict detection tool helps them identify which aircraft are in-
volved in the conflict situation, how close they will be at the closest point of approach
(CPA), and the time until this point is reached. However, the decision-making process to
resolve the conflict remains in the hands of the ATCO, without guidance. In short, conflict
detection is automated on the simulation platform, but resolution is not.

Although there are many factors that can increase the complexity of an event for a
controller, traffic density is one of the key factors that increases perceived workload [26].

To account for this contribution, the base score of each event increases as the number
of simultaneous aircraft in the sector increases. For this purpose, three traffic density sce-
narios were defined: low (less than five aircraft), medium (between five and nine aircraft),
and high (more than ten aircraft).

Additional information on the definition of events and the assignment of taskload
values can be found in [9]. This reference also includes a table that compares the basic
characteristics of the four exercises used in this study, including the number of aircraft in
each exercise, the number of events, or the sector in which the simulations were con-
ducted.

2.3. Details of the Simulation Campaign

To ensure safe and efficient traffic flow, ATCOs must predict future flight paths
based on their perception and interpretation of multiple data on the radar display [27]. In
this study, it was considered from the outset that one of the cornerstones of the experiment
should be data collected in a especially designed simulation campaign. In this way, in
addition to the numerical data, it is also possible to access all the information concerning
the radar display, as well as the actions taken by ATCOs.

The exercises simulated in this research reproduce realistic en route scenarios where
aircraft are established at certain flight levels. En route ATCOs are responsible for moni-
toring, controlling, and managing aircraft and traffic flows in the ATC sectors they have
been assigned [28]. In the exercises simulated in the experiment described in this paper,
the sectors of responsibility varied throughout the exercises, though sectors within Ma-
drid Area Control Centre (ACC) airspace were always used.

In the simulations, each participant simulated four exercises. Each exercise lasted 45
min and was designed to be simulated in parallel in two sectors. The taskload value for
the first exercise was 141.40, and this value continued increasing until Exercise 4, which
had a value of 228.55. Table 1 presents a comparison of the designed taskload values for
each of the exercises.
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Table 1. Comparison of the designed values of the four exercises in the simulation program.

Exercise Total Delscl)iged Task- Maximum Taskload Minute Maximum Taskload
1 141.40 7.425 0:11:00
2 165.20 10.400 0:29:00
3 193.25 10.875 0:30:00
4 228.55 11.400 0:31:00

As mentioned above, to introduce subjective assessment of the workload by partici-
pants, the ISA method was used. This method was implemented on the platform through
a Python program that was run in parallel to the simulations.

A window asking the participants to evaluate their perceived level of workload ap-
peared every two and a half minutes in a fixed place on the radar display. To do so, they
had to press one of the five buttons available under the question, with ‘1" being the lowest
value and ‘5’ the highest value. They had 20 s to select one of the options before the win-
dow automatically closed.

The data presented in this paper relate to six participants. All participants were
ATCO students with an average age of 21 years and previous knowledge in the field of
air traffic management. The ATCO students who participated in the study were selected
on the basis of their performance in other practical tests developed during their training.

Throughout their training, participants were trained in concepts related to airspace
management, conflict resolution strategies, and the operation of a control position. Alt-
hough they had previously performed different exercises and simulations with other sim-
ulation platforms, this experiment was their first contact with the SkySim platform. For
this reason, prior to the test exercises, they underwent specific training on the platform.

The test simulations for each participant took place on two days, with an interval of
one week between them. Each day the participant performed simulations, they would
simulate two exercises with a one-hour break between. Before starting the simulations,
the participants were informed of the aim of the project, and all agreed to their data being
analysed as part of the research.

2.4. Data Registered after the Simulations

During the course of the simulations, a multitude of data were recorded. Specifically,
for the purposes of this work, two categories of data were of interest:

e  Firstly, the video recordings of the radar screen during the simulations. From these
recordings, it is possible to obtain information about the events that actually took
place, the actions taken by the participants, and the conflict resolution strategies fol-
lowed.

D Secondly, information that was obtained about the subjective workload values eval-
uated and the minute of simulation in which each of the values was selected.

In the study of human factors, the exclusive use of subjective measures of workload
assessment has certain limitations. On the contrary, some of its main advantages are the
relatively low effort required to acquire data and high user acceptance [29]. These ad-
vantages were considered decisive for the implementation of subjective measures in this
study.

As mentioned above, neurophysiological data were also recorded during the simu-
lations and will be studied in later stages of this line of research. Physiological measures
have been shown to be sensitive to differences in taskload and task demand in a variety
of domains [30]. For this reason, they are of interest in the study. However, to be able to
compare the variation in these variables against the taskload, the first step is to have a
good baseline for that taskload.

The use of subjective workload values is a preliminary step. It is assumed that the
most complex traffic situations and the most difficult combinations of existing events will
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lead participants to evaluate these traffic situations with the highest workload values. The
idea is to use these values to define the best baseline taskload profile for future use in
determining other workload indicators.

From the data related to the subjective assessment of workload, two variables are of
interest:

e  The first variable is the subjective workload value selected in each query by the par-
ticipant. The possibilities are that a numerical value (1-5) is recorded or, in case the
participant did not respond, a “not assessed” is recorded.

e  The second variable is reaction time. This variable can take values in the range of 0-
20 s, as this was the time that the participant had to select one of the values of the ISA
scale before the window closed. Reaction time is calculated as the difference between
the time in the simulation when the participant selects one of the values and the time
in the simulation when the ISA method window appears.

These two variables will be used as an intermediary step in the establishment of a
methodology that can obtain the best reference taskload profile. The results of this analy-
sis and its implications are presented in the following section.

3. Results

In the safety-critical area of ATC, workload remains a dominant consideration when
seeking to improve the performance of ATC systems [31]. As mentioned above, subjective
workload data will be used as an indicator to establish the best event-based taskload base-
line.

The starting point is to try to assess the suitability of the design profile as a baseline.
This would be the simplest situation, since this profile is available from the beginning of
the creation of the exercises. In the following two subsections, the results obtained from
the combined representation of this design profile and reaction time data and workload
values will be presented.

3.1. Analysis of the Reaction Time Variable

To establish a relationship between the reaction time variable and the designed task-
load of each exercise, it was decided that a combined graph should be created. The same
graph shows the designed taskload profile, which is different for each of the exercises,
and superimposed on it are the reaction time values for each of the six participants.

A representation of the four exercises can be seen in Figure 3. Each participant is
represented by a different geometric shape and colour, as can be seen in the legend that
appears under the four plots.

Each of the exercises has been associated with a different colour to facilitate the in-
terpretation of the plots. The taskload profiles of Exercise 1 appear in magenta, those of
Exercise 2 in green, those of Exercise 3 in orange, and finally those of Exercise 4 in purple.
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Figure 3. Combined representation of the designed taskload profile of the different exercises to-
gether with the reaction time values for the six participants. The first row of graphs presents the two
simplest exercises, with Exercise 1 on the left and Exercise 2 on the right. The second row presents
the data from Exercise 3 on the left and Exercise 4 on the right.

To correctly interpret Figure 3, the following aspects should be considered.

e The x-axis of the four graphs represents the time elapsed since the start of the simu-
lation. All exercises lasted 45 min.

e  Each graph has two vertical axes: the left vertical axis is associated with the taskload
profile and the secondary axis on the right is associated with the reaction time varia-

ble.

e The left vertical axis indicates the value of the designed taskload per minute of sim-
ulation. In each of the graphs, the upper limit of this axis is different considering that
the difficulty increases progressively from the first exercise to the last.

. The vertical axis on the right, i.e., the secondary axis, indicates the reaction time value
for each of the participants. In all graphs, the values on this axis range from 0 to 20 s.
There are reaction time values every two and a half minutes, as they are recorded at
the moments when the participants assessed their workload.

As can be seen in the figure above, the taskload distribution profile for each exercise
is different. In the exercise design process, the starting point was a specific shape of de-
signed taskload and a total reference taskload score. Specifically:

e  The taskload profile of Exercise 1 was designed to be symmetric with two cycles of
taskload and a low event valley in the central part. In each of the cycles, the taskload
was intended to progressively increase to a maximum and then decrease again.
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o  The taskload profile for Exercise 2 was designed to have two taskload cycles sepa-
rated, again, by a valley. In this case, the area with fewer events did not have taskload
values as low as in the case of the previous exercise.

e  The taskload profile of Exercise 3 was designed to be non-symmetric. In this case, the
first cycle would reach a taskload maximum lower than the second cycle.

e  The profile of Exercise 4 has characteristics similar to those of the previous exercise.
The difference is that in this exercise the maximum taskload values are higher.

Table 1 shows a summary of the design characteristics of each of the exercises to
compare their design values. The second column presents the total taskload value for each
of the exercises. The next two columns present the maximum value of the designed task-
load and the minute of simulation at which this value was expected to be reached.

Taking all the above into account, the obtained values for reaction time and the de-
signed taskload for each of the exercises were represented in a combined graph.

The initial hypothesis was that reaction time would increase as the taskload faced by
the ATCO increased. Given that the situation in the sector is more complex, it would be
expected that the controller would take longer to assess the workload.

However, such a correlation was not observed in any of the four exercises. Contrary
to what might be expected, the highest reaction time values appear at the beginning of
Exercise 1. The explanation for these values is not that the situation in the sector was more
complex, but that the participants were not yet familiar with the platform, the radar
screen, or the additional windows.

Some isolated cases that confirm the initial hypothesis are the values of Participants
3, 5, and 6 in Exercises 1, 2, and 4, where the reaction time values increase at times with
high taskload values. However, in general, the expected generalised relationship is not
observed. Based on the analysis conducted, it was considered that, in the case of the reg-
istered data from participants, reaction time was not a significant variable in the study,
and it was decided to discard it.

3.2. Analysis of Subjective Workload Scores

Once the variable associated with reaction time had been discarded, the approach
was repeated while considering the workload values recorded by the participants. A com-
bined representation of the exercise design profile and superimposed subjective workload
values was created.

Figure 4 presents a combined representation of the designed taskload profile and su-
perimposes the workload values assessed by each participant.

The rationale behind the plots is the same as in the case of reaction time. The only
difference is that, in this case, the secondary axis presents the workload values on a scale
of 1to 5.

In addition to the series identifying each of the participants, an additional series of
data points has been included in the graphs. The values indicated with an orange star
correspond to the mean values of the six participants in each of the moments where the
workload is evaluated. As can be seen, in general, the values evaluated by each of the
participants are closer to the mean in the first evaluations of the exercises and in the final
minutes. In the middle minutes of the exercise and in the intermediate minutes of the
taskload cycles, the values assessed by the participants are more dispersed due to the dif-
ferent actions implemented by the participants, especially in the conflict resolution pro-
cesses.

Unlike what happened in the case of the reaction time variable, the workload values
evolve throughout the exercise. The initial hypothesis in this case is that the highest sub-
jective workload values are reached in minutes when the designed taskload is highest.
However, in general, this relationship is not observed.
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Figure 4. Combined representation of the designed taskload profile of the exercises together with
subjective workload assessments for the six participants. The first row of graphs presents Exercise
1 on the left and Exercise 2 on the right. The second row presents the data from Exercise 3 on the
left and Exercise 4 on the right.

The fact that workload values evolve over the course of the exercise makes them a

variable of interest in the study. After the combined graph analysis, the results obtained
are as follows:

The general tendency of the participants is to assess the highest workload values out
of phase with the designed taskload. This is particularly clear in the graphs of Exer-
cise 1 and Exercise 3. The reason for this is that events that have a higher value of
taskload associated with them appear to have a longer duration than in the designed
taskload profile. Therefore, participants must implement actions to deal with these
events for longer periods of time. Depending on the actions selected by each partici-
pant, especially in conflict resolution processes, the taskloads of more complex events
can influence the workload of ATCOs for longer periods of time.

Considering that the purpose of the study is to identify the situations associated with
the highest workload values assessed by ATCOs, it is necessary to define a reference
profile capable of explaining the events that take place at the moments when the
workload values are at their maximum.

In general, the trend in workload assessments does not follow the designed taskload
profile. To continue with the study, this designed taskload is not a good baseline.

It is necessary to establish a taskload profile based on the actual situation experienced
by each participant during the simulations.
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All of the above leads to the conclusion that the designed taskload is not a good ref-
erence. This profile was unique for each of the exercises. However, the decision-making
process of each ATCO and the conflict resolution strategies used are specific to each con-
troller.

Therefore, in order to explain the workload values evaluated by each of them, it is
necessary to compare these values with a specific taskload profile for each participant and
each exercise.

Analysis of the graphs in Figure 4 leads to the conclusion that the actual taskload
experienced by each controller was different from the designed taskload. Therefore, it is
necessary to determine the actual events that took place in the simulation for each partic-
ipant so that a taskload reference representative of what actually happened may be ob-
tained.

To find out which events took place during the simulations and at what time, the
radar screen recordings of each controller were examined. The steps in the methodology
to obtain the actual profile were the following:

1. For each exercise, the minutes of the simulation in which the absolute events occurred
were recorded. The taskload values associated with each event were the same as
those shown in Figure 2. The aim is to enable a comparison between the design and
actual taskload profiles.

2. In addition to the taskload of absolute events, there is the taskload associated with
aircraft monitoring. The time interval in which an aircraft is monitored is calculated
as the difference between the time at which the identification event starts and the
time at which the event associated with the handover ends.

3. During analysis of the recordings, two new events were identified that had not been
considered during the design of the exercises.

a. The first event is the change of flight level. Some participants, upon identifying
that two aircraft were about to encounter a conflict, would anticipate the situa-
tion and change the flight level of one of the aircraft before being alerted by the
conflict detection tool. This event was assigned a base score of 2 points.

b.  The second event is the change of speed. As in the previous case, some partici-
pants detected in advance that an overtaking conflict was going to occur. In this
case, some participants considered that the easiest way to resolve it was to
change the speed of one of the aircraft involved. Since the taskload induced is
similar to that of flight level changes, this event was also scored with a base
value of 2 points.

4.  The events with the highest associated taskload are conflicts. These situations were
analysed in great detail. The greatest differences with respect to the designed profile
were found to occur as a consequence of conflict resolution. In the design of the ex-
ercises, for each of the designed conflicts, a generic vectoring event was assigned for
conflict resolution. In actual simulated exercises, several participants needed to try
different conflict resolution strategies before resolving a conflict. This was especially
acute in the case of the second cycle of Exercises 3 and 4, where two conflicts were
designed to take place with a short time interval between.

5. Taking all of the above into account, a bar chart was designed that represents the
taskload associated with each minute of the simulation. This actual taskload can dif-
fer from the designed taskload in terms of the number of events, as well as in the start
and end times of some events. To understand whether the participant had perceived
the exercise as easier or more difficult than initially designed, a combined represen-
tation of the actual and designed taskload profiles was made, and tables were created
comparing the score values of the two profiles to understand how the actual profile
differed from the designed one.

6. The actual taskload profile obtained for each exercise and for each participant was
compared with the subjective workload values assessed by each participant. In this
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way, it was finally possible to identify which event or set of events led to the highest
workload values.

4. Discussion

This section is structured in two parts. The first presents a case study to reflect the
implementation of the steps of the methodology listed in the previous section. It then pre-
sents a series of general results obtained by repeating this analysis for all exercises and all
participants.

The second part includes a series of recommendations for future research in the field
based on the results of this study. The results presented in this study are specific to this.
The idea of including a set of recommendations here is to justify the interest in the meth-
odology and to highlight the lessons learnt for the benefit of other researchers in the field
who might consider developing a similar experiment.

4.1. Case Study and Generalised Results
4.1.1. Case Study

Following all the steps in the methodology, the actual taskload profiles of each of the
participants were constructed and analysed one by one. As an example, this subsection
explains the detailed analysis of one of these actual taskload profiles. Exercise 1 of Partic-
ipant 5 (ID5) was selected to be the case study.

After reviewing the radar screen recording of Exercise 1 and studying the decisions
made by Participant 5, a total of 47 absolute events were identified, as well as the start and
end times of each event.

For these absolute events, the taskload derived from aircraft monitoring was added.
From these data, a bar chart representing the actual taskload profile was constructed and
compared to the designed taskload profile.

The combined plot of both diagrams can be seen in Figure 5. For each minute of sim-
ulation, the green bars represent the designed taskload and the blue bars represent the
actual taskload.
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Figure 5. Combined representation of the designed taskload profile (green bars) and the actual task-
load profile (blue bars) for Exercise 1 of Participant 5.

When comparing the two bar charts in the previous figure, it can be seen that the
taskload distribution is different in the simulated exercise. In addition to the fact that the
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taskload values per minute of simulation are different, it can also be seen graphically that
the taskload distribution in each of the cycles is not maintained.

The designed taskload profile was symmetric. However, symmetry has been lost in
the actual taskload, with the highest taskload values being reached in the second part of
the exercise.

Table 2 shows a comparison of the most relevant data for each of the designed and
actual profiles.

Table 2. Comparison of the most relevant data that characterise the designed and actual taskload
profiles.

Designed Actual
Total taskload 141.400 146.800
Event taskload without monitoring 118.000 124.600
Monitoring taskload 23.400 22.200
Maximum taskload 7.425 11.600
Minute of maximum taskload 00:11:00 00:35:00
Number of absolute events 44 47

The first row of the table above presents the total taskload values for each of the cases.
The taskload profile of the actual exercise is higher than the designed profile. The first
conclusion is that Participant 5’s simulation was a more difficult Exercise 1 than the one
that had been initially designed.

The next two rows compare the scores associated with the absolute events and the
monitoring event (defined per minute for each aircraft).

As can be seen, in the case of this participant, the taskload associated with the abso-
lute events is higher than that of the design. This is due to the fact that a greater number
of events appear in the simulation than those initially designed, fundamentally due to the
resolution of conflicts. Specifically, the conflict that occurs at 00:10:41 is resolved by chang-
ing the flight level of one of the aircraft. As the exercise progresses, this aircraft must be
returned to its original flight level in order to comply with the flight plan of its flight pro-
gress strip. In the same way, in order to resolve the conflict that takes place at 00:35:00,
several vectoring events are required, as the first one is insufficient in terms of respecting
the separation minima between aircraft.

In contrast, the monitoring score is slightly lower. This is explained by the fact that
the participant handed over some aircraft earlier than planned in the design. Therefore,
they spent less time in the sector.

The maximum designed taskload was 7.425 points. The most significant difference
in the table is that the maximum taskload that occurred in the exercise was 11.600 points.

In the design, the minute with the maximum taskload was foreseen to be minute 11.
Minutes 33 and 36 had a similar taskload associated with them, although slightly lower
than the maximum. These high taskload values are associated with the occurrence of de-
sign conflicts in the exercise.

In the case of this specific participant’s taskload, the highest value was reached at
minute 35. This high value is explained by an accumulation of events. Some of them have
a taskload value that is not too high. This is the case with respect to the identification and
takeover of an aircraft. The problem is that in this exercise, they gather in the same minute
in which the participant identifies and starts to resolve a conflict.

Finally, the last row compares the number of absolute events. In the case of the sim-
ulated exercise, three additional events occurred compared to the design. Specifically,
they were events associated with conflict resolution, as the participant had to try different
strategies due to the first not being effective.

Once the actual profile of the participant has been obtained and analysed, it needs to
be compared with the subjective workload values assessed by the participant. A combined
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graph of the participant’s actual profile and the subjective workload values assessed can
be seen in Figure 6.
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Figure 6. Comparison between the actual taskload profile obtained for Exercise 1 of Participant 5
and the workload values assessed by the participant during the simulation.

4.1.2. Generalised Results

From analysis of the above graph for the different participants, some general conclu-

sions can be drawn about the relationship between the assessed workload values and the
identified ATC events.

When comparing the workload values with the actual profile, it is possible to explain
some values that seemed unusual compared to the design profile.

In general, there is a correlation between the moments in which the participant
evaluates the workload to be at the highest level and the highest taskload values of
the exercise.

The effect of events that produce an increased workload is spread over time. Even if
the subsequent taskload is lower, participants evaluate the workload in a sustained
way over time. An example of this can be clearly seen in Figure 6 in the workload
assessments that take place in the central part of the exercise.

A common phenomenon is that, once participants have assessed the workload with
a value higher than ‘1’, it is very rare that they assess it with the minimum value,
except in the valley moments of the exercises or in the last workload assessment at
00:42:30.

The most complex events are those associated with conflicts and their resolution.
Events evaluated with a higher workload value include conflicts that are not resolved
during the first attempt.

Simpler events, such as aircraft handovers, are perceived to be more difficult after
conflict resolution and with a larger number of aircraft in the sector.

When comparing the workload assessment of the participants for a given time,
differences are especially found in the middle part of the exercise and in the
intermediate minutes of the two taskload cycles. These differences are due to the
different actions performed by each participant. This fact, once again, justifies the
definition of a taskload profile for each participant and each exercise. These
differences in actions are particularly remarkable in conflict resolution processes.
Some participants implement actions to resolve the conflict that are successful on the
first attempt. On the contrary, other participants must implement several conflict
resolution strategies if the first attempt is not satisfactory. For this reason, depending
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on where the participant is in the decision-making process when the workload
assessment question is asked, the recorded values may vary.

The results presented in this study were obtained with a small sample of participants.
Therefore, caution should be exercised when extrapolating these conclusions to all air traf-
fic controllers or potential participants in the simulations. In the case under study, this
sample of participants has been used to define the methodology and these steps are ap-
plicable to other subjects, although the results obtained by introducing more participants
may vary. Therefore, these first participants are considered a validation group for the
methodology to be followed. In future stages of research, a larger number of participants
will be included in the study.

Another limitation is the use of ATCO students instead of air traffic controllers with
operational experience. Future work in this research line aims to overcome this limitation.
These ATCO students have been involved so as to obtain a methodology that is as robust
as possible. In later stages, in-service ATCOs will be included as participants.

These limitations are common to other studies conducted in the study of human fac-
tors associated with air traffic controllers. The authors of [32] focused on assessing the
effects of the number of crossings, traffic flows, and aircraft separation on the mental
workload and perceived emotion of ATCOs. One of the limitations identified in the study
was the caution necessary in interpreting the results, as only two ATCOs were included
as participants.

Another study in which the number of participants is considered a limitation is [33].
In this case, the aim of the study was to monitor the heart rate variability of the controllers
and to determine the suitability of the methods used. To overcome this limitation, includ-
ing a larger number of participants in the study is suggested. However, the results ob-
tained with the study sample are considered beneficial, as they provide an indication of
the suitability of the analysis methods used in this type of research.

In the study documented in [34], the future work reported is very much in line with
that proposed in this line of research. In their study, evaluating the behavioural response
in ATCOs in terms of the use of the procedural control bay and the electric flight strip bay
using human-in-the-loop simulations was proposed. Two experts and two trained sub-
jects were used as participants. Future work includes the development of a study with a
larger number of participants, as well as on-site replication in a real operational scenario.

Another possible solution to help overcome the limitation of all participants being
ATCO students is to consider a mixed group where some participants have previous ex-
perience as ATCOs. As an example, this logic is applied in [17]. In this study, the objective
was to present the development and evaluation of a 3D space-based metric solution for
air traffic control workload. Participants were part of two different expertise groups: four
were retired ATCOs and the other six were researchers in the ATM domain or participants
who had completed an ATC course. The study presents comparative results between the
two groups of participants.

4.2.. Recommendations

The results presented in this study, as well as the baseline ATC events, are specific to
this research. The input parameters to the methodology will vary in other studies depend-
ing on many variables, such as the number of aircraft introduced in the simulation, the
characteristics of the participants in the study, the simulator used, the ATC events defined,
etc.

However, the methodological process for obtaining the results can be extrapolated to
other studies. Once the methodology has been validated within the CRITERIA project,
this methodology will be used by CRIDA in other ongoing research projects.

Based on the experience gained in extrapolating the methodology to other research
projects, a series of recommendations of interest have been identified based on the results
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of this study. These five recommendations could be considered by researchers who wish
to implement a similar experiment using an ATC simulation platform.

e  From the beginning of the experiment’s design, it is very important to clearly docu-
ment the ATC events to be considered. Based on previous work, it is advisable to at
least define the mean duration parameter and a designed taskload value. Researchers
are advised to keep these values realistic and to consider the opinion of experts with
experience in the simulator being used for their definition.

e  Based on the values defined in the previous step, in addition to a list of the events to
be included in the study, it is recommended to represent the designed taskload pro-
file by, for example, using a bar chart and defining one bar for each minute of simu-
lation. This will allow researchers to have a reference of what is expected to happen
during the simulation before they start developing them. If an observer is watching
the simulations with this reference profile in front of them, they can already draw
some initial conclusions about the performance of the participants.

o Whenever possible, researchers are recommended to register radar screen recordings
during the exercises. As demonstrated in this study, they have been vitally important
in understanding what actually happened during the exercise and in comparing the
airspace conditions during the simulation to the design parameters.

e  Before going directly toward a study of the temporal evolution of neurophysiological
parameters, it is necessary to invest some time in determining a good profile that
considers the actual situation of what happens in simulation exercises. This study has
proposed a methodology to determine the best reference profile.

e In order to obtain the best reference profile for the study of neurophysiological vari-
ables, it is recommended to use an intermediate tool that allows researchers to con-
clude graphically whether the profile considered is consistent with the perception of
the participants during the simulation. In this study, values related to the subjective
assessment of workload that were obtained via the ISA method were used.

5. Conclusions and Future Work

The study of human factors in aviation integrates the human component with the
advanced technology used in air traffic management.

Within this discipline, the use of real-time simulations presents many advantages,
including the ability to design exercises with known ATC events and the ability to study
their influence on the response of air traffic controllers.

This line of research aims to establish capacity models that consider the neurophysi-
ological variables recorded during the development of ad hoc real-time simulation exer-
cises designed for the project.

The problem is that, in order to develop a detailed and valid study of these variables,
it is necessary to compare their evolution with a valid taskload profile, which represents
the actual difficulty faced by the participant during performance of the exercises.

The results of this study show that the two initial hypotheses were correct. In this
experiment, a methodology has been established to define an event-based taskload profile
that is suitable for studying the evolution of neurophysiological variables. The future ob-
jective is to extrapolate the study to the real operation of a control unit.

It has been demonstrated that, in the case of the data analysed in this study, the sub-
jective workload values obtained after implementing the ISA method on the platform
have been a good intermediate tool for assessing the suitability of considering the differ-
ent taskload profiles as a reference. In this paper, the methodology that was followed to
obtain this reference taskload has been presented, as well as the main conclusions ob-
tained after comparing the actual taskload profile obtained to the subjective workload
values assessed by the participants.

From analysis of the designed taskload profile and the subjective workload values, it
has been shown that the designed taskload profile of the exercises is not the best baseline
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for studying the combinations of events that generate the greatest difficulty. To solve this
problem, a methodology has been defined to obtain the actual event-based taskload pro-
file.

This reference will be used in later research investigating the behaviour of neuro-
physiological variables related to brain activity and eye-tracking.

When comparing the actual profile to subjective workload assessments, it is possible
to explain values that previously seemed unusual. By being aware of the events occurring
in each minute of the simulation, it is possible to draw a number of general conclusions
about the difficulty of the events perceived by the participants.

Some of these conclusions are in line with what might be expected, based on previous
work:

e  The events with the greatest associated difficulty are conflicts and their resolutions.

e Difficulty increases as the number of simultaneous conflicts in the sector increases.

. As the number of aircraft in the sector increases, certain events initially considered
simple are perceived as more difficult due to the different aircraft that need to be
monitored.

However, the results of the study have also revealed some interesting trends:

e Atfirst, it was suspected that the factor of greatest difficulty was the number of sim-
ultaneous conflicts. However, it has been shown that a factor that causes the difficulty
to increase greatly is the conflicts that are not resolved at the first attempt and which
require a new resolution strategy, i.e., those situations in which the participant tries
a resolution strategy, it does not work, and it is thus necessary to change the strategy.

e  Those situations perceived as more difficult are not necessarily those where two con-
flicts occur in parallel, but those where the resolution of a conflict is prolonged over
time, especially when the participant has tried different forms of resolution that are
not effective and that worsen the situation of the first conflict detected.

e In relation to the above, it was found that events that were initially assigned a low
taskload value were perceived as more difficult if they occurred while one or more
conflicts were present in the sector and when the participant had to deal with them
immediately after the resolution of a conflict.

e  The general tendency in the assessment of workload in Exercises 2, 3, and 4 is to
assess only the lowest value before the occurrence of the first conflict. Once the par-
ticipants have to resolve the first conflict, even if the situation in the sector is under
control and no additional events occur, it is very rare that the value chosen in the ISA
scale is “1’.

The results obtained meet the objectives defined in the study and have allowed the
establishment of a methodology that can be used to obtain the actual taskload profile of
each participant, which can subsequently be used to compare the evolution of neurophys-
iological variables. On the basis of these findings, the following future work is defined:

e Once the methodology has been shown to work and is of interest, it will be necessary
to extend the process to a larger number of participants.

e  Taking the event-based taskload as a reference, the evolution of neurophysiological
variables will be related to the ATC events recorded and the relationship between
these variables and the traffic conditions in the sector that are established.

Two main limitations of the work presented in this paper have been identified:

e  Firstly, the small number of participants included in the study.

e Secondly, the participants were ATCO students and therefore did not have the expe-
rience of real controllers. The results obtained could vary when repeating the study
with ATCOs in service.

Future work will be organised in order to address these two limitations. The first set
of participants was reduced so that the methodology could be validated before extending
the study to a larger group. As demonstrated in this work, the methodology has been
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validated. Therefore, a simulation campaign has already been carried out that involves a
larger number of participants. Work is currently in progress to review videos of the sim-
ulations and to determine the taskload profiles of what happened in the simulations ac-
cording to the methodology described in this paper.

In this first stage of the process, ATCO students have been selected as participants
with the aim of investing as much time as possible in the simulator. Through these tests
with students, the idea was to obtain a methodology and relationships between ATC
events and neurophysiological variables, as well as to be able to carry out a multitude of
tests with the data obtained. Based on all the experience accumulated with the ATCO stu-
dents’ simulations, the data collection and analysis process will already be optimised.
Once the results obtained are sufficiently robust, the next step is to replicate the experi-
ment with ATCOs in service or participants with operational experience. This phase of
the study will be developed in close collaboration with CRIDA.
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