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1. LIST OF ABBREVIATIONS 
 

AAS ANTERIOR ATTENTIONAL SYSTEM 

ACC ANTERIOR CINGULATE CORTEX 

ANOVA ANALYSIS OF VARIANCE 

asSWLDA AUTOMATIC STOP STEPWISE LINEAR DISCRIMINANT ANALYSIS 

ATCOs AIR TRAFFIC CONTROLLERS 

ATM AIR TRAFFIC MANAGEMENT 

AUC AREA UNDER CURVE 

CI CONFIDENCE INTERVAL 

EEG ELECTROENCEPHALOGRAPHY 

EKG ELECTROCARDIOGRAPHY 

ENAC ÉCOLE NATIONALE DE L’AVIATION CIVILE 

ENAV ENTE NAZIONALE DI ASSISTENZA AL VOLO 

EOG ELECTROOCULOGRAPHY 

EPs EVOKED POTENTIALS 

ERD EVENT-RELATED DESYNCHRONIZATION 

ERS EVENT-RELATED SYNCHRONIZATION 

FEF FRONTAL EYE FIELDS 

FFT FAST FOURIER TRANSFORM 

FPL FLIGHT PLAN LEVEL 

HF HUMAN FACTORS 
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IAF INDIVIDUAL ALPHA FREQUENCY 

IFG INFERIOR FRONTAL GYRUS 

IPL INFERIOR PARIETAL LOBULE 

IPS INTRAPARIETAL SULCUS 

KS KNOWLEDGE SYSTEM 

LTM LONG-TERM MEMORY 

MFG MIDDLE FRONTAL GYRUS 

mPFC MEDIAL PREFRONTAL CORTEX 

NINA NEUROMETRICS INDICATORS FOR AIR TRAFFIC MANAGEMENT 

OC CLOSED EYES 

PAS POSTERIOR ATTENTIONAL SYSTEM 

PSD POWER SPECTRAL DENSITY 

REF REFERENCE 

ROC RECEIVER OPERATING CHARACTERISTIC 

SME SMALL- AND MEDIUM- SIZED ENTERPRISES  

SME SUBJECT-MATTER EXPERT 

SPL SUPERIOR PARIETAL LOBULE 

SRK SKILL – RULE – KNOWLEDGE 

STG SUPERIOR TEMPORAL GYRUS 

TCAS TRAFFIC COLLISION AVOIDANCE SYSTEM 

TPJ TEMPOROPARIETAL JUNCTION 

TRACONs TERMINAL RADAR APPROACH CONTROL CENTRES 
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UFO UNIDENTIFIED FLYING OBJECT 

VFC VENTRAL FRONTAL CORTEX 

vmPFC VENTROMEDIAL PREFRONTAL CORTEX 
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2. INTRODUCTION 

The research proposed in this thesis is part of a European project called NINA (Neurometrics 

Indicators for Air Traffic Management) funded by Sesar Joint Undertaking [1], and it involves 

the participation of Sapienza University of Rome, École Nationale de l’Aviation Civile 

(ENAC), and Deep Blue srl (Human Factor and Safety Consultant Company).  

The main goal of the project is to elaborate neurophysiological measurements for real-time 

assessment and monitoring of the cognitive state in particular professional categories, such 

as Air Traffic Controllers (ATCOs). The evaluation is performed by using a combination of 

techniques such as Electroencephalography (EEG), Electrocardiography (EKG) and 

Electrooculography (EOG), during simulated and realistic working conditions.  

In the area of ATCOs, the Skill, Rule and Knowledge (S-R-K) taxonomy was developed by 

Rasmussen [2] to describe the human performance under various circumstances and to 

integrate a variety of research results coming from human cognition studies (attention, 

memory, problem solving, decision-making, etc.) under a common framework. It provides a 

description of human cognition that is functional to the understanding and prediction of 

behaviour: it specifically deals with how people control their activity and behave in interaction 

with complex systems. Therefore, by considering the aspect of the cognitive processes in 

the framework of such taxonomy, it is possible to contextualise them in the work practices. 

Since to our knowledge there are no corresponding studies in the existing literature, another 

challenging objective of the project is to develop the SRK concept from a neurophysiological 

point of view. The focus of the proposed thesis is thus to verify the existence of identifiable 

neurophysiological features associated to the three levels of cognitive control of behaviour 
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(Skill, Rule and Knowledge), in Air Traffic Management (ATM) context, by using a 

neurometric able to identify the behaviours of the original taxonomy from a different 

perspective.  

To map the neurophysiology of the SRK framework in ATM domain, and to use this 

methodology, could represent a promising step forward into the analysis of human 

behaviour, and furthermore, to develop new Human Factors tools able to discriminate the 

level of operators’ expertise during ecological tasks. 

In detail, the first part of this work illustrates a brief description of the brain and the 

Electroencephalographic technique, then an introduction of the NINA project and the 

literature related to the S-R-K levels of cognitive control are presented.  

The second section is focused on some additional brain features’ literature and on the 

experimental phase where several steps were performed as follows: 

a) the three categories of behaviours were associated with specific cognitive functions (e.g. 

attention, memory, decision making etc.) already investigated in literature with EEG 

measurements; 

b) a link between S-R-K behaviours and expected EEG frequency bands configurations 

were hypothesized; 

c) specific events were designed to trigger S, R and K behaviours and integrated into 

realistic ATM simulations; 

d) finally, the machine-learning algorithm automatic stop StepWise Linear Discriminant 

Analysis (asSWLDA) was trained to differentiate the three levels of cognitive control of 
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behaviour by using brain features extracted from the EEG rhythms of different brain 

areas.  

Several professional ATCOs from the École Nationale de l’Aviation Civile (ENAC) of 

Toulouse (France) were involved in the study and the results showed that the classification 

algorithm was able to discriminate with high reliability the three levels of cognitive control of 

behaviour during simulated air-traffic scenarios in an ecological ATM environment. 

The work proposed in this thesis was performed by the Sapienza team which I am part 

together with Biomedical Engineers, and performed in collaboration with Air Traffic 

Controllers and Human Factors experts working in the same context of research. 

Please note that the terms levels of cognitive control of behaviour, levels of performance 

and levels of behaviour or expertise, are used as synonyms in this work. 
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3. PART I 

3.1 THE BRAIN AND THE ELECTROENCEPHALOGRAPHY 

Before describing the neurophysiological measurements, it is important to have an overview 

on the brain, its lobes and their functions, and on how the electrical activity of the brain is 

detected. 

The human brain is the most important organ of the central nervous system (CNS) and is 

characterised by two hemispheres: the right and the left. The two hemispheres communicate 

each other across the corpus callosum, a bundle of neural fibers. The surface part of the 

brain is called cerebral cortex: it appears full of fissurations and convolutions, and is 

composed of gray matter, consisting mainly of cell bodies. The cerebral cortex plays a key 

role in memory, attention, perception, awareness, thought, language, and consciousness.  

The brain can also be divided into four areas called lobes: frontal, parietal, temporal and 

occipital (Figure 1). Each lobe has specific functions: 

1. The frontal lobe is responsible for initiating, coordinating and planning motor 

movements and monitoring the executive behavior. It is involved in higher cognitive 

skills (such as problem solving, decision-making, thinking, planning, and organizing, 

judgment), and many aspects of personality and emotional components (impulse 

control, social and sexual behavior), Furthermore, it assists working memory and 

language production.  

2. The parietal lobe receives projections from all the other lobes and can be considered 

the “association cortex” as plays an important role in integrating visual, auditory, and 

somatosensory information for guiding the behavior (e.g. grasping and manipulation 

of the objects). Its functions also include the spoken and written language, the 
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processing information related to the sense of touch. It is also essential in cognitive 

functions such as working memory, numerical processing, and attention; in particular, 

it is involved with visuo-spatial information processing and attentional orientation.  

3. The temporal lobe is involved in the retention of visual memories, the processing of 

sensory inputs (e.g. auditory and visual), the language comprehension and verbal 

memory, the storing of new memories, the emotion and deriving meaning. 

Furthermore, it includes the hippocampus and plays a key role in the formation and 

encoding of explicit long-term memory, and in learned emotional responses 

modulated by the amygdala. 

4. The occipital lobe is the visual processing center of the brain that includes different 

areas of the visual cortex. One part of the visual cortex, the primary visual cortex 

(striate cortex or V1), is a region that receives input from the retina of the eye. This is 

where the mind interprets color and other important aspects of vision.  There are also 

extrastriate regions (V2, V3, V4, and V5) specialized for different visual tasks, such 

as visuo-spatial processing, color discrimination and motion perception. Each 

functional visual area of the occipital lobe contains a full map of the visual world, 

although there are no anatomical markers distinguishing these areas, except for the 

striate cortex. 
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Figure 1 – The brain lobes 

 

The electrical activity of the brain lobes is produced by billions of neurons, electrically 

polarized, that constantly exchange ions with the extracellular milieu across their 

membranes. When the neuron is not transmitting a signal, it is in a resting state: the inside 

of the cell has a negative charge, while the outside of the cell has a positive charge. The 

membrane is called polarized because negative and positive charges exist on opposite 

sides. 

Almost every neuron has a single axon, specialized for the conduction of a specific type of 

electrical impulse, called action potential (Figure 2). The action potential consists in a 

sudden, transient depolarization (change in the voltage) of the membrane, followed by a 

repolarization to the resting potential of about −70 mV.  The action potential moves rapidly, 

up to 100 meters per second, and, at its peak of propagation, the membrane potential can 

be as much as +50 mV (inside positive), a net change of ≈110 mV. 
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Figure 2 – Electrophysiological recording of an action potential 

 

The electrical signals deriving from the activity of the brain can be detected with electrodes 

along the scalp through the Electroencephalography (EEG), a technique able to measure 

the voltage fluctuations resulting from ionic current flows within the neurons of the brain [3]. 

The largest contribution to genesis of the EEG is due to the post-synaptic potential, both 

excitatory and inhibitory, not to the action potential. 

The EEG activity reflects the summation of the synchronous firing of millions of neurons 

(pyramidal cells mainly). Its oscillatory activity is characterised by five different frequency 

bands (Figure 3) which can be associated with different states of brain functioning (e.g. 

waking and the various sleep stages, cognitive functions, etc.):  

a) Delta (0-4 Hz), its activity is characterised by high amplitude and low frequency. It is 

usually associated with the slow-waves sleep in the psychophysiology of sleep. It is 

suggested that this frequency band represents the onset of deep sleep phases in 

healthy adults [4]. 
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b) Theta (4-7 Hz), its genesis is associated with the hippocampus [5] as well as the 

neocortex [6]. It is thought to be linked to deep relaxation or meditation [7], and it has 

been observed during the transition between wake and sleep [8]. However, theta 

rhythms are suggested to be influential for learning and memory functions [9], 

encoding and retrieval [10] which involve high concentration [8]. It is also suggested 

that theta oscillations are associated with the attentional control mechanism in the 

anterior cingulated cortex [7], [11]. Theta frequency band is often shown to increase 

with high cognitive task demand [12], [13]. 

c) Alpha (8-12 Hz), its activity is found in the visual cortex (occipital lobe) during periods 

of relaxation or cortical idling (eyes closed but awake). In the continuous EEG, the 

alpha band is characterised by high amplitude and regular oscillations, in particular 

over parietal and occipital areas. Although high alpha activity is assumed to reflect a 

state of relaxation or idling, when an operator assigns more effort to a task, different 

regions of the cortex may be recruited in the transient function network leading to 

passive oscillation of the local alpha generators, in synchrony with a reduction in 

alpha activity [11]. Recent results have suggested that alpha is also involved in the 

inhibition of task irrelevant areas to enhance signal-to-noise ratio, and in the auditory 

attention processes [14], [8]. Besides, research on alpha ERS/ERD (event-related 

synchronization/desynchronization) have revealed that different patterns of alpha 

(de-)synchronization can be observed when the broad alpha frequency range 

(approximately in the range between 8 and 12 Hz) is divided into several alpha sub-

bands [15]. Specifically, lower alpha ERD (∼8–10 Hz) has been found as being more 

likely to reflect general task demands such as attentional processes (basic alertness, 
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vigilance or arousal). ERD in the upper alpha band (∼10–12 Hz) has been observed 

as being more sensitive to specific task requirements for example, semantic memory 

processes [16]-[18].    

d) Beta (12-30 Hz), is predominant in wakefulness state, especially in frontal and central 

areas of the brain. High power in beta band is associated with the increased arousal 

and activity. Dooley [19] pointed out that beta wave represents cognitive 

consciousness and active, busy, or anxious thinking. Furthermore, it has been 

revealed to reflect visual concentration and the orienting of attention [20]. This 

frequency band can be further divided into: low beta wave (12.5-15 Hz), middle beta 

wave (15-18 Hz), high beta wave (>18 Hz). Low waves seem to be associated with 

inhibition of phasic movements during sleep and high waves with dopaminergic 

system [8]. 

e) Gamma (30-100+ Hz), is the fastest activity in EEG and is thought to be not frequent 

during waking states of consciousness [19]. Recent studies have revealed that it is 

linked with many cognitive functions such as attention, learning, and memory [21].  
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Figure 3 – EEG frequency bands 

 

The EEG is one of the most used and accepted neurophysiological technique for the 

assessment of the cognitive state during the performance of a task and two basic 

approaches are commonly used for the EEG analysis:  

1. The analysis of Evoked Potentials (EPs), consisting in a response induced by the 

presentation of an external stimulus that can be isolated and analysed from the 

electroencephalographic spontaneous activity; 

2. The Power Spectral Density (PSD) or power spectral analysis of the EEG rhythms 

or is one of the standard methods used for quantification of the EEG that shows the 

strength of the variations (energy) as a function of frequency. In other words, it shows 

at which frequencies variations are strong and at which frequencies variations are 
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weak. PSD is a very useful tool to understand frequencies and amplitudes of 

oscillatory signals in a time series data. 

The two methods have been applied in various experimental researches into human 

cognitive activities anyway, in this thesis, the focus is set on the PSD analysis of the EEG 

rhythms. 
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3.2 THE NINA PROJECT: NEUROMETRICS INDICATORS FOR 

AIR TRAFFIC MANAGEMENT 

This section starts with a brief description of the Air Traffic Management (ATM) domain, then 

it paves the way to the experimental phase, presented further on in this thesis, with a picture 

of the NINA project objectives, phases and activities which helps to have a better 

comprehension on the attempt to achieve a possible integration between the SRK 

framework and neurophysiological variables.  

Further information on the project, can be found at the following link http://www.nina-

wpe.eu/.  

Air Traffic Management (ATM) and Air Traffic Control (ATC) 

The Air Traffic Management (ATM) is an activity composed of complex processes and 

control systems. It includes all the procedures, technology and human resources which 

make sure that: 

• The aircrafts are guided safely through the sky and on the ground; 

• The airspace is managed to accommodate the changing needs of air traffic over time. 

Any aircraft using Air Traffic Control, from a business aeroplane to an airliner, files a flight 

plan and sends it to a central repository. All flight plans for flight into, out of and around a 

controlled sector are analysed and computed. 

For safety reasons, Air Traffic Controllers cannot handle too many flights at once, so the 

number of flights they control at any one time is limited. Sophisticated computers used by 

Air Traffic Flow Management calculate exactly where an aircraft will be at any given moment 

http://www.nina-wpe.eu/
http://www.nina-wpe.eu/
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and check that the controllers in that airspace can safely cope with the flight. If they cannot, 

the aircraft must wait on the ground until it is safe to take off. 

On the other hand, the Air Traffic Control (ATC) is a service provided by air traffic 

controllers who manage the process by which aircraft are safely separated through the 

controlled airspace and on the ground where they land and take off again. 

The primary purpose of ATC worldwide is to prevent collisions, organize and expedite the 

flow of air traffic, and provide information and other support for pilots. To prevent collisions, 

ATC enforces traffic separation rules, which ensure each aircraft maintains a minimum 

amount of empty space around it. Many aircraft also have collision avoidance systems, 

which provide additional safety by warning pilots when other aircraft get too close. 

Europe has many large Air Traffic Control Centres which guide aircraft to and from terminal 

areas around airports [22], [23]. 

The Air Traffic Controllers (ATCOs) are operators trained to coordinate and maintain safe, 

orderly, and rapid the traffic flow in specific controlled sectors of the ground and sky. The 

position of ATCO requires highly specialized knowledge, skills, and abilities. Typically, they 

do the following tasks: 

• Coordinate the arrival and departure of airplanes and issue landing and take-off 

instructions to pilots 

• Monitor and direct the movement of aircraft on the ground and in the air, using radar 

equipment, computers, or visual references 

• Authorize flight path changes 

• Control all ground traffic at airports, including baggage vehicles and airport workers 



Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
20 

 

• Manage communications by transferring control of departing flights to traffic control 

centres and accepting control of arriving flights 

• Provide information to pilots, such as weather updates, runway closures, and other 

critical information 

• Alert airport response staff, in the event of an aircraft emergency 

 

ATCOs’ primary concern is safety, but they also must direct aircraft efficiently to minimize 

delays. They usually manage multiple aircraft at the same time and must make quick 

decisions to ensure the safety of the aircraft. For example, a controller might direct one 

aircraft on its landing approach, while providing another aircraft with weather information. 

There are different types of air traffic controllers: 

1. Tower controllers, direct the movement of vehicles on runways and taxiways. They 

check flight plans, give pilots clearance for take-off or landing, and direct the 

movement of aircraft and other traffic on the runways and other parts of the airport. 

Most work from control towers, as they generally must be able to see the traffic they 

control. 

2. Approach and departure controllers, ensure that aircraft traveling within an airport’s 

airspace maintain minimum separation for safety. They give clearances to enter 

controlled airspace and hand off control of aircraft to en route controllers. They use 

radar equipment to monitor flight paths and work in buildings known as Terminal 

Radar Approach Control Centres (TRACONs). They also provide information to 

pilots, such as weather conditions and other critical notices. 
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3. En route controllers, monitor aircraft once they leave an airport’s airspace. They work 

at air route traffic control centres located throughout the country. 

Each centre is assigned an airspace based on the geography and altitude of the area in 

which it is located. As an airplane approaches and flies through a centre’s airspace, en route 

controllers guide the airplane along its route. They may adjust the flight path of aircraft for 

safety and collision avoidance. As an airplane goes along its route, en route controllers hand 

the plane off to the next centre, approach control, or tower along the path, as needed. En 

route controllers pay special attention to aircraft as they descend and get closer to the busier 

airspace around an airport. En route controllers turn the aircraft over to the airport’s 

approach controllers when the aircraft is about 50 miles from the airport. 

Some air traffic controllers work at the Air Traffic Control Systems Command Centre. These 

controllers monitor traffic patterns within the entire national airspace that could create 

bottlenecks in the system. When they find a bottleneck, they provide instructions to other 

controllers that help to prevent traffic jams. Their objective is to keep traffic levels 

manageable for the airport and for en route controllers. 

The NINA Project  

NINA (Neurometrics indicators for Air Traffic Management) is a project co-funded in the 

SESAR WPE framework that brings together three highly qualified partners with 

complementary competencies coming from academia, research institution and small- and 

medium-sized enterprises (SME): Sapienza University of Rome, École Nationale de 

l’Aviation Civile (ENAC) and Deep Blue srl (Human Factor and Safety Consultant Company). 

The NINA project intends to take advantage of these results and innovations to monitor the 

cognitive state of ATM operators and identify appropriate actions to support their activity, 
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using a combination of neurometrics and other neurophysiological measures. The 

measurements, recorded through the Electroencephalography (EEG), Electrooculography 

(EOG), and Electrocardiography (EKG), are collected through a non-invasive equipment 

with sensors that in an industrial version of the device could be substituted with a cap 

connected through a wi-fi link. 

By collecting the data showing the “internal” attentive and cognitive state of the operator (i.e. 

information regarding the vigilance state, the level of cognitive workload and the type of 

cognitive activity he is engaged in), NINA shapes the activity of the operators. The adoption 

of Ecological Interfaces Design, to create interfaces that adapt to the mental state of the 

operator, can lessen mental workload, particularly when dealing with unforeseen and 

unfamiliar events under increased psychological pressure. 

Therefore, the objectives of the project are: 

1. To monitor the level of cognitive workload of ATM operators in a realistic ATC context, 

through a combination of neurometrics and neurophysiological measures, 

characterising the relation between the measured variables and the work 

performances. 

2. To verify the existence of identifiable neurophysiological conditions associated to the 

levels of cognitive control of behaviour (Skill, Rule, and Knowledge) defined by well-

established cognitive models, using a combination of neurophysiological measures. 

3. To identify, prototype and evaluate the main elements of a simple adaptive interface 

in which adaptation is triggered by the described measures, and based on the key 

principles of an ecological interface (at the Skills, Rules and Knowledge levels of the 

cognitive control). 
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4. To validate the above results in realistic conditions through real ATM simulation 

facilities. 

NINA Project: phases and activities 

It is possible to divide the NINA project into two main parts: the first one where it was 

demonstrated the feasibility of measuring and monitoring the ATCO’s mental state by using 

a combination of neurophysiological signals throughout the Baseline measurement, the 

Calibration and the First Validation phases, and the second one characterised by the 

activities of the Second Validation.  

Figure 4 shows the synthesis of the activities conducted in both the first and the second part.  

 

Figure 4 – NINA Project phases and activities 
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The Baseline measurement, the Calibration of the classification algorithm and the First 

Validation activity, were characterised by different levels of reliability (from the laboratory 

setting to real ATM simulation facilities, with realistic ATM tasks).  

The main aim of this activity was to develop, tune, and validate the classification algorithm, 

namely an objective psychophysiological measurement able to provide a real-time 

evaluation of the level of ATCOs’ mental state with high accuracy, specifically, the level of 

mental workload, the level of training, and the levels of cognitive control of behaviour (SRK).  

After the First Validation activity, several actions were performed for the identification of 

different adaptive solutions implemented and tested during the Second Validation session. 

The goal of these preliminary actions (workshop and focus group with Operational, Human 

Factors and Neurophysiological Experts) was to define, identify and collect materials to set 

up the next stage of the project. The results obtained during the preliminary actions, led to 

the identification of realistic ATM scenarios and adaptive solutions for the Second Validation. 

Validation activities 

As mentioned before, the main results achieved during the First Validation activity was 

further analysed and extended through the Second Validation activity. This section 

describes the results of the approach used. 

The First Validation intended to validate the ability of the neurophysiological measures in 

monitoring the level of operators' workload and training in real ATM settings, and to assess 

how these neurometrics could provide information about a specific Human Factors concept 

like the level of cognitive control (SRK) from professional ATCOs engaged in an ecological 

ATM task. The results from the First Validation activity demonstrated the reliability of the 

classification algorithm (EEG algorithm) to evaluate the operators’ mental workload and level 
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of training using neurophysiological measures, and to differentiate with a high accuracy the 

actual operators’ cognitive control (SRK levels). 

The Second Validation intended to confirm the previous results connected to the evaluation 

of levels of cognitive control of behaviour (SRK) using EEG signals and use the real-time 

information coming from the classification algorithm to trigger simple adaptive automation 

solutions on the base of the ATCO’s current mental workload.  

Figure 5 provides a summary of this concept and shows how the results gained through the 

First Validation led up to the Second Validation activity. 

 

 

Figure 5 – Link between First and Second Validation 

 

Indeed, the results gained during First Validation activity demonstrated the reliability of the 

classification algorithm to track the level of cognitive workload as well as the level of training 

and proficiency achieved by controllers in real ATM tasks. The results related to the 

feasibility to assess the level of cognitive performance (SRK), demonstrated also that the 
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classification algorithm could significantly differentiate the current controllers’ levels of 

performance (SRK), even if this concept was further investigated during the Second 

Validation with a wider sample of subjects.  

Similarly, the results gained through the Second Validation allowed to confirm the previous 

results on the SRK framework, and thus to validate the ability of the classification algorithm 

to discriminate the S, R and K conditions with a high level of accuracy.  

The results demonstrated also the feasibility to trigger new adaptive solutions starting from 

the real-time information coming from the classification algorithm about the current workload 

of the controllers. Furthermore, was possible to evaluate the impact of these adaptive 

solutions on controllers’ workload in realistic ATM environments. 
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3.3 THE STATE OF COGNITIVE CONTROL OF BEHAVIOUR: 

THE SKILL, RULE AND KNOWLEDGE FRAMEWORK 

The Skills, Rules, Knowledge (SRK) framework or SRK taxonomy is one of the several 

models used for representing the cognitive human behaviour especially when the operator 

has to cope with complex man-made systems in routine task environments and during 

unfamiliar conditions. Specifically, the framework was developed by Rasmussen [1] and 

refers to "the degree of conscious control exercised by the individual over his or her 

activities, depending on the degree of familiarity with the task and the environment"; it was 

developed to help designers combine information requirements for a system and aspects of 

human cognition. 

Before describing the model, it is worth noting that humans are not simply input-output 

devices but goal-oriented individuals who actively select their goals and relevant information; 

furthermore, the efficiency of humans in coping with complexity is widely due to the 

availability of a large repertoire of different mental representations of the environment from 

which rules to control behavior can be generated ad hoc. The interaction with an 

environment depends upon the existence of a set of invariate constraints in the relationships 

among events in the environment, human actions and their effects. The implications are that 

intentional behavior must be based on an internal representation of these constraints 

characterizing the different categories of human behavior. According to different ways of 

representing the constraints in the behavior, three levels of performance can be identified: 

skill-, rule-, and knowledge-based behaviour. 
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The Skill-based Behaviour represents sensory-motor performance during acts or activities 

which, following a formed intention, take place without conscious control or cognitive effort 

as smooth, automated, and highly integrated patterns of behavior. In fact, once the skills or 

patterns are acquired, the automaticity allows operators to free up cognitive resources, 

which can then be used for higher cognitive functions like problem solving [24]. 

Only occasionally the skilled performance is based on simple feedback control, where motor 

output is a response to an error signal representing the difference between the actual state 

and the intended state in the environment. In most skilled sensory-motor tasks, the body 

acts as a multivariable continuous control system, synchronizing movements as a function 

of the environment. At this level, the performance is based on feedforward control and 

depends upon a very flexible and efficient dynamic internal world model.  

Typically, skill-based performance rolls along without conscious attention or control: the 

entire performance is smooth and integrated, and the senses are only directed towards the 

aspects of the environment needed subconsciously to update and orient the internal map.  

In some cases, where the performance is a continuous integrated dynamic whole such as 

bicycle riding or musical performance, the higher-level control may take the form of 

conscious intentions to adjust the skill in general terms, for example "Be careful now, the 

road is slippery” or "Watch out, now comes a difficult passage”. In other cases, the 

performance is a sequence of rather isolated skilled routines which are sequences of a 

conscious executive program.  

In general, human activities can be considered as a sequence of such skilled acts or 

activities composed for the actual occasion. The flexibility of skilled performance is due to 
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the ability to compose, from a large repertoire of automated subroutines, the sets suited for 

specific purposes [25].  

The Rule-based Behaviour is the procedural behaviour, composed of a sequence of 

subroutines in a familiar work situation, typically controlled by a stored rule or procedure, 

which may be acquired empirically during previous experiences, communicated as 

instructions from supervisors and former operators' know-how, or prepared on occasion by 

conscious problem solving and planning. At this level, the performance is goal-oriented but 

structured by feedforward control through stored rules. Very often, the goal is not even 

explicitly formulated, but it is implicitly found from previous successful experiences. In fact, 

the rule-based level, requires some degrees of attention to assess and recognize a familiar 

situation that leads to the application of specific procedures. The recognition of a familiar 

event may activate a set of rules included into the library of rules “if X, then Y” that were 

successful in previous situations.  

Feedback correction during performance requires functional understanding and analysis of 

the current response of the environment, which may be considered as an independent 

concurrent activity at the higher level (knowledge-based).  

The boundary between skill-based and rule-based performance is not quite distinct, and 

much depends on the level of training and on the attention of the person. In general, the 

skill-based performance rolls along without the operator's conscious attention, and he/she 

will be unable to describe how he/she controls and on what information bases the 

performance. The higher-level rule-based coordination is generally based on explicit know-

how, and the rules used can be reported by the person.  
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The Knowledge-based Behaviour is characterised by unfamiliar or unexpected situations 

when the operator has to face with an environment for which no know-how or proven rules 

are available or inadequate from previous experiences; in this case, the control of 

performance must move to a higher conceptual level, in which performance is goal-

controlled and knowledge-based. Typically, this level of performance is considered as a 

complex process of collection, integration and analysis of different information from the 

environment that, once interpreted, result in the comprehension of the current situation, and 

in the planning and execution of a new appropriate plan of actions; the attempts to reach 

the goal are not performed in reality, but internally as a problem-solving exercise, i.e. the 

successful sequence is selected from experiments with an internal representation or model 

of the properties and behavior of the environment. Then, a new rule and useful plan is 

developed among the different plans or combination of actions and rules considered, and 

their effect tested against the goal either physically, by trial and error, or conceptually, by 

means of “thought experiments”. An example could be when the pedals of your bike stop 

working properly. You do not know what is happening; your bike has never had any problem. 

While you continue to ride, you try to look at the pedals and the gears trying to imagine what 

is the problem, but you are not able to identify any apparent one. Finally, you stop the bike 

in order to try to understand the issue and find a solution. From a skill-based and rule-based 

behaviour you have to shift to a knowledge-based behaviour. 

At this level of functional reasoning, the internal structure of the system (of the world) is 

explicitly represented by a “mental model" which may take several different forms. The 

control on the performance is thus principally based on feedback, on information that 

emerges from the world. Unlike skill-based behaviour and rule-based behaviour, where the 



Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
31 

 

check comes from feedforward, the knowledge-based behaviour is on active information 

seeking and on the accurate check of the intermediate action results.   

Moreover, something must be remarked about the information deriving from the environment 

which is basically different in the various categories. This is the case of unfamiliar situations, 

when same information could be perceived in many ways depending on the operator’s 

expertise level. As described by Reason [26], each level of behaviour is related to specific 

types of performance and error: e.g. as the skill level is characterised by a low level of 

control, the response is rapid, effortless, flexible and resistant to changes but it is also related 

to slips and lapses errors. While performing at the rule-based level, it is possible to quickly 

and effectively face familiar and anticipate unfamiliar events, but rule-based mistakes can 

happen, such as the misapplication of right rules or the application of wrong rules. Finally, 

the knowledge-based behaviour leads to the resolution of new problems, new rules and, in 

general, to innovation and creativity even though this behaviour is slow, cognitively 

demanding and very prone to error. 

The three levels of cognitive control of behaviour are concerned as a dynamic system that 

generally works in parallel and are integrated, where the control of behavior continuously 

shifts from a level to another one. Such a structure allows to react quickly to environmental 

changes, to deal with ambiguous situations, to solve familiar or unfamiliar problems and to 

set new problems in an efficient and flexible way. 

When expertise evolves, cognitive control shifts, for example when a subject is learning to 

drive, his/her attention and cognitive resources are located to the set of actions of “driving a 

car”. These rule-based behavior, with practice, requires less and less attention and control 

until it becomes automated, shifting to the skill-based level. Another example is in learning 
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to use the T9 keyboard system on the mobile phone. The first time is knowledge-based to 

diagnose the way for using T9 and produce a rule. When the procedure to select letters and 

words is known, the control shifts to the rule-based behavior for applying the rules learned. 

Finally, after practice, the procedure may turn automated, therefore skill-based. 
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3.4 TOWARDS A POSSIBLE CORRELATION BETWEEN THE 

SRK FRAMEWORK AND NEUROPHYSIOLOGICAL 

FEATURES  

This section reviews interesting issues about the neuroanatomical and functional models 

which may be related to the level of attentional control, for a possible integration between 

the SRK framework and neurophysiological variables.  

Models of attentional control 

One of the first models of attentional control was proposed by Posner and Petersen [27]. It 

consists of two separate systems, but closely interrelated: an anterior attentional system, 

linked to environmental monitoring and detection of target stimuli, and a posterior attentional 

system, linked to the orientation of attention. More recent versions of this model describe 

three systems [28]-[30]: 

1. Alert/vigilance System, connected to frontal and parietal regions, in particular of 

right hemisphere and its function consists in maintaining a state of activation; 

2. Orienting System (posterior attentional system, PAS), consisting of posterior 

parietal and frontal cortex, temporoparietal junction (TPJ), thalamic nuclei such as 

pulvinar and reticular nuclei, and superior colliculus. Its functions include anchoring, 

disanchoring and shift of attention, selection of specific information from multiple 

sensory stimuli; 

3. Executive System (anterior attentional system, AAS), consisting of prefrontal medial 

cortex, anterior cingulate cortex and supplementary motor area included. Its function 
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includes voluntary control of behavior, conscious elaboration of experience, handling 

novel situations, monitoring, and resolution of conflicts. These conflicts may include 

planning or decision-making, error detection execution of new responses, inhibitory 

control, self-regulation, involvement in stressful conditions. It is proposed that the 

anterior cingulate cortex (ACC) has a crucial role in monitoring the environment, 

detection of target stimuli appearance and resolution of conflicts between stimuli. 

Furthermore, Corbetta and Shulman [31], by incorporating several recent studies, have 

proposed that the cortical control of attention is divided into two functionally divided but 

interacting systems (Figure 6 a-b): 

a) Dorsal Frontoparietal Network (top-down, endogenous attention), is guided by 

cognition; it is involved in control of goal-driven attention, preparation and application 

of relevant stimuli selection. In dorsal frontal regions, this system includes frontal eye 

fields (FEF) and medial and lateral frontal cortex while, in dorsal parietal regions, 

includes the intraparietal sulcus (IPS) and superior parietal lobule (SPL). 

b) Ventral Frontoparietal Network (bottom-up, exogenous attention), is guided by 

perception and is a stimulus-driven attentional system; it is involved in 

disengagement and re-orienting of attention towards salient or unexpected stimuli. 

The attentional shifts are automated. The areas involved are temporoparietal junction 

(TPJ), inferior parietal lobule (IPL), superior temporal gyrus (STG) and ventral frontal 

cortex (VFC), in particular, inferior and middle frontal gyrus (IFG, MFG). 
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Figure 6 a-b – Neuroanatomical model of attentional control: 

a. The dorsal frontoparietal network that controls endogenous shifts of attention (blue) and the ventral frontoparietal 
network, lateralized to the right, responsible for re-orienting and capture of exogenous attention (orange). 

b. A combined model of endogenous-exogenous control of attention in which the dorsal network FEF-IPS is involved in 
top-down control of visual areas (blue) and the ventral network TPJ-VFC is involved in stimulus driven control (orange). 
The IPS and FEF are modulated by stimulus-driven control as well. The connection between TPJ and IPS interrupts 
ongoing top-down control when unexpected stimuli are detected. Behavioural valence is mediated by direct or indirect 
connections (not shown) between IPS and TPJ. VFC might be involved in novelty detection. The image above is modified 
from (Corbetta and Shulman, 2002). 
 

The three levels of cognitive control can be connected to the attentional models mentioned 

above and used for the investigation of neurophysiological correlates of the SRK taxonomy. 

Indeed, among the cognitive neuropsychologists, it has been hypothesized a mechanism 

with the function of programming and control cognitive processes in relation to priorities, 
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goals and external conditions. This mechanism called Central Executive provides a higher-

level processing in a hierarchical organization. Since the central executive has a limited 

capacity, many routine operations should be delegated to mechanisms that operate 

automatically, regardless of the voluntary attention costly in terms of effort. 

An automatic process [32] consists in the activation, on the base of appropriate inputs, of a 

learned sequence of elements, which proceeds without intentional attention, i.e. without the 

active control by the subject. On the contrary, a controlled process has limited capacity and 

requires continuous effort and monitoring by the subject. It works in serial mode, drawing on 

the stock of short-term memory. The automation (or proceduralisation) is facilitated by 

practice, which makes the process faster, parallel, with less demand for mental load. An 

example is driving a car, in which processes before “controlled”, subsequently become 

largely automated, because various operations are performed without the use of conscious 

attention. Anyway, special cases, such as using a new car or writing in a foreign language, 

require the return to a controlled process, even if those tasks would be automated in usual 

conditions. However, it should be remembered that attention does not always coincide with 

controlled process: the automatic process also focuses attention on certain stimuli, selecting 

among other not-relevant stimuli for the task, and keeps on focusing them for the necessary 

time.  

Neuman [33] pointed out that the automatic process is not completely uncontrolled, but 

rather control is below the threshold of consciousness. Norman and Shallice [34] 

distinguished between processes totally automatic and others partially automated, based on 

selection (in the absence of conscious or voluntary control) between the established 

schemes, competing (defined contention scheduling); the selection is based on immediate 
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priorities dictated by learning or by context. Thus, it seems appropriate to distinguish 

between non-intentional attentional processes, involving minimal effort and self-perception 

of the subject, and intentional attention, conscious and limited capacity. The relationship 

between awareness and attention is therefore extremely complex. Several empirical studies 

[35]-[37] demonstrate how information can be processed in relation to their meaning even if 

no consciously attention is active. Information meaning can also be analyzed in absence of 

intentional control and therefore of consciousness. 

Starting from the point of view that attentional mechanisms control the access to awareness 

[38], [39], different models tend to identify the function of attentional control with conscience 

(as central operative system of activation and self-monitoring). According to Allport [40] and 

Schmidt [41], [42], the intentionality, attention, control and awareness are the constitutive 

dimensions of consciousness. Other authors distinguish between consciousness of external 

reality and self-awareness or awareness of their own cognitive processes (meta-cognition), 

their emotions and their choices (Figure 7). 

 

Figure 7 – A model of awareness levels 
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In conclusion, it is important to highlight that the level of attention plays a crucial role for the 

neurophysiological discrimination of the SRK levels in ATM domain. In fact, the skill-based 

behaviour has a nature purely motor, without conscious control which is activated only if the 

outcomes of an action do not match the goal. Differently, the rule-based behaviour is 

decisional but proceduralised, in the sense that requires a little more conscious attention on 

the preparation of the known sequence beforehand; while, the knowledge-based behaviour 

is characterised by executive/voluntary attentional control. 

As this work is based on the detection of electroencephalographic signals, it has to be taken 

into account that higher activations of the EEG features, correlated to the attentional level, 

will represent higher attention demand, namely for rule- and knowledge-based behaviours. 
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4. PART II 
 

4.1 EXPERIMENTAL PART 

 

I. Introduction 

As previously mentioned, according to the Rasmussen’s framework, the human behaviour 

can be controlled at different levels of conscious control depending on the degree of 

familiarity with the task and the environment [1].  

The skill-, rule- and knowledge-based behaviours can be considered as a dynamic system. 

Generally, the three levels work in parallel and the control over the behaviour continuously 

shifts from a level to another. Such a structure of the cognitive system makes the operator 

able to quickly react to the environmental changes, to deal with ambiguous situations, to 

solve familiar or unfamiliar problems and to set new problems with new plans in an efficient 

and flexible way.  

Specifically, the skill-based behaviour is characterized by the lowest level of conscious 

monitoring or attentional control, since is mostly composed of highly routinized and 

automated actions. In ATM environment, most of the controller’s observable tasks are skill-

based, for example cursor positioning, command entry, use of phraseology, etc.  

On the other hand, the rule-based behaviour requires some degrees of conscious 

involvement or attentional control than the skill level. In fact, the situation assessment leads 

the controller to the recognition and application of specific procedures to particular familiar 

situations. Examples of events implemented at the rule level are typical control task, such 

as rerouting, conflicts detection and management, coordination, etc.  
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The controller shifts to the knowledge-based level of behaviour when needs to face with 

unfamiliar situations, where no solutions are already available. At this level, the attentional 

control is almost completely conscious when the controller carries out his/her tasks; new 

plans must be generated because existing procedures are inadequate to handle unfamiliar 

and rare events. This would also occur in a situation where a student controller is performing 

the task (e.g. a trainee at the beginning of training) or where an expert is facing with a 

completely novel situation. In both cases, the mental effort exerted would be considerable 

for the situation assessment and the execution of the action. Furthermore, the controller 

would need to review the results of the current action before proceeding with other actions. 

The whole process could make the responses slower than normal [43].  

So, this framework of human performance is a useful means to figure out how humans can 

deal with complex situations and is a powerful framework to orient design and evaluation of 

new interface system as well. 

The main objective of this research is to understand if it is possible to define reliable and 

valid neurophysiological measurements (or indicators) for the identification of the three 

levels of cognitive control of behaviour, proposed by the SRK model, by means of the 

analysis of Experts and Students Air Traffic Controllers’ brain activity while carrying out 

realistic ATM scenarios. Specifically, the aim is to characterize the three behaviours in terms 

of “pure” cognitive engagement by considering only brain features linked to cognitive 

processes, such as attention, information processing, decision-making, and working 

memory. The motor brain features (e.g. sensory premotor cortex) are not considered for not 

differentiating the S-R-K behaviours on the base of different amount of movements (hands 

or feet). 
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The next paragraphs will describe the whole steps performed, starting from the multi-

dimensional approach, the methodology and materials used, the experimental phase which 

was carried out for the validation of the hypothesis generated, until the discussion of the 

results obtained. 
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II. Methods and materials 

From cognitive functions to the SRK levels of cognitive control 

To our understanding, there is no literature available about a direct correlation between the 

SRK framework and neurophysiological features. So, in order to reduce this gap, a 

multidisciplinary approach was used to achieve an exhaustive overview on this relevant 

Human Factors concept in ATM domain.  

As shown in Figure 8, a literature review was performed for the identification of which 

cognitive functions and brain areas are likely to be involved in the three levels of cognitive 

control of behaviour. After, we selected the EEG frequency bands – connected to the 

identified cognitive functions – by which objectively describe the three levels of behaviour 

(blue arrows). 

 

Figure 8 – Multidisciplinary approach used in the research 
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Simultaneously, an experimental ATM environment was set up for the assessment of the 

induced behaviours in the controllers (green arrows). Finally, the experiments were 

performed in order to validate the hypothesis formulated and verify if the selected brain 

features were able to discriminate the three levels of cognitive control of behaviour. 

Different cognitive processes and levels of automatism are implicated in the SRK behaviours 

and each of them requires different cognitive effort related to specific operational conditions. 

As mentioned before, the skill level of control is based on highly routinized and automated 

actions, while the rule level is based on the identification and subsequent application of the 

right procedures. In other words, the rule behaviour could be considered as long-term 

memory access + automated actions (skill behaviour). At a knowledge level of control, the 

operator has to comprehend the current situation, elaborate and execute a new appropriate 

plan of actions. Thus, the knowledge behaviour can be considered as information 

processing + decision making + procedures selection (rule behaviour) + automated actions 

(skill behaviour). Besides, to maintain the realism of an ATM task, it was not possible to 

create absolute “pure” S, R and K events because the three levels continuously overlap 

during the work of the controller, so they would always show some contributes derived from 

the others. To measure and quantify the three levels of control in realistic conditions, the 

SRK events created ad hoc were inserted into an ATM scenario with different complexity 

levels, where the task difficulty (or mental workload) varied over time to simulate realistic 

air-traffic situations.  

Brain features for the discrimination of the SRK levels: a literature review 

Generally, the cognitive activities are associated with different activations over specific brain 

structures [44]. Indeed, the literature indicates that an increase in the demand of executive 
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control (attention and working memory [45]-[47]) as well as when the mental workload 

demand [48]-[55] and task complexity [56]-[59] are high, an increase of the EEG activity can 

be observed, in particular in theta band over frontal cortex areas. Similar enhancement can 

also be observed with the involvement of decision-making (e.g. resolution of conflicts and 

error detection [60]) and problem-solving processes [61]. 

Moreover, several studies highlight the potential role of theta rhythms, engaged in the 

hippocampus/PFC (prefrontal cortex) interaction, during memory consolidation [62]-[66] and 

in induction of long-term plasticity [67]-[69].  

It is widely accepted that memory consolidation process (e.g. procedural memory formation) 

is composed of two subsequent phases [70]-[73]: 

1. The encoding of experience supported by hippocampus and occurs within the first 

minutes-to-hours after training, characterized by rapid improvement in performance. 

2. The memory consolidation which involves the reactivation of neural circuits and 

occurs after training. This second phase requires longer time. During consolidation, 

memories are reorganized and hippocampus-dependent initial memories may 

become hippocampal independent [70]-[74]. 

Processes of reactivation of memories lead to renewed consolidation each time 

reactivations occur, enhancing the first consolidated memory representation, and converting 

it into a long-lasting stable memory trace [71]. Delayed additional gains occur after the 

second phase, even without additional practice [72]. Neural oscillations, in general, have 

been assumed to play a central role in cognitive processes and specific states of phase 

synchronization are considered a mechanism of increased communication between regions 

[75]-[77]. In fact, several evidences suggest that theta oscillations play an important role in 
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formation of memory: for example, they are typical of hippocampal activity, upon memory 

encoding, generating oscillations which can propagate to other brain structures, in 

sustaining memory consolidation and are thought to play a critical role in the induction of 

long-term plasticity associated with memory consolidation [78], [79]. Theta rhythms are 

correlated with episodic and semantic memory [80]-[82] and are involved in learning and 

memory within the mPFC (medial prefrontal cortex) and hippocampal system [83]-[85]. 

Several studies indicate theta synchronization as a mechanism underlying communication 

between the hippocampus, the ventromedial prefrontal cortex and remote memory areas, 

during consolidation. The underlying mechanism is still not clear, but a tentative to explain it 

is shown in the System-level Memory Consolidation Theory [86]. The theory suggests the 

hippocampus is strongly activated at the first stages of memory related neocortical 

formations, but gradually they become independent from hippocampal activations, and 

consolidation correlates with increased activation in the ventromedial prefrontal cortex 

(vmPFC). This region seems to link the neocortical representational areas in remote memory 

[74], [86]. The theory implies the exchange of information in a network of brain areas where 

the centre is the hippocampus and the connected areas include the neocortex and other 

structures such as amygdala and striatum [74]-[87]. The interaction between hippocampus 

and striatum reflects the interaction between hippocampus and neocortex, and theta 

oscillations are likely to be associated with the regulation of information exchange between 

hippocampus and striatum [87]-[89] which is involved in learning beyond memory 

consolidation and is related to individual variations in learning performance [90]. 

Furthermore, the exchange of information extends to relatively distant sensory and 

associative areas of parietal cortex, which are also associated with theta oscillations [91]. In 
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addition, parietal theta synchronization was also found to be correlated with retrieval [69], 

[92]. Therefore, our hypothesis was based on the idea that an enhancement of parietal theta 

activation could be considered as a signal of memory consolidation since it sustains the 

exchange of information between the hippocampus and neocortex [93], [94].  

On the other side, the alpha frequency band range is generally associated with attention 

[95]-[97], in fact, imaging researches sustain this concept by reporting attentional 

modulations in the pulvinar nucleus [98]-[100] and in the lateral geniculate nucleus [101], 

[102]. Neuper and Pfurtscheller [103] show that the event-related desynchronization (ERD) 

of EEG activity in alpha band reflects an increment in the level of neurons’ excitability in the 

involved cortical areas, which could be related to an increase of information transfer in 

thalamocortical circuits. On the contrary, the event-related synchronization (ERS) of alpha 

activity (e.g. increases in alpha activity) seems to reflect a reduced state of active information 

processing in the underlying neuronal networks [104], representing the inhibitory aspect of 

alpha-band oscillations [105], [106]. 

As mentioned by Klimesch [107], a storage system called Knowledge System (KS) seems 

to have a specific link with the attentional processes and the alpha band activity. The author 

sustains that suppression and selection are two fundamental functions of attention, which 

enable selective access to the KS and operate with the inhibition timing function of alpha 

band activity [108], [109]. The KS includes not only the traditional Long-Term Memory (LTM), 

but any type of knowledge, including procedural and implicit perceptual knowledge. 

Processes such as perception, encoding, and recognition are guided by attention and 

closely related to the access of information in the KS [110], [111]. Two kinds of processes 

may provide access to this system: the continuous or the event-related. In the continuous 
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process, the alpha band range reflects continuous semantic orientation, which represents 

the ability to be consciously oriented in time, space, and in relation of the meaning of all 

entities surrounding the individual [112]. This ability is knowledge-based and requires a 

certain level of attention, which means that the semantic orientation provides individual the 

capability to access stored information in a selective way; such information represent the 

meaning of sensory information and higher order information, for instance language, 

mathematics, and geography [113]-[115]. The selective access to the KS is thought to 

depends on the inhibiting task-irrelevant memory entries. Therefore, periods of prolonged 

access should be associated with ERS, reflecting an increment (i.e. synchronization) of 

alpha band activity [116]-[118].  

As a result of the literature review exposed, some hypotheses were formulated for the 

discrimination of the three levels of behaviour by assessing the degree of information 

processing, working memory (frontal theta EEG rhythm) [56], [48]-[50], procedural memory 

(parietal theta EEG rhythm) [60], [62], and attention (frontal alpha EEG rhythm) [55], [96], 

[101], [107], during the execution of the S, R and K events. The brain activations supposed 

to characterize the SRK levels of behaviour are summarized in Table 1. 

LEVELS OF 
COGNITIVE CONTROL 

 
EEG RHYTHMS 

 

FRONTAL THETA PARIETAL THETA FRONTAL ALPHA 

SKILL Lowest Synch Lowest Synch Desynch 

RULE Synch Synch Synch 

KNOWLEDGE Highest Synch  Highest Synch Synch 

 

Table 1 – Hypothesized SRK characterization by means of the selected EEG rhythms. The SRK levels of cognitive control 

were described in terms of variation from a reference condition: synch –synchronization; desynch –desynchronization. 
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Experimental subjects and experimental set up 

A total of thirty-seven Air Traffic Controllers were involved in the experiment: 15 ATC Experts 

(40.41 ± 5.54 years old) and 22 ATC Students (23 ± 1.95 years old) of the final year of 

course from École Nationale de l’Aviation Civile (ENAC) in Toulouse, France. The ATCOs 

were selected in the attempt to have homogeneous experimental groups in terms of age, 

expertise, gender, background, competencies, and accordingly with subjects’ availability. To 

provide an appropriate level of realism with the activities carried out by ATCOs in their 

operational environment, the experimental setup was designed by HF and ATCO Experts. 

The ATCOs were asked to perform an ATM scenario using a research simulator, an ATM 

platform developed by ENAC (Figure 9 a-b).  

    

Figure 9 a-b – Experimental setup:  

a) ATM platform developed and hosted at ENAC in Toulouse, France. The ATCO in front of the radar screen, wearing EEG 
sensors to record his/her brain activity during the execution of an ATM scenario;  

b) a graphical representation of the experimental setup. 

 

Each recording activity involved two ATCOs (Controller 1-2) executing the scenarios, two 

External Advisory ATC Experts (SME 1-2) monitoring and triggering SRK events and taking 
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note of anything considered relevant, two Human Factors Experts (HF 1-2), 

briefing/debriefing sessions, monitoring the execution of simulation activities and collecting 

qualitative data on the controllers’ performance, and three Neurophysiological 

Measurements Experts (SAP 1-2-3), positioning the technical equipment, monitoring and 

collecting the EEG signals. Two Pseudo-Pilots (PP 1-2) were also involved to simulate real 

pilots, flying the aircrafts under ATCOs control, and communicating with them via radio 

sector frequencies. Despite there were only two pseudo-pilots, the cabin noise and pilots’ 

voice were modified with special tools so that the ATCOs heard different voices and cabin 

atmospheres for each aircraft. The ATM scenario was designed from real traffic samples 

used in the training program at ENAC. The traffic complexity was modulated by the Number 

of aircraft in the controlled sector, the Traffic geometry, and the Number of conflicts with the 

aim to define different air-traffic complexity levels, Easy (E), Medium (M) and Hard (H), and 

simulate realistic transitions among such conditions. The duration of the scenario was 45 

minutes, while the E, M and H levels lasted 15 minutes each. 

SRK events definition 

A total of six SRK events were designed to produce the three conditions of cognitive control 

behaviour, Skill, Rule, and Knowledge. A Subject Matter Expert (SME) from Ente Nazionale 

di Assistenza al Volo (ENAV) in Rome, was involved in creating realistic and not disruptive 

SRK events for the simulation. Two triplets of SRK events (S1, R1, K1, and S2, R2, K2) 

were randomly included in the ATM scenario (Figure 10). 
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Figure 10 – Distribution of the SRK events along the scenario. The triplets of SRK events were inserted in a randomized 
sequence to avoid any habituation and expectation effects. No SRK events were inserted in the Hard condition for not 
generating unrealistic ATC conditions. 

 

Specifically, three events were inserted in the E condition and three events in the M condition 

with the aim to check if the selected brain features were able to characterize the three levels 

of cognitive control of behaviour in realistic ATM settings. Anyway, the events were not 

inserted into the H condition of the scenarios, since the introduction of additional events 

could lead the complexity to an unacceptable level, generating too much disruption on the 

controllers’ activity and possibly invalidating the realism of the task.  

The SRK events were two types for each level of behaviour and were designed as in the 

following description: 

1. The Skill (S) events were basically interactions with the interface during the 

execution of the task. Controllers were asked, by showing them a sheet with the 

instructions, to visualize the distance between two aircrafts (Distance event) or to 

display the Flight Plan Level (FPL) trajectory of each aircraft present in the controlled 

sector (Display Flight Plan event).  
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2. The Rule (R) events were mainly control-tasks and conflicts-resolutions, during 

which controllers were also performing skill-events (interaction with the interface). In 

the two Conflict events, controllers had to detect and solve a conflict by using the 

menu of the interface, assign new altitudes and headings, and eventually to call the 

pilots asking information about their FPLs. The hypothesis was that conflict detection 

task represented a familiar situation for controllers. Therefore, they should recognize 

the correct procedures and solutions and then apply them to solve the conflict. 

3. The Knowledge (K) events were represented by unfamiliar and unusual situations 

which generated a certain state of uncertainty, leading the controllers to require time 

to analyse the situation and find out the proper procedure to cope with the unexpected 

event. In other words, the controllers initially had to evaluate the situation, identify the 

unusual situations, and then come back to the rule-based level for adopting the right 

procedures. In the first knowledge-based event (Deviation event), an aircraft deviated 

from the route filled in the initial FPL. An alarm was displayed on the radar interface 

with the aim to make the controller focusing on the aircraft (a/c), checking its 

manoeuvres, and detecting that something was happening. Once contacted, the pilot 

claimed to be on the right FPL. Controllers needed to understand if there was a 

problem with the system or a pilot’s error. In the second knowledge-based event 

(Unidentified Flying Object – UFO), the Pseudo-Pilot reported an unknown-traffic 

detected by the Traffic Collision Avoidance System (TCAS) and a TCAS resolution 

advisory to avoid a mid-air collision. This unknown aircraft has not been displayed on 

the controller’s radar image, who was supposed to understand the situation and to 

ask additional information to the pilot of the considered aircraft. After the avoidance 
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manoeuvre (e.g. descent), the pseudo-pilot had to ask for his previous flight-level, 

which never changed on controller’s HMI because the pseudo-pilots were instructed 

to act during this event. The ATCO could not observe neither the aircraft responsible 

of the TCAS advisory nor the implementation of the avoidance manoeuvre.  

Table 2 summarizes the description of the SRK events, in the proposed order of the 

scenario, showing how the type of events was not exactly the same in terms of requested 

actions, in order to make the results more robust to possible confound on brain activations 

while accomplishing the SRK events. Finally, along the execution of the SRK events, SMEs 

(sat behind the ATCOs) checked if the controllers performed correctly the proposed events 

and they confirmed that all the involved controllers, both Experts and Students, executed 

correctly the SRK events. 
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TYPE OF 
EVENT 

DESCRIPTION IMPLEMENTATION EXPECTED CONTROLLER ACTIONS 

R1  
(Conflict) 

Controllers have to detect and 
solve a conflict, using the pie 
menu to assign new altitudes 
and headings. 

Flight DLH27R calls: 
“DLH27R, I would like to 
climb to FL370 to avoid a 
heavy turbulence”. 

Controller would observe his radar screen and 
then he would open the pie menu. Clicking on 
Confirm Flight Level (CFL), he would assign the 
new required altitude. Then, to avoid a conflict 
between flight DLH27R and flight AFR629, he 
would use the pie menu to change the flight 
AFR629 altitude to FL360, and eventually, he 
would call the pilots to ask information about their 
FPLs. 

K1  
(Deviation) 

Controllers are asked to face 
with unexpected situation, in 
which an aircraft changes its 
route respect to the declared 
FPL. Controllers have to detect 
the manoeuvres and check the 
aircraft (a/c) FPL on the 
RADAR interface to evaluate if 
something is going wrong. 

Flight FGJNH would turn to 
HARRY instead of flying the 
original flight route. 

After the detection of the aircraft unexpected 
manoeuvre, Controller would call flight FGJNH 
asking for explanations. Then he would check the 
original FPL to evaluate if this latter is correct or if 
something is going wrong. After flight FGJNH call, 
once clarified the situation, he would give the pilots 
instructions to move back to the original FPL. 

S1  
(Distance) 

Controllers were asked to 
measure the distance between 
two aircrafts using the “alidade” 
tool. The alidade tool is used to 
measure the distance between 
two points on the radar image. 
The user selects the origin of 
the alidade and the tool will 
draw a line which follows the 
cursor and indicates the 
distance from the origin. 

SME asks the Controller to 
measure the distance 
between flight NJE123 and 
flight IBE692. 

Controller would use the alidade tool, clicking on 
flight NJE123 and dragging the cursor to Flight 
IBE692; the system would provide the distance 
between such aircrafts. 

S2  
(Display FPs) 

SME will trigger the event 
showing the Controller a sheet 
with the instruction to visualize 
the Flight Plan (FPL) trajectory 
of each assumed aircraft. 
Controller have then to use the 
pie menu of the WACOM 
interface and select the route 
option for each aircraft. 

SME shows the Controller a 
paper with the following 
instruction: “Please visualize 
the FPL trajectory for each 
assumed aircraft on your 
radar screen. This is just a 
system check. Thank you”. 

Controller would open the pie menu and select the 
route option for each aircraft. 

R2  
(Conflict) 

Controller has to detect and 
solve a conflict, using the pie 
menu to assign new altitudes 
and headings. 

Flight ICE873 calls: “ICE873, 
I would like to descend to 
FL370 to avoid a heavy 
turbulence”. 

Controller would observe his radar screen and 
then he would open the pie menu. Clicking on CFL 
option, he would assign the new required altitude, 
and eventually, he would call the pilots to ask 
information about their FPLs. Expected conflict 
with flight TAP369 at FL380. 

K2  
(UFO) 

Controller is asked to verify an 
unknown traffic detected by the 
Traffic Collision Avoidance 
System (TCAS), to avoid a mid-
air collision. After the 
avoidance manoeuvre, pilots 
report a different FPL with 
respect to what provided by the 
RADAR interface. 

Flight RAE1789 calls: “I have 
a traffic advisory. I’ll call you 
back” After 10 seconds, with 
emphasis: “TCAS resolution, 
we are descending”. After 10 
seconds, a/c will call “cleared 
of conflict, we are at FL380”. 
(without really change the 
FPL). 

Controller would verify this unknown traffic on his 
RADAR interface, but he would not see any 
aircraft. Then Controller would eventually check 
the RADAR interface to verify if there is some 
activated filters. After a/c descent, the Controller 
would still see FL390 on the a/c label, probably 
would ask to a/c to check and confirm its FPL. 

 

Table 2 – Detailed description of the SRK events designed to induce Skill, Rule and Knowledge behaviours in the 

controllers during the execution of the ATM scenario. 
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Neurophysiological signals recording and pre-processing 

The neurophysiological signals were recorded using the digital monitoring BEmicro system 

(EBNeuro system, Italy). The nine EEG channels (FPz, F3, Fz, F4, AF3, AF4, P3, Pz, and 

P4) were collected with a sampling frequency of 256 (Hz). All the EEG electrodes were 

referenced to both the earlobes, grounded to the mastoids, and the impedances of the 

electrodes were kept below 10 (kΩ). The acquired EEG signals were digitally band-pass 

filtered by a 5th order Butterworth filter (low-pass filter cut-off frequency: 30 (Hz), high-pass 

filter cut-off frequency: 1 (Hz)). The eye-blink artifacts were removed from the EEG using 

the Reblinca method [119]. Specifically, with respect to other regressive algorithms (e.g. 

Gratton method [120]), the Reblinca method presents the advantages to preserve EEG 

information in blink-free signal segments by using a specific threshold criterion that 

automatically recognize the occurrence of an eye-blink, and only in this case the method 

corrects the EEG signals. If there is not any blink, the method does not introduce any 

changes into the EEG signal. In addition, the Reblinca method does not require any EOG 

signal(s). The EEG signal was then segmented in 2 second-epochs, shifted of 0.125 (sec), 

with the aim to have both a high number of observations in comparison with the number of 

variables, and to respect the condition of stationarity of the EEG signal [121]. In fact, the 

latter one is necessary to proceed with the spectral analysis of the signal. For other sources 

of artifacts, specific procedures of the EEGLAB toolbox have been applied [122]. Three 

methods were used: the threshold criterion, the trend estimation and the sample-to-sample 

difference. In the threshold criterion, an EEG epoch was marked as “artifact” if the EEG 

amplitude was higher than ±100 (μV). In the trend estimation, the EEG epoch was 

interpolated to check the slope of the trend within the considered epoch. If such slope was 
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higher than 3 (μV/epoch) (non-physiological variation), the considered epoch was marked 

as “artifact”. The last check calculated the difference between consecutive EEG samples. If 

such difference, in terms of amplitude, was higher than 25 (μV), it meant that an abrupt 

variation (non-physiological) happened, thus it was marked as “artifact”. At the end, the EEG 

epoch marked as “artifact” was removed with the aim to have a clean EEG dataset from 

which estimating the brain parameters for the different analyses. The Power Spectral 

Density (PSD) has then been estimated by using the Fast Fourier Transform (FFT) in the 

EEG frequency bands defined for each subject by the estimation of the Individual Alpha 

Frequency (IAF) value [123]. By segmenting the EEG signal, we achieved an average 

number of 224 epochs, for a 30 seconds-long event, with an average rejection rate of 17.3 

± 13.6%. In addition, by using 2 second-long Hanning windows for the PSD estimation, we 

obtained a frequency resolution of 0.5 (Hz). Thus, according to the definition of theta [IAF - 

6 ÷ IAF - 2] and alpha [IAF - 2 ÷ IAF + 2] EEG bands, we obtained 17 frequency bins, i.e. 17 

PSD values for each EEG channel. Furthermore, the Baseline (brain activity during a minute 

of rest conditions, that is, closed eyes - OC) and the Reference (ATCOs looked at the radar 

screen without reacting for 3 minutes, where two no-colliding airplanes were presented - 

REF) conditions were recorded before starting with the ATM simulations. The OC condition 

was used for the IAF estimation, while the REF condition was used to evaluate the PSDs 

variations, with respect to the considered experimental condition, within the S, R and K 

events in terms of z-score [124] values.  

The results proposed in the following sections will be represented as z-score values, thus 

values (y-axis) of zero mean that there are no differences, in terms of PSD, between the 

considered experimental condition (S, R and K) with respect to the REF one. Positive z-
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score values mean synchronization of the considered EEG rhythm (PSD increment), while 

negative z-score values mean desynchronization of the considered EEG rhythm (PSD 

decrement). 

SRK neurophysiological characterization 

The Power Spectral Density (PSD) was estimated for different brain features, namely frontal 

and parietal theta, and frontal alpha EEG rhythms; the analysis of their spectral information 

was performed to assess if they could be used for the neurophysiological characterization 

of the SRK levels.  

One-way repeated measures ANOVAs were performed for each brain rhythm with the SRK, 

(3 levels: Skill, Rule and Knowledge) as within factor, and with the PSD as independent 

variable. 

SRK discrimination: machine-learning analysis  

The classification algorithm automatic stop StepWise Linear Discriminant Analysis – 

asSWLDA [53], [57] – was used to select the most relevant brain spectral features. 

Specifically, the frontal and parietal theta, and frontal alpha EEG rhythms were used for the 

calibration of the asSWLDA [125] to characterize and discriminate the different cognitive 

control levels (SRK) during the execution of the ATM simulation. Therefore, the asSWLDA 

algorithm was calibrated by using brain features (i.e. PSD epochs) extracted within the 

considered spectral domain (frontal and parietal theta, and frontal alpha) from one triplet of 

SRK events (S1, R1, K1), and then tested on the remaining triplet (S2, R2, K2), and vice 

versa.  
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For each testing triplet, the Area Under Curve (AUC) values were calculated of the Receiver 

Operating Characteristic – ROC [126] by considering couples between SRK distributions. 

The AUC values related to the discrimination accuracy between the three couples of 

conditions (S vs R, S vs K, R vs K) were calculated and analysed for each ATCO.  

To test the effectiveness of the algorithm, and that the SRK discrimination would not be due 

to chance, for each couple of conditions (S vs R, R vs K, S vs K) we compared the AUC 

distributions obtained from the experimental data of the ATCOs (Measured AUC), with a 

random distribution calculated for each specific couple (Random AUC), situation 

corresponding to the random classification. We performed all the possible permutations 

along both the calibrating and testing dataset [127], [128]. In this regard, we shuffled the 

SRK labels for the ATCO Experts related data, and then we calculated the AUC values 

between couples of conditions (e.g. S vs R) considering two cases: one in which the right 

labels were used (Measured AUC), and the other in which the labels were randomly set 

(Random AUC). The Random AUC distributions were compared with the Measured AUC by 

using three two tailed student t-tests (α = 0.05), to demonstrate the reliability of the algorithm. 

For the ATCO Students, we were unable to perform a three-class analysis, because most 

of them missed the first knowledge-based event (Deviation). In this regard, we considered 

only the rule and skill conditions. In detail, the asSWLDA was calibrated by using one couple 

(S1, R1) and the discrimination accuracy (AUC values) was tested on the remaining couple 

(S2, R2), and vice-versa. As consequence, the AUC distributions (Measured AUC, and 

Random AUC) were calculated only for the “S vs R” comparison. 
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Comparison between ATCO Experts and Students  

Two-tailed unpaired t-tests (α = 0.05) were performed to compare the discrimination 

accuracy (i.e. AUC) between the skill and the rule conditions (the knowledge event was 

missed as quoted above) between the two groups (ATCO Experts and ATCO Students). 

The hypothesis was that the ATCO Students were not as skilled as the ATCO Experts, so 

that the skill-based events (that should be characterised by completely automated activities) 

could require a brain activation and attention as for the rule-based events. In this regard, the 

asSWLDA was calibrated by using one couple of conditions (S1, R1), and the AUC values 

were calculated on the remaining couple (S2, R2) and vice-versa, both for the ATCO Experts 

and Students. In addition, one-way ANOVAs were performed on the frontal and parietal 

theta, and frontal alpha PSDs with the aim to assess eventual differences between the two 

groups (between factor RANK; 2 levels: Experts and Students). Before every statistical 

analysis, the z-score transformation [129] was used to normalize the data. Furthermore, the 

most common brain features selected by the asSWLDA, within the single EEG band and in 

total, were analysed and compared between the two groups. In more detail, we assigned 

“1” to the selected features, and then we summed up the values over the cross-validation 

and ATCOs, separately for the Experts and Students, to finally calculate the average rate 

by which each feature was picked for the SRK events discrimination. For example, if a 

frequency bin, within the frequency range “theta + alpha band”, was selected 5 times for all 

the ATC Experts, it was then divided by the total number of cross-validations (2 cross-

validations) multiplied by the number of the considered ATCOs (15 Experts). Therefore, the 

final percentage corresponding to such a bin was (5/ (2*15)) *100 = 16.67%. Two-tailed 



Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
59 

 

unpaired t-tests were then performed to assess possible differences between the ATCO 

groups in terms of selected brain features. 
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III. Results 

SRK neurophysiological characterization  

The ANOVA on the frontal theta PSD (Figure 11) demonstrated that this brain feature 

changed significantly (F (2, 64) = 17.01; p < 10−5) among the S, R and K conditions; this 

means that it could be used for the discrimination of the three levels of behaviour. 

Specifically, the post-hoc test reported high discriminability of the skill event compared to 

the other two (p < 0.00006), and the difference between the knowledge and the skill events 

(p < 0.0002). On the contrary, the rule and the knowledge conditions did not differ 

significantly (p = 0.3).  

 

 

Figure 11 – The chart represents the results of the ANOVA analysis on the frontal theta PSD with the factor “SRK” of 3 
levels (Skill, Rule and Knowledge). The results show that such brain feature could be used as SRK discriminant brain 
feature, as its PSD values are significantly different (p=0.000001) between the S, R and K levels. 
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Regarding the results of the ANOVA performed on the parietal theta PSD (Figure 12), it 

demonstrated that significantly changed across the SRK levels (F (2, 64) = 4.11; p = 0.021). 

The post-hoc reported that the parietal theta PSD could be used to discriminate accurately 

the skill from the knowledge level (p < 0.002). On the contrary, the parietal theta PSD did 

not change significantly between the rule – knowledge, and skill – rule levels (p > 0.25). 

 

 

Figure 12 – The chart represents the results of the ANOVA analysis (CI=0.95) on the parietal theta PSD with the factor 
“SRK” of 3 levels (Skill, Rule and Knowledge). The results show that such brain feature could be used as SRK discriminant 
brain feature, as its PSD values are significantly different (p=0.02092) between the S, R and K levels. 

 

The results of the ANOVA on the frontal alpha PSD (Figure 13) demonstrated a significant 

effect in the SRK discrimination (F (2, 64) = 11.48; p < 10−4), and the post-hoc test reported 

that the frontal alpha rhythm could be used to differentiate either the skill from the rule (p = 

0.0003) and knowledge levels (p = 0.0002). On the contrary, the frontal alpha PSD did not 

change significantly between the knowledge and rule levels (p > 0.8). 
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Figure 13 – The chart represents the results of the ANOVA analysis (CI=0.95) on the frontal alpha PSD with the factor 
“SRK” of 3 levels (Skill, Rule and Knowledge). The results show that such brain feature could be used as SRK discriminant 
brain feature, as its PSD values were significantly different (p=0.00006) between the S, R and K levels. 

 

SRK discrimination: machine-learning approach 

As previously mentioned, the asSWLDA was calibrated by using one triplet (S1, R1, K1) and 

the discrimination accuracy (AUC) was calculated by testing it on the remaining triplet (S2, 

R2, K2), and vice-versa. In detail, for each couple of conditions (S vs R, R vs K, S vs K) we 

shuffled the SRK labels and then calculated the AUC values considering a case in which 

the right labels were used (Measured AUC), and another case in which the labels were 

randomly set (Random AUC).  

Referring on the results reported in the previous sections, the frontal and parietal theta, and 

frontal alpha EEG rhythms were defined as the frequency domain in which the asSWLDA 

classification model had to select the most significant features to discriminate the three 

levels of cognitive control of behaviour (SRK) from the chance level. Figure 14 shows the 
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Measured AUC (blue bars) from the Random AUC (yellow bars) for each ATCO (Experts on 

the top part of the image) averaged across all the possible labels combinations. 

 

 

Figure 14 – Bars plot of the averaged Measured AUC (blue bars) across all the possible labels combinations compared to 
the Random AUC (yellow bars) for each ATCO. Specifically, the AUC values of the Experts are reported on the top of the 
image, while those of the Students are reported on the bottom. 

 

ATCO Experts  

The two-tailed paired t-tests (α = 0.05) reported that all the Measured AUC (blue bars) 

distributions were significantly higher (left side of Figure 15) compared to the Random AUC 

(yellow bars) distributions (all p < 0.002). 
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ATCO Students 

The two-tailed paired t-test (α = 0.05) reported that also for the ATCO Students all the 

Measured AUC (blue bars) distributions were significantly higher (right side of Figure 15) 

than the Random AUC (yellow bars) distributions (all p < 0.05). 

 

 

Figure 15 – Bars plot related to the z-score-normalized Measured AUC (blue bars) distributions and the Random AUC 
(yellow bars) distributions, achieved by the ATCO Experts (left side) and Students (right side), referred to the discrimination 
accuracy among the three couples of conditions (S vs R, S vs K, R vs K) for Experts, and S vs R for Students. The three 
cognitive control behaviours could be significantly discriminated for both the groups (p < 0.05). In addition, the results show 
how the S and R behaviours are significantly (p < 0.05) more discriminable for Experts than for Students (p < 0.05). 

 

Comparison between ATCO Experts and ATCO Students  

The bars plot chart (Figure 15) also shows the differences between the two ATCO groups 

in terms of z-score-normalized AUCs, indeed the ATCO Experts exhibited a significant 

higher (p < 0.05) discrimination accuracy compared to the ATCO Students. The trend may 

indicate how the levels of behaviour were better discriminable for Experts than for Students. 

In addition, the results performed on PSD values reported that the considered brain features 

could be used to recognize the level of expertise (Expert vs Student) with significant 



Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
65 

 

reliability (all p < 0.03). In fact, the one-way ANOVAs demonstrated significant differences 

between the group of ATCO Experts and ATCO Students in terms of brain activations, as 

shown in Figures 16, 17 and 18.  

In more detail, the ATCO Students showed both higher frontal and parietal theta 

synchronization, respectively (F (1, 32) = 9.14; p = 0.005) and (F (1, 32) = 10.97; p = 0.0023), 

and a lower frontal alpha desynchronization (F (1, 32) = 5.62; p = 0.024) than the ATCO 

Experts. 

 

 

Figure 16 – The chart reports the results of the ANOVA analysis (CI = 0.95) on the frontal theta PSD with the factor “RANK” 
of 2 levels (Experts and Students). The results showed that the two groups are statistically different (p = 0.005) in terms of 
activation of the frontal theta rhythm when facing the same SRK events. 
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Figure 17 – The chart reports the results of the ANOVA analysis (CI = 0.95) on the parietal theta PSD with the factor 
“RANK” of 2 levels (Experts and Students). The results showed that the two groups are statistically different (p = 0.0023) 
in terms of activation of the parietal theta rhythm when facing the same S, R and K events. 

 

 

Figure 18 – The chart reports the results of the ANOVA analysis (CI = 0.95) on the frontal alpha PSD with the factor “RANK” 
of 2 levels (Experts and Students). The results showed that the two groups are statistically different (p = 0.024) in terms of 
activation of the frontal alpha rhythm when facing the same S, R and K events. 
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Selected brain features 

Figures 19 and 20 represent respectively the selected brain features for the ATCO Experts 

and ATCO Students. The results showed that, on average, the selected brain features were 

5.15 for the ATCO Experts, and 5.6 for the ATCO Students with no general statistical 

difference between them (p = 0.59). However, by observing the figures, it can be highlighted 

that the selected features over the frontal areas of the Experts were lower than for the 

Students.  

Subsequently, two two-tailed unpaired t-tests were carried out, in a separate way, on the 

features selected within the frontal EEG channels, and within the parietal EEG channels. 

The results reported a clear trend (even if not strictly significant p = 0.07) in the number of 

selected features over the frontal areas, since they were significantly higher for the ATCO 

Students (Figure 20) than for the ATCO Experts (Figure 19), while no difference was found 

among the selected parietal features (p = 0.63). 
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Figure 19 – Percentages related to the brain features most commonly selected by the asSWLDA across the ATCO Experts 
for the SRK-based cognitive control behaviours discrimination. White colour means that brain features were not selected 

at all. On the contrary, the red colours mean that the brain features were selected more frequently. 

 

 

Figure 20 – Percentages related to the brain features most commonly selected by the asSWLDA across the ATCO 
Students for the SRK-based cognitive control behaviours discrimination. White colour means that brain features were not 
selected at all. On the contrary, the red colours mean that the brain features were selected more frequently. 
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IV. Discussion  

In our understanding, there is no evidence so far of studies which consider the Skill, Rule 

and Knowledge cognitive model from a neurophysiological point of view, despite many 

attempts were done in a Human Factors domain for representing the different levels of 

human performance [32], [34], [130]-[132]. 

In this work, a multidisciplinary approach [133] was adopted, characterised by several steps 

which started with an extensive literature review for the identification of the main cognitive 

processes related to the S, R and K levels of cognitive control of behaviour.  

Then, the three levels were defined considering only the cognitive processes linked to the 

level of automatism handled through the different conditions by the controllers. Specifically, 

it was considered the bunch of brain features linked to cognitive processes such as 

information processing, attention, working memory, and decision making, without 

considering motor brain features. Such features (e.g. sensory premotor cortex) were not 

considered for not differentiating the SRK behaviours on the base of different amount of 

movements (hands and/or feet) during the execution of the ATC operations.  

Besides, to maintain the realism of an operational air-traffic setting, the ATM scenario was 

created and validated by ATCO and HF experts. Also, to investigate if the selected brain 

features were able to measure and quantify the three levels of control in realistic conditions, 

the SRK events were inserted into the ATM scenario with different complexity levels, where 

the task difficulty (or mental workload) varied over time to simulate realistic air-traffic 

situations.  

The brain features measured and analysed for the SRK discrimination were: 



Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
70 

 

1. The frontal theta EEG rhythm, which is correlated to decision–making processes 

and working memory, and it is also directly connected to the amount of information 

and stimuli to elaborate. Indeed, it was demonstrated that the more complex is the 

task, the higher is the theta synchronization over frontal brain areas. 

2. The parietal theta EEG rhythm, which is linked to procedural memory. Indeed, it 

was demonstrated that the more sustained is the memory consolidation, the higher 

is the theta synchronization over parietal brain areas. 

3. The frontal alpha EEG rhythm, which is connected to the attentional level. Indeed, 

it was demonstrated that the higher is the attention, the more is the alpha 

desynchronization over frontal brain areas.  

The PSD analysis of these EEG rhythms over the SRK conditions confirmed that frontal and 

parietal theta and frontal alpha brain features varied significantly along the three levels of 

cognitive control, as shown in Figures 11, 12 and 13.  

As expected, indeed, the frontal theta PSD increased with the complexity of the task, 

especially in the knowledge condition than in the skill condition. On the other hand, the 

parietal theta PSD, linked to the memory consolidation, increased more during procedural 

or planning activities, such as knowledge and rule conditions, than during automatic 

activities, such as skill events. In the same way, the frontal alpha PSD, linked to the 

attentional level, desynchronised more during automatic actions (such as skill events) than 

during activities where the access to Knowledge System (KS) was required, such as rule 

and knowledge conditions.  

It is worth noting that during the PSDs analysis it was not possible to discriminate all the 

SRK levels, but only the K, R conditions from the S ones, and not the K from the R ones. 
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On the contrary, by using a machine-learning approach, it was possible to discriminate 

significantly all the three levels of cognitive control of behaviour.  

Besides, the considered EEG features allowed to highlight the differences between the 

groups of Experts and Students ATCOs in terms of expertise, as shown in Figures 14-18. In 

this regard, the Experts ATCO showed higher memory consolidation and both lower 

attentional request and demand on executive controls than the ATCO Students. Such brain 

features were then used for the calibration of the asSWLDA classification algorithm, to 

investigate the possibility to discriminate the three levels of cognitive control during the 

execution of the realistic ATM scenario.  

The results confirmed that the asSWLDA was able to discriminate significantly the SRK 

conditions, as all the measured AUC distributions were significantly higher (p < 0.05) than 

the chance level (Figure 14). Additionally, the analysis on the amount of brain features 

selected by the asSWLDA for each group demonstrated how the ATCO Students showed 

higher frontal brain activation than the ATCO Experts in dealing with the same SRK events, 

as shown in Figures 19 and 20. Thus, it is possible to conclude that the differences observed 

between the two groups reflect the higher information processing and working memory 

activity for the Students with respect to the Experts, due to the different degree of expertise.   

A limitation of the study can be noticed because of the high realism of the ATM scenario. In 

fact, it was not possible to create “pure” SRK events, but they were performed in combination 

with the ATC operations.  

Furthermore, to investigate the possibility to measure and quantify the three levels of control 

in realistic settings, the SRK events were inserted by ATCOs and HF experts into an ATM 

scenario with different levels of complexity, where the task difficulty (or mental workload) 
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continuously changed over time to simulate realistic air-traffic conditions. So, it was tested 

whether it was possible to discriminate the SRK conditions when the difficulty of the faced 

events changed.  

As a result, in the next steps, further investigations in more controlled experimental settings 

should be performed to simulate more appropriate “pure” skill, rule and knowledge events 

during the task. In this way, the realism of the simulation would decrease, but probably 

confirm the promising findings of this research. 
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5. CONCLUSIONS 

 

Several HF studies mentioned the different information processing levels of Skill, Rule, and 

Knowledge, but no mention is done in the existing literature regarding neurophysiological 

features. The aim of this study was to address this gap trying to map the neurophysiology 

of the SRK framework by identifying EEG indicators that could potentially be used to 

discriminate the three levels of behaviour in ATM domain. 

This research demonstrated that it is possible to assess, with a high reliability, the ATCOs’ 

levels of cognitive control of behaviour during the execution of a realistic ATM scenario 

throughout specific brain features [134], [135]. Frontal and parietal theta and frontal alpha 

were selected to characterize the SRK levels of performance, in terms of cognitive 

processes and level of automatism involved, reducing the probable influence due to the 

motor activity.  

From the results, it is possible to observe that: 

a) the proposed neurometric (frontal and parietal theta, and frontal alpha EEG 

rhythms) could be valid metrics for the investigation and objective analysis of the 

operator’s cognitive control of behaviour (SRK);  

b) the machine-learning algorithm asSWLDA is able to discriminate significantly the 

three levels of behaviour for both the ATCOs groups (Experts and Students);  

c) the methodology proposed in the research could be applied to the evaluation of 

the level of expertise between groups in real operative environments (e.g. Experts 

vs Students ATCOs). 

Furthermore, others promising applications of the proposed method could be potentially the 

following: 
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a) as a Human Factors tool for the design of new solutions, for example triggering 

adaptive automations depending on the operator’s current level of cognitive control;  

b) as a Training tool for tracking the level of learning and expertise gained by the 

operator; 

c) as a Monitoring tool to be used during operations (e.g. crew monitoring on a/c or ATC 

rooms).  

Besides, it could provide objective information about the prediction of possible operators’ 

failures in achieving his/her goals. This is important especially in Safety and Human Factors 

domains where improving the operators’ performance or avoiding error-prone situations are 

critical issues.  

As a result, the use of this methodology could represent a promising step forward into the 

analysis and knowledge of Human Cognition and Behaviour. 

 

 

 

 

 

 

 

 

 



Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
75 

 

6. REFERENCES  

 

[1] http://www.sesarju.eu/  

[2] Rasmussen, J. (1983). Skills, rules, and knowledge; signals, signs, and symbols, and 

other distinctions in human performance models. IEEE Trans. Syst. Man Cybern. SMC-13, 

257–266 

[3] Niedermeyer, E., & da Silva, F. L. (Eds.). (2005). Electroencephalography: basic 

principles, clinical applications, and related fields. Lippincott Williams & Wilkins  

[4] Rechtschaffen, A., & Kales, A. (1968). A manual of standardized terminology, techniques 

and scoring system for sleep stages of human subjects. Allan Rechtschaffen and Anthony 

Kales, editors. Bethesda, Md: U. S. National Institute of Neurological Diseases and 

Blindness, Neurological Information Network 

[5] Buzsáki, G. (2002). Theta oscillations in the hippocampus. Neuron, 33(3), 325–340 

[6] Cantero, J. L., Atienza, M., Stickgold, R., Kahana, M. J., Madsen, J. R., & Kocsis, B. 

(2003). Sleep-dependent theta oscillations in the human hippocampus and neocortex. The 

Journal of Neuroscience: The Official Journal of the Society for Neuroscience, 23(34), 

10897–10903 

[7] Kubota, Y., Sato, W., Toichi, M., Murai, T., Okada, T., Hayashi, A., & Sengoku, A. (2001). 

Frontal midline theta rhythm is correlated with cardiac autonomic activities during the 

performance of an attention demanding meditation procedure. Brain Research. Cognitive 

Brain Research, 11(2), 281–287 

[8] Hagemann, K. (2008). The alpha band as an electrophysiological indicator for 

internalized attention and high mental workload in real traffic driving. [Dissertation]. 

Retrieved from http://docserv.uni-duesseldorf.de/servlets/DocumentServlet?id=8318  

http://www.sesarju.eu/
http://docserv.uni-duesseldorf.de/servlets/DocumentServlet?id=8318


Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
76 

 

[9] Sammer, G., Blecker, C., Gebhardt, H., Bischoff, M., Stark, R., Morgen, K., & Vaitl, D. 

(2007). Relationship between regional hemodynamic activity and simultaneously recorded 

EEG-theta associated with mental arithmetic-induced workload. Human Brain Mapping, 

28(8), 793–803 doi:10.1002/hbm.20309  

[10] Ward, L. M. (2003). Synchronous neural oscillations and cognitive processes. Trends 

in Cognitive Sciences, 7(12), 553–559 

[11] Smith, M. E., Gevins, A., Brown, H., Karnik, A., & Du, R. (2001). Monitoring task loading 

with multivariate EEG measures during complex forms of human-computer interaction. 

Human Factors, 43(3), 366–380 

[12] Gundel, A., & Wilson, G. F. (1992). Topographical changes in the ongoing EEG related 

to the difficulty of mental tasks. Brain Topography, 5(1), 17–25. doi:10.1007/BF01129966 

[13] Gevins, A., Smith, M. E., Leong, H., McEvoy, L., Whitfield, S., Du, R., & Rush, G. (1998). 

Monitoring working memory load during computer-based tasks with EEG pattern recognition 

methods. Human Factors, 40(1), 79–91 

[14] Klimesch, W., Sauseng, P., & Hanslmayr, S. (2007). EEG alpha oscillations: the 

inhibition-timing hypothesis. Brain Research Reviews, 53(1), 63–88 

doi:10.1016/j.brainresrev.2006.06.003 

[15] Klimesch, W. (1999). EEG alpha and theta oscillations reflect cognitive and memory 

performance: a review and analysis. Brain Research. Brain Research Reviews, 29(2-3), 

169–195 

[16] Doppelmayr, M., Klimesch, W., Stadler, W., Pöllhuber, D., & Heine, C. (2002). EEG 

alpha power and intelligence. Intelligence, 30(3), 289-302 



Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
77 

 

[17] Doppelmayr, M., Klimesch, W., Hödlmoser, K., Sauseng, P., & Gruber, W. (2005). 

Intelligence related upper alpha desynchronization in a semantic memory task. Brain 

Research Bulletin, 66(2), 171-177. 

[18] Klimesch, W., Doppelmayr, M., Rohm, D., Pollhuber, D., Stadler, W. (2000). 

Simultaneous desynchronization and synchronization of different alpha responses in the 

human electroencephalograph: a neglected paradox? Neurosci. Lett. 284, 97–100 

[19] Dooley, C. (2009). The Impact of Meditative Practices on Physiology and Neurology: A 

Review of the Literature, in: Scientia Discipulorum. pp. 35–59 

[20] Birbaumer, N., Schmidt, R. (1996). Biologische Psychologie (3rd ed.), in: Heidelberg: 

Springer‐Verlag 

[21] Jensen, O., Kaiser, J., Lachaux, J.-P., 2007. Human gamma-frequency oscillations 

associated with attention and memory. Trends Neurosci. 30, 317–324 

[22] http://www.eurocontrol.int/articles/what-air-traffic-management   

[23] https://en.wikipedia.org/wiki/Air_traffic_control  

[24] Wickens, C. D. & Hollands, J. G. (2000). Engineering Psychology and Human 

Performance (3rd ed.). Upper Saddle River, NJ: Prentice Hall. ISBN 0-321-04711-7 

[25] Rasmussen, J. (1990). Mental models and the control of action in complex 

environments. In D. Ackermann, D. & M.J. Tauber (Eds.). Mental Models and Human-

Computer Interaction 1 (pp. 41-46). North-Holland: Elsevier Science Publishers. ISBN 0-

444-88453-X 

[26] Reason, J. (2008). The Human Contribution: Unsafe Acts, Accidents and Heroic 

Recoveries. CRC Press 

http://www.eurocontrol.int/articles/what-air-traffic-management
https://en.wikipedia.org/wiki/Air_traffic_control


Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
78 

 

[27] Posner, M. I. & Petersen, S. E. (1990). The Attention System of the Human Brain. Annu. 

Rev. Neurosci. 13, 25–42 

[28] Posner, M.I. & Rothbart, M.K. (2007). Research on attention networks as a model for 

the integration of psychological science. Annu Rev Psychol. 58, 1–23 

[29] Raz, A. & Buhle, J. (2006). Typologies of attentional networks. Nature Reviews 

Neuroscience 7, 367-379 

[30] Kochanska, G., Murray, K.T. & Harlan, E.T. (2000). Effortful control in early childhood: 

continuity and change, antecedents, and implications for social development. Dev. Psychol 

36, 220–232 

[31] Corbetta, M. & Shulman, G.L. (2002). Controls of Goal‐Directed and Stimulus‐Driven 

Attention in the Brain. Nature Neuroscience, 3(3), 201‐21528 

[32] Shiffrin, R. M. & Schneider, W. (1977). Controlled and automatic human information 

processing: II. Perceptual learning, automatic attending and a general theory. Psychol. Rev. 

127–190 

[33] Neumann, O. (1984). In Cognition and Motor Processes (eds. Prinz, W. & Sanders, A. 

F.) 255–293 Springer Berlin Heidelberg 

[34] Norman, D.A. and Shallice, T. (1986). Attention to action: Willed and automatic control 

of behaviour. In Davidson, R.J., Schwartz, G.E., and Shapiro, D., editors, Consciousness 

and Self-Regulation: Advances in Research and Theory. Plenum Press 

[35] Kellogg, R.T. (1980). Is conscious attention necessary for long-term storage? Journal 

of Experimental Psychology: Human Learning and Memory, Vol 6(4) 379-390 

[36] Marcel, A.J. (1980). Conscious and preconscious recognition of polysemous words: 

Locating the selective effects of prior verbal context. Attention and Performance, 8 



Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
79 

 

[37] Davidson, R., Schwartz, R. & Shapiro, D. eds. (1986). Consciousness and Self-

Regulation: Advances in Research and Theory IV. Plenum Press 

[38] La Berge, D. (1995). Attentional Processing: The Brain’s Art of Mindfulness. Cambridge, 

MA: Harvard University Press 

[39] Baars, B.J. (1997). Some essential Differences between Consciousness and Attention, 

Perception, and Working Memory Consciousness and Cognition 6, 363–371 

[40] Allport, A. (1988). What concept of consciousness? In A. Marcel and E. Bisiach eds. 

Consciousness in contemporary science Oxford: Oxford University Press 

[41] Schmidt, R.A., Lange, C. and Young, D.E. (1990). Optimizing summary knowledge of 

results for skill learning. Human Movement Science 9, 325-348 

[42] Schmidt, R. (2001). "Attention." In P. Robinson (Ed.), Cognition and second language 

instruction pp. 3-32. Cambridge University Press 

[43] Embrey, D. (2005). Understanding human behaviour and error. Human Reliability 

Associates, 1, 1-10 

[44] Brain Mapping. MIT Technology Review (2016) available at 

https://www.technologyreview.com/s/526501/brain-mapping/ 

[45] Gevins, A. & Smith, M. E. (2003). Neurophysiological measures of cognitive workload 

during human-computer interaction. Theor. Issues Ergon. Sci 4, 113–131  

[46] Jensen, O., Kaiser, J. & Lachaux, J.-P. (2007). Human gamma-frequency oscillations 

associated with attention and memory. Trends Neurosci. 30, 317–324  

[47] Sterman, M. B., Mann, C. A., Kaiser, D. A. & Suyenobu, B. Y. (1994). Multiband 

topographic EEG analysis of a simulated visuomotor aviation task. Int. J. Psychophysiol. 

Off. J. Int. Organ. Psychophysiol 16, 49–56  

https://www.technologyreview.com/s/526501/brain-mapping/


Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
80 

 

[48] Borghini, G., Astolfi, L., Vecchiato, G., Mattia, D. & Babiloni, F. (2014). Measuring 

neurophysiological signals in aircraft pilots and car drivers for the assessment of mental 

workload, fatigue and drowsiness. Neurosci. Biobehav. Rev 44, 58–75  

[49] Borghini, G., Arico P, Astolfi L, Toppi J, Cincotti F, Mattia D, Cherubino P, Vecchiato G, 

Maglione AG, Graziani I, Babiloni F. (2013). Frontal EEG theta changes assess the training 

improvements of novices in flight simulation tasks. Conf. Proc. Annu. Int. Conf. IEEE Eng. 

Med. Biol. Soc. IEEE Eng. Med. Biol. Soc. Annu. Conf. 2013, 6619–6622  

[50] Borghini, G., Vecchiato G, Toppi J, Astolfi L, Maglione A, Isabella R, Caltagirone C, 

Kong W, Wei D, Zhou Z, Polidori L, Vitiello S, Babiloni F. (2012). Assessment of mental 

fatigue during car driving by using high resolution EEG activity and neurophysiologic indices. 

Conf. Proc. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. IEEE Eng. Med. Biol. Soc. Conf. 

2012, 6442–6445  

[51] Arico, P., Borghini G, Graziani I, Taya F, Sun Y, Bezerianos A, Thakor NV, Cincotti F, 

Babiloni F. (2014). Towards a multimodal bioelectrical framework for the online mental 

workload evaluation. 36th Annual International Conference of the IEEE Engineering in 

Medicine and Biology Society (EMBC) 3001–3004 doi:10.1109/EMBC.2014.6944254  

[52] Maglione, A. G., Borghini G, Aricò P, Borgia F, Graziani I, Colosimo A, Kong W, 

Vecchiato G, Babiloni F. (2014). Evaluation of the workload and drowsiness during car 

driving by using high resolution EEG activity and neurophysiologic indices. Conf. Proc. 

Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. IEEE Eng. Med. Biol. Soc. Annu. Conf. 2014, 

6238–6241  

[53] Aricò, P., Borghini G., Di Flumeri G., Colosimo A., Bonelli S., Golfetti A., Pozzi S., Imbert 

J.P., Granger G., Benhacene R. and Babiloni F. (2016). Adaptive Automation Triggered by 



Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
81 

 

EEG-Based Mental Workload Index: A Passive Brain-Computer Interface Application in 

Realistic Air Traffic Control Environment. Front. Hum. Neurosci. 539, 

doi:10.3389/fnhum.2016.00539  

[54] Kong, W., Lin, W., Babiloni, F., Hu, S. & Borghini, G. (2015). Investigating Driver Fatigue 

versus Alertness Using the Granger Causality Network. Sensors 15, 19181–19198  

[55] Toppi, J. et al. (2014). Time varying effective connectivity for describing brain network 

changes induced by a memory rehabilitation treatment. In 2014 36th Annual International 

Conference of the IEEE Engineering in Medicine and Biology Society 6786–6789, 

doi:10.1109/EMBC.2014.6945186  

[56] Toppi, J. et al. (2016) Investigating Cooperative Behavior in Ecological Settings: An 

EEG Hyperscanning Study. PLOS ONE 11, e0154236  

[57] Aricò, P., Borghini G., Di Flumeri G., Colosimo A., Pozzi S., Babiloni F. (2016) A passive 

Brain-Computer Interface (p-BCI) application for the mental workload assessment on 

professional Air Traffic Controllers (ATCOs) during realistic ATC tasks. Prog. Brain Res. 

Press  

[58] Vecchiato G., Borghini G., Aricò P., Graziani I., Maglione A.G., Cherubino P., Babiloni 

F. (2016). Investigation of the effect of EEG-BCI on the simultaneous execution of flight 

simulation and attentional tasks. Med. Biol. Eng. Comput. 54, 1503–1513  

[59] Gevins, A. et al. (1998). Monitoring working memory load during computer-based tasks 

with EEG pattern recognition methods. Hum. Factors 40, 79–91  

[60] Beulen, M. A. The role of theta oscillations in memory and decision making. (2011). 

Available at: http://dspace.library.uu.nl/ handle/1874/206352 (Accessed: 31st May 2016) 



Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
82 

 

[61] Sandkühler, S. & Bhattacharya, J. (2008). Deconstructing insight: EEG correlates of 

insightful problem solving. PloS One 3, e1459  

[62] Albouy, G. et al. (2008). Both the hippocampus and striatum are involved in 

consolidation of motor sequence memory. Neuron 58, 261–272   

[63] Borghini, G., Aricò P., Graziani I., Salinari S., Sun Y., Taya F., Bezerianos A., Thakor 

NV., Babiloni F. (2015). Quantitative Assessment of the Training Improvement in a Motor-

Cognitive Task by Using EEG, ECG and EOG Signals. Brain Topogr. 

[64] Borghini, G. et al. (2016). Neurophysiological Measures for Users’ Training Objective 

Assessment During Simulated Robot-Assisted Laparoscopic Surgery. 38th Annu. Int. Conf. 

IEEE Eng. Med. Biol. Soc. EMBC 2016 

[65] Vecchiato, G. et al. (2014). An electroencephalographic Peak Density Function to detect 

memorization during the observation of TV commercials. Conf. Proc. Annu. Int. Conf. IEEE 

Eng. Med. Biol. Soc. IEEE Eng. Med. Biol. Soc. Annu. Conf. 2014, 6969–6972 

[66] Taya, F. et al. (2015). Training-induced changes in information transfer efficiency of the 

brain network: A functional connectome approach. in 2015 7th International IEEE/EMBS 

Conference on Neural Engineering (NER) 1028–1031, doi:10.1109/NER.2015.7146802 

[67] Chauvette, S., Seigneur, J. & Timofeev, I. (2012). Sleep oscillations in the 

thalamocortical system induce long-term neuronal plasticity. Neuron 75, 1105–1113 

[68] Kropotov, J. D. (2010). Quantitative EEG, Event-Related Potentials and Neurotherapy. 

Academic Press 

[69] Sauseng, P., Klimesch, W., Schabus, M. & Doppelmayr, M. (2005). Fronto-parietal EEG 

coherence in theta and upper alpha reflect central executive functions of working memory. 

Int. J. Psychophysiol. Off. J. Int. Organ. Psychophysiol 57, 97–103 



Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
83 

 

[70] Albouy, G., Sterpenich, V., Balteau, E., Vandewalle, G., Desseilles, M., Dang-Vu, T., et 

al. (1995). The distribution of EEG frequencies in REM and NREM sleep stages in healthy 

young adults. Sleep, 18(5), 334 

[71] Dudai, Y. (2004). The neurobiology of consolidations, or, how stable is the engram? 

Annual Review of Psychology, 55, 51–86 

[72] Karni, A., Tanne, D., Rubenstein, B. S., Askenasy, J. J., & Sagi, D. (1994). Dependence 

on REM sleep of overnight improvement of a perceptual skill. Science, 265(5172), 679–682 

[73] Luft, A. R., & Buitrago, M. M. (2005). Stages of motor skill learning. Molecular 

Neurobiology, 32(3), 205–216 

[74] Maquet, P. (2008). Both the hippocampus and striatum are involved in consolidation of 

motor sequence memory. Neuron, 58(2), 261–272 

[75] Fell, J., & Axmacher, N. (2011). The role of phase synchronization in memory 

processes. Nature Reviews Neuroscience, 12(2), 105–118 

[76] Varela, F., Lachaux, J. P., Rodriguez, E., & Martinerie, J. (2001). The brainweb: Phase 

synchronization and large-scale integration. Nature Reviews Neuroscience, 2(4), 229–239 

[77] Womelsdorf, T., Schoffelen, J. M., Oostenveld, R., Singer, W., Desimone, R., Engel, A. 

K., et al. (2007). Modulation of neuronal interactions through neuronal synchronization. 

Science, 316(5831), 1609–1612 

[78] Chauvette, S. (2013). Slow-wave sleep: Generation and propagation of slow waves, 

role in long-term plasticity and gating. Doctoral dissertation, Université Laval 

[79] Kropotov, J. (2008). Quantitative EEG, event-related potentials and neurotherapy. San 

Diego: Academic Press 



Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
84 

 

[80] Buzsáki, G. (2005). Theta rhythm of navigation: Link between path integration and 

landmark navigation, episodic and semantic memory. Hippocampus, 15, 827–840 

[81] Guderian, S., & Duzel, E. (2005). Induced theta oscillations mediate large-scale 

synchrony with mediotemporal areas during recollection in humans. Hippocampus, 15(7), 

901–912  

[82] Kahana, M. J. (2003). Human theta oscillations related to sensorimotor integration and 

spatial learning. Journal of Neuroscience, 23, 4726–4736 

[83] Anderson, K. L., Rajagovindan, R., Ghacibeh, G. A., Meador, K. J., & Ding, M. (2010). 

Theta oscillations mediate interaction between prefrontal cortex and medial temporal lobe 

in human memory. Cerebral Cortex, 20(7), 1604–1612 

[84] Benchenane, K., Peyrache, A., Khamassi, M., Tierney, P. L., Gioanni, Y., Battaglia, F. 

P., et al. (2010). Coherent theta oscillations and reorganization of spike timing in the 

hippocampal–prefrontal network upon learning. Neuron, 66(6), 921–936 

[85] Steinvorth, S., Wang, C., Ulbert, I., Schomer, D., & Halgren, E. (2010). Human 

entorhinal gamma and theta oscillations selective for remote autobiographical memory. 

Hippocampus, 20(1), 166–173 

[86] Nieuwenhuis, I. L., & Takashima, A. (2011). The role of the ventromedial prefrontal 

cortex in memory consolidation. Behavioural Brain Research, 218(2), 325–334 

[87] Battaglia, F. P., Benchenane, K., Sirota, A., Pennartz, C., & Wiener, S. I. (2011). The 

hippocampus: Hub of brain network communication for memory. Trends in Cognitive 

Sciences, 15(7), 310–318 



Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
85 

 

[88] Mizuseki, K., Sirota, A., Pastalkova, E., & Buzsáki, G. (2009). Theta oscillations provide 

temporal windows for local circuit computation in the entorhinal-hippocampal loop. Neuron, 

64(2), 267–280 

[89] Klausberger, T., Magill, P. J., Márton, L. F., Roberts, J. D. B., Cobden, P. M., Buzsáki, 

G., et al. (2003). Brain-state-and cell-type-specific firing of hippocampal interneurons in vivo. 

Nature, 421(6925), 844–848 

[90] Vink, M., Pas, P., Bijleveld, E., Custers, R., & Gladwin, T. E. (2013). Ventral striatum is 

related to within-subject learning performance. Neuroscience, 250, 408–416 

[91] Sirota, A., Montgomery, S., Fujisawa, S., Isomura, Y., Zugaro, M., & Buzsáki, G. (2008). 

Entrainment of neocortical neurons and gamma oscillations by the hippocampal theta 

rhythm. Neuron, 60(4), 683–697 

[92] Jacobs, J., Hwang, G., Curran, T., & Kahana, M. J. (2006). EEG oscillations and 

recognition memory: Theta correlates of memory retrieval and decision making. 

Neuroimage, 32(2), 978–987. 

[93] Gruzelier, J. (2009). A theory of alpha/theta neurofeedback, creative performance 

enhancement, long distance functional connectivity and psychological integration. Cogn. 

Process. 10(Suppl 1), S101–109  

[94] Gruzelier, J., Egner, T. & Vernon, D. (2006). Validating the efficacy of neurofeedback 

for optimising performance. Prog. Brain Res. 159, 421–431  

[95] Crick, F. (1984). Function of the thalamic reticular complex: the searchlight hypothesis. 

Proc. Natl. Acad. Sci. USA 81, 4586–4590  

[96] LaBerge, D. (2001). Attention, consciousness, and electrical wave activity within the 

cortical column. Int. J. Psychophysiol. Off. J. Int. Organ. Psychophysiol 43, 5–24  



Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
86 

 

[97] Compston, A. (2010). The Berger rhythm: potential changes from the occipital lobes in 

man, by E.D. Adrian and B.H.C. Matthews (From the Physiological Laboratory, Cambridge). 

Brain 1934: 57; 355–385. Brain 133, 3–6  

[98] LaBerge, D. & Buchsbaum, M. S. (1990). Positron emission tomographic 

measurements of pulvinar activity during an attention task. J. Neurosci. Off. J. Soc. 

Neurosci. 10, 613–619  

[99] Petersen, S. E. & Posner, M. I. (2012). The Attention System of the Human Brain: 20 

Years After. Annu. Rev. Neurosci. 35, 73–89  

[100] Petersen, S. E., Robinson, D. L. & Morris, J. D. (1987). Contributions of the pulvinar 

to visual spatial attention. Neuropsychologia 25, 97–105  

[101] O’Connor, D. H., Fukui, M. M., Pinsk, M. A. & Kastner, S. (2002). Attention modulates 

responses in the human lateral geniculate nucleus. Nat. Neurosci. 5, 1203–1209  

[102] Vanduffel, W., Tootell, R. B. & Orban, G. A. (2000). Attention-dependent suppression 

of metabolic activity in the early stages of the macaque visual system. Cereb. Cortex N. Y. 

N 1991 10, 109–126  

[103] Neuper, C. & Pfurtscheller, G. (2001). Event-related dynamics of cortical rhythms: 

frequency-specific features and functional correlates. Int. J. Psychophysiol. Off. J. Int. 

Organ. Psychophysiol 43, 41–58  

[104] Neuper, C. & Klimesch, W. (2006). Event-Related Dynamics of Brain Oscillations. 

Elsevier, vol. 159 

[105] Jensen, O., Bonnefond, M. & VanRullen, R. (2012). An oscillatory mechanism for 

prioritizing salient unattended stimuli. Trends Cogn. Sci. 16, 200–206  



Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
87 

 

[106] Händel, B. F., Haarmeier, T. & Jensen, O. (2011). Alpha oscillations correlate with the 

successful inhibition of unattended stimuli. J. Cogn. Neurosci 23, 2494–2502  

[107] Klimesch, W. (2012). α-band oscillations, attention, and controlled access to stored 

information. Trends Cogn. Sci. 16, 606–617  

[108] Klimesch, W., Sauseng, P. & Hanslmayr, S. (2007). EEG alpha oscillations: the 

inhibition-timing hypothesis. Brain Res. Rev. 53, 63–88  

[109] Klimesch, W. (2011). Evoked alpha and early access to the knowledge system: the P1 

inhibition timing hypothesis. Brain Res. 1408, 52–71  

[110] Summerfield, C. & Egner, T. (2009). Expectation (and attention) in visual cognition. 

Trends Cogn. Sci. 13, 403–409  

[111] Friston, K. (2009). The free-energy principle: a rough guide to the brain? Trends Cogn. 

Sci. 13, 293–301  

[112] Raichle, M. E. et al. (2001). A default mode of brain function. Proc. Natl. Acad. Sci. 98, 

676–682  

[113] Tononi, G. (2008). Consciousness as integrated information: a provisional manifesto. 

Biol. Bull. 215, 216–242  

[114] Tononi, G. (2004). An information integration theory of consciousness. BMC Neurosci. 

5, 42  

[115] Klimesch, W. (1994). The structure of long-term memory: a connectivity model of 

semantic processing. Lawrence Erlbaum 

[116] Benedek, M., Bergner, S., Könen, T., Fink, A. & Neubauer, A. C. (2011). EEG alpha 

synchronization is related to top-down processing in convergent and divergent thinking. 

Neuropsychologia 49, 3505–3511  



Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
88 

 

[117] Jauk, E., Benedek, M. & Neubauer, A. C. (2012). Tackling creativity at its roots: 

Evidence for different patterns of EEG alpha activity related to convergent and divergent 

modes of task processing. Int. J. Psychophysiol. 84, 219–225  

[118] Zanto, T. P., Rubens, M. T., Thangavel, A. & Gazzaley, A. (2011). Causal role of the 

prefrontal cortex in top-down modulation of visual processing and working memory. Nat. 

Neurosci. 14, 656–661  

[119] Di Flumeri, G., Aricò, P., Borghini, G., Colosimo, A. & Babiloni, F. (2016). A new 

regression-based method for the eye blinks artifacts correction in the EEG signal, without 

using any EOG channel. Conf. Proc. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. IEEE Eng. 

Med. Biol. Soc. Annu. Conf.  

[120] Gratton, G., Coles, M. G. & Donchin, E. (1983). A new method for off-line removal of 

ocular artifact. Electroencephalogr. Clin. Neurophysiol. 55, 468–484  

[121] Elul, R. (1969). Gaussian behavior of the electroencephalogram: changes during 

performance of mental task. Science 164, 328–331  

[122] Delorme, A. & Makeig, S. (2004). EEGLAB: an open source toolbox for analysis of 

single-trial EEG dynamics including independent component analysis. J. Neurosci. Methods 

134, 9–21  

[123] Klimesch, W. (1999). EEG alpha and theta oscillations reflect cognitive and memory 

performance: a review and analysis. Brain Res. Brain Res. Rev. 29, 169–195  

[124] Zhang, J. H., Chung, T. D. & Oldenburg, K. (1999). A Simple Statistical Parameter for 

Use in Evaluation and Validation of High Throughput Screening Assays. J. Biomol. Screen. 

4, 67–73  



Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
89 

 

[125] Aricò, P., Borghini, G., Di Flumeri, G. & Babiloni, F. (2015). Metodo per stimare uno 

stato mentale, in particolare un carico di lavoro, e relativo apparato (A Method for the 

estimation of mental state, in particular of the mental workload and its device).  

[126] Bamber, D. (1975). The area above the ordinal dominance graph and the area below 

the receiver operating characteristic graph. J. Math. Psychol. 12, 387–415  

[127] Combrisson, E. & Jerbi, K. Exceeding chance level by chance: The caveat of 

theoretical chance levels in brain signal classification and statistical assessment of decoding 

accuracy. J. Neurosci. Methods 250, 126–136 (2015). 

[128] Billinger, M. et al. (2012). In Towards Practical Brain-Computer Interfaces (eds. Allison, 

B. Z., Dunne, S., Leeb, R., Millán, J. D. R. & Nijholt, A.) 333–354, Springer Berlin Heidelberg 

doi:10.1007/978-3-642-29746-5_17 

[129] Zhang, J.-H., Chung, T. D. Y. & Oldenburg, K. R. (1999). A Simple Statistical 

Parameter for Use in Evaluation and Validation of High Throughput Screening Assays. J. 

Biomol. Screen. 4, 67–73  

[130] Petersen, S. E., van Mier, H., Fiez, J. A. & Raichle, M. E. (1998). The effects of practice 

on the functional anatomy of task performance. Proc. Natl. Acad. Sci. USA 95, 853–860  

[131] Rasmussen, J. (1986). Information processing and human-machine interaction: an 

approach to cognitive engineering. North-Holland  

[132] Roy, R. N., Bonnet, S., Charbonnier, S. & Campagne, A. (2013). Mental fatigue and 

working memory load estimation: interaction and implications for EEG-based passive BCI. 

Conf. Proc. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. IEEE Eng. Med. Biol. Soc. Annu. 

Conf. 2013, 6607–6610  



Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
90 

 

[133] Bekhet, A. K. & Zauszniewski, J. A. (2012). Methodological triangulation: an approach 

to understanding data. Nurse Res. 20, 40–43  

[134] Borghini, G., Aricò, P., Di Flumeri, G., Graziani, I., Colosimo, A., Salinari, S., Babiloni, 

F., Granger, G., Imbert, JP., Benhacene, R., Golfetti, A., Bonelli, S., Pozzi, S. (2015). Skill, 

Rule and Knowledge-based Behaviors Detection during Realistic ATM Simulations by 

Means of ATCOs’ Brain Activity. Fifth SESAR Innovation Days 

[135] Borghini, G., Aricò, P., Di Flumeri, G., Cartocci, G., Colosimo, A., Bonelli, S., Golfetti, 

A., Imbert, JP., Granger, G., Benhacene, R., Pozzi, S., Babiloni, F. (2017). EEG-Based 

Cognitive Control Behaviour Assessment: An Ecological study with Professional Air Traffic 

Controllers. Sci Rep. 7(1):547. doi: 10.1038/s41598-017-00633-7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Ilenia Graziani – Neurophysiological correlates of psychological attitudes of air traffic controllers during their work 
 
 
 
 
 
 
 

 

 
91 

 

 

 

 

 

 

 

 

 

7. ACKNOWLEDGEMENTS 

 

This work is co-financed by EUROCONTROL on behalf of the SESAR Joint Undertaking in 

the context of SESAR Work Package E - NINA research project. 

 

 

 

 

 

  

 

 

 


