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Introduction 

Conventional flight simulators can be bulky, expensive, and resource-intensive. Virtual Reality (VR) 

provides a cheaper substitute for immersive flight training that may serve as a useful addition to current 

flight training curricula. Previous research has shown that VR flight training is efficient in knowledge 

transfer, and consequently can improve VR flight performance (McGowin et al., 2020). In addition to 

performance improvements, VR training might also be used in combination with measuring the 

neurophysiology of pilots.  

To illustrate, an electroencephalography (EEG) study by Kakkos et al. (2019) provided evidence that 

VR flight simulations were associated with different functional brain network changes compared to 2D 

desktop flight simulation. These changes could be attributed to the difference between the fidelity of the 

two simulators and consequently the required workload from the trainee. According to Kakkos et al. 

(2019), the alterations found in functional connections of the supplementary motor area (SMA), related 

to changes in workload, could possibly be associated with visuomotor learning. These findings raise the 

questions of whether desktop training and VR training are different in terms of workload and subsequent 

alterations in brain activity, and whether this difference is associated with learning and performance 

improvements. 

Previous literature has already established several biomarkers associated with flight training and 

flight tasks, including the EEG Engagement Index (Bollock et al., 2019; Dehais et al., 2017; Feltman et al., 

2020; Prinzel et al., 2000), and frontal theta power (Borghini et al., 2013). Whereas these metrics have 

mainly investigated the individual’s training level or experienced workload, the impact of the training 

environment (i.e. fidelity and ecological validity of the simulator) on the trainees’ brain activity, 

performance and learning gains remains unknown.  

The current study aims to address this gap by comparing EEG biomarkers of two flight simulation 

environments that differ on level of immersion, namely VR vs. Desktop. The aforementioned EEG 

biomarkers of workload and training level are evaluated and their relationship with task performance 

and subjective workload in each environment are examined. This information can be used to model 

learning and training impact of flight simulations across novices in future research. 
 

Proposed Methodology 

Participants and Procedures 

A priori power analysis showed that a sample size of N = 45 was needed to detect effects between 

conditions (G*Power; Faul, Erdfelder, Lang & Buchner, 2007). Thus, we aim to recruit 45-50 healthy 

participants in this study, who will participate in both conditions in a within-subject experimental design 

(fidelity condition: Desktop vs. VR). The experimental procedure is outlined in Fig. 1A.  

Experimental sessions are preceded with a pre-experiment questionnaire to inquire gaming and VR 

experience, age, gender and handedness of participants. In each condition, the following questionnaires 

are administered to obtain subjective measures of workload, usability and presence: the Simulator 

Sickness Questionnaire (SSQ; Kennedy, 1993), the ITC-Sense of Presence Inventory (ITC-SOPI; Lessiter et 

al., 2001), the NASA Task Load Index (NASA-TLX; Hart & Staveland, 1988), and the Simulation Task Load 

Index (SIM-TLX; Harris, Wilson & Vine, 2020). These questionnaires could provide convergent validity to 

our methods and the EEG biomarkers. 

 



Apparatus 

Experiments are conducted in DCS World (Eagle Dynamics, Switzerland) flight simulation (Fig. 1B), or a 

related simulation package. Flight performance measures, i.e. deviations from given altitude, pitch, 

airspeed and roll parameters, can be measured using Tacview Advanced software (RAIA SOFTWARE INC., 

Canada) that automatically records telemetry from DCS World. Participants control the simulated aircraft 

using a throttle (Pro Throttle, CH Products, USA) and joystick (Extreme 3D Pro, Logitech, Switzerland). 

The Oculus Rift S (Facebook Technologies, LLC; USA) is used during the VR condition. A wireless 32-

channel EEG system (g.Nautilus, g.tec medical engineering GmbH, Austria) is used to record brain activity 

during the flight tasks.  
 

Data Processing and Analysis 

First, EEG spectral powers in theta (4-8 Hz), alpha (8-13 Hz) and beta (13-22 Hz) frequency bands are 

extracted and then the EEG Engagement Index is calculated using Equation 1 (Freeman et al., 2000) for 

all subjects. 

𝐸𝐸𝐺 𝐸𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡 𝐼𝑛𝑑𝑒𝑥 =
β

α + θ
                     (1)   

The EEG Engagement Indices and theta band powers will be compared between VR and Desktop 

conditions. Subsequently, correlation analysis will be conducted between subjective workload measures 

(obtained by NASA-TLX and SIM-TLX questionnaires) and the EEG biomarkers.  
 

Significance of Research 

The outcomes of this research will contribute to neuroergonomics and aviation training research by (1) 

validating the use of EEG biomarkers of engagement and workload during flight tasks; (2) determining 

the effect of simulator fidelity on workload, learning, and subsequent brain activity, with the use of EEG 

biomarkers; (3) introducing potential adjustment of existing training curricula to become more efficient 

and cost-effective using VR; and specifically (4) enabling development of an adaptive VR training that 

provides personalized feedback on the basis of EEG data. Accordingly, this research will aid in the 

improvement of personalized learning for novice pilots. 
 

 
Figure 1. (A) Experimental procedure. Each participant performs two flight tasks in a randomized order: 

one flight task is performed on desktop computer, and the other flight task is performed with the use of 

a VR head-mounted display (HMD). The flight tasks are to (1) climb to a given altitude parameter (5,000 

ft above sea level) at 300 kts airspeed, and (2) to remain at a given roll parameter (30° roll) while 

remaining at 4,000 ft altitude. Each task takes 15 minutes, preceded with a 2-min habituation phase. 

During habituation, participants are instructed to look around in the virtual environment, but are not 

able to interact with it and control the aircraft. (B) Screenshot from DCS World flight simulation. The 

environments in- and outside of the simulated cockpit are visible. 
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