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Abstract 

Neuroergonomics is the study of how the brain functions in real-world situations with 

the goal of developing technology to enhance human performance. Neuroergonomics 

constitutes a paradigm shift away from the standard reductionist approach to 

neuroscience. The neuroergonomic approach maintains that an understanding of 

neural processes underlying human behavior can best be understood by investigating 

the underlying interacting brain networks in the context of carrying out various real-

world tasks under investigation, rather than under reduced isolated conditions that 

only occur in the laboratory. In this chapter we discuss why aerospace cerebral 

experimental sciences (ACES) is an ideal paradigm to implement this 

neuroergonomic approach. By using a combination of high resolution and lower 

resolution portable brain imaging techniques as well as non-invasive brain stimulation 

the goal of ACES is to determine brain processes underlying complex behavior during 

aviation and space operations such that neuroergonomic technology can be developed 

to improve human performance.  
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 Introduction  

Aerospace cerebral experimental sciences ACES is the neuroergonomic investigation 

of how the brain works in natural complex real-world environments. 

Neuroergonomics is defined as the study of brain structure and function in relation to 

human cognition and behavior in real-world settings (Parasuraman and Rizzo, 2007). 

While the primary focus of ACES is related to the neuroergonomic investigation of 

processes underlying aviation and space operations the paradigm has far reaching 

implications relevant to all neuroscience and may constitute a shift in the way 

research is conducted and discoveries are made about global neural processing. The 

two primary goals of ACES are the following: 1. To determine the interactive neural 

processes underlying perception, motor control, cognition, and emotion occurring in 

the context of robust real-world situations. 2. To develop neuroergonomic based 

technology that can be implemented in real-world situations to improve human 

performance. It is maintained that this neuroergonomic approach to neuroscience will 

afford insight into underlying processes and provide a basis for developing 

technology that is not possible using standard reductionist methodology.  

 

Challenges 

 The standard reductionist experimental method has been instrumental in 

discovering many aspects of how the brain caries out specific processes. The strength 

in this approach lies in its ability to manipulate independent variables to better control 

potential confounds.  Most experimental research based on this approach break 

stimuli and tasks down into very basic elements to more easily understand the 

underlying neural processes and provide better control over confounds. It is assumed 

that more complex perceptual, motor, and cognitive processes, even in real-world 



situations, can be understood by combining these basic elements. This is an 

assumption yet to be verified and is perhaps not true.  

 While there are considerable advantages for the use of the standard 

reductionist approach with regard to experimental manipulation and control, there are 

also considerable disadvantages especially in the context of development of 

neuroergonomic technology. The tasks and stimuli used in standard experimental 

research are far removed from real-life experience. They are not ecologically valid. 

The only time a person is likely to experience the conditions presented in these 

experiments is in the laboratory. Additionally another disadvantage of the standard 

approach is that the experimental tasks are usually not engaging causing degradation 

of data due to fatigue. Even subjects with the best intentions and motivation have 

difficulty truly engaging in the typical experimental tasks employed. Differential 

engagement in experimental tasks can lead to differential activity related to arousal 

instead of the condition under investigation. As one subject remarked “Why are your 

experiments so boring it is like torture. All you are recording in your experiment is 

brain activity involved with being bored to death versus sleeping.”  

 Wouldn’t it be nice if we could investigate neural processes of complex 

engaging real-world tasks and have good experimental control? There are several 

advantages afforded by such a neuroergonomic paradigm. Experiments that are more 

engaging result in a greater degree of motivation in subjects. Therefore there is less 

degradation of data due to fatigue. Because the experiments are engaging and the 

subjects are motivated longer experiments can be conducted allowing for larger data 

collection. Additionally, the results can be directly applied to real-world conditions.  

 In stark contrast to the standard experimental approach, the neuroergonomic 

approach maintains that in order to investigate complex real world behavior it is 



necessary to understand the processes within the context of the underlying interacting 

brain networks rather than under reduced isolated conditions that only occur in the 

laboratory (Callan et al., 2012).  Utilizing multiple brain imaging and stimulation 

methods (electroencephalography EEG, magnetoencephalography MEG, functional 

near infrared spectroscopy fNIRS, functional magnetic resonance imaging fMRI, 

transcranial magnetic stimulation TMS, transcranial direct current stimulation tDCS) 

the objective of ACES research is to determine the neural correlates of perceptual, 

motor, and cognitive processing as well as mental states (including alertness, fatigue, 

workload, and anxiety) that are difficult to quantify behaviorally. By understanding 

the underlying neural processes in the context of complex real-world tasks brain-

computer-interfaces BCI can be used to control adaptive automation and give 

feedback to modulate brain activity and behavior to facilitate learning, situational 

awareness, and decision making to promote performance, safety efficiency, and 

wellbeing.  

 Human operations in aviation and space constitute an ideal paradigm to 

implement this neuroergonomic approach. Unlike many human activities that involve 

running, jumping, throwing, etc… in which there is considerable movement of the 

body, piloting an aircraft/spacecraft involves control of multiple degrees of freedom 

with relatively little movement of the hands and feet. This is critical when using high-

resolution brain imaging techniques such as MEG and fMRI that are highly 

susceptible to movement artifacts with some body motions not being possible during 

scanning at all. It is important to be able to use these high-resolution brain-imaging 

techniques under simulated real-world situations in order to determine the relevant 

underlying brain processes involved with the task at hand. This information can serve 

to guide and constrain analysis of brain processes made with more mobile brain 



recording devices such as EEG and fNIRS. Flight simulation programs allow for 

control and output of hundreds of parameters in real-time that can be used for 

experimental manipulation and analysis. This level of control allows one to design 

experiments with the ability to address potential task relevant and extraneous 

variables. The addition of motion-platform based flight simulation and force feedback 

controls adds an additional level of similarity with real-world conditions such that 

brain-computer-interface machine learning procedures can be developed that may 

transfer successfully into operation in real aircraft. Because of the diversity of tasks 

involved in aviation and space operations diverse topics can be investigated ranging 

from motor control, attention, learning, alertness, fatigue, workload, decision making, 

situational awareness, anxiety, etc… This diversity will allow for better understanding 

of how the brain works in real-word situations and will provide for a large number of 

potential neuroergonomic applications to be developed. One final reason why 

aerospace is an ideal paradigm for to investigate brain processes under real-world 

conditions is that Aviation/Aerospace is one of the biggest industries in the world 

with the consequences of failure being quite severe. With technological advancement 

in aircraft/spacecraft it is necessary for the application of neuroergonomic technology 

to improve the synthesis of human and machine to enhance performance and safety.  

 It is important for neuroergonomic approaches to utilize constraints based on 

neuroscience instead of purely applying an engineering based solution. In 

engineering, a data-driven hypothesis-free approach is often employed to make task 

related predictive models based on the brain recordings (e.g. EEG, fNIRS data). 

However, without utilizing proper constraints based on neuroscience there is a greater 

chance of contamination by artifacts instead of true brain processes. This could 

inherently reduce the ability of the BCI to generalize to novel situations. Without 



utilizing constraints from neuroscience research crucial features may not be integrated 

into the analysis to make successful predictions that will generalize from the 

laboratory to real-world situations. 

 

Electro-encephalography 

 Several experiments have been conducted using EEG in simulated and real 

aviation and space operations (Sem-Jacobsen et al., 1959; Maulsby, 1966; Sterman 

and Mann, 1995; Wilson, 2002; Coffey et al., 2010; Borghini et al., 2012; Marusic et 

al., 2014; Dehais et al, 2017). One area of extensive research has been to determine 

neural correlates that assess and predict mental workload. An extensive review of the 

literature related to workload in aircraft pilots is given in Borghini et al., (2012). Their 

review indicated that high mental workload is generally characterized by an increase 

in EEG power in the theta band (4-8Hz) and a decrease in alpha-band power (8-15Hz) 

and that a transition between high mental workload and mental fatigue is 

characterized by increased EEG power in theta as well as delta (<4Hz) and alpha 

bands (Borghini et al., 2012). More extensive research using aviation and space 

related tasks with high-resolution brain imaging (fMRI and MEG) is necessary to 

better determine the brain regions and underlying neural processes involved with 

mental workload and transition to mental fatigue. Research into the relationship 

between attention, working memory, and affective states such as arousal and drive 

will bring considerable insight into an understanding and functional specification of 

mental workload that goes beyond simple ‘capacity’ definitions.  

 In order for EEG to be effectively utilized in aviation and space operations it 

must be highly portable, easy to wear, comfortable, wireless, and use dry sensors 

(Coffey et al., 2010; Callan et al., 2015). It has been demonstrated that dry-wireless 



EEG can be utilized in motion platform simulated and real in-flight aviation related 

situations despite the considerable inherent vibration and noise. Utilizing artifact 

cleaning (Automatic Subspace Reconstruction; Mullen et al., 2013) and removal 

(Independent Component Analysis; Delorme and Makeig, 2008) techniques it was 

possible to train a classifier to detect the presence or absence of an audio stimulus 

with around 79.2% predictive performance even in an open cockpit biplane in-flight 

with considerable vibration, wind, acoustic noise, and physiological artifacts (Callan 

et al., 2015). Additionally, the ability to detect the occurrence of pilot-induced 

oscillations with 79% accuracy in-flight with dry-wireless EEG has also been 

successful (Scholl, et al., 2016).   

 

Near Infra-red spectroscopy  

Another approach for ACES is to consider the use of functional near infrared 

spectroscopy (fNIRS). fNIRS is a non-invasive and easy-to-use optical brain imaging 

device that is suitable to monitor cortical activity under highly ecological settings. 

Since the work of Takeuchi (2000), this technique has gained momentum to measure 

pilots’ cognitive performance in flight simulator (Çakır, et al., 2016; Gateau et al, 

2015; Ayaz et al., 2012) or actual flight conditions (Dehais et al., 2016; Kikukawa et 

al., 2008; Kobayashi et al., 2002). It can provide objective measurements to assess 

pilot’s training (Choe et al, 2016) or system design (Andeol et al, 2017), but as for 

EEG, most of the efforts are put into the investigation of the neural correlates of 

mental workload. Several studies pointed out that changes in oxygenated hemoglobin 

concentration in the prefrontal cortex are relevant markers of mental workload 

variation (Çakır et al., 2016 ; Gateau et al, 2015; Ayaz et al., 2012). Interestingly 

enough, the spatial resolution of fNIRS allows the measure of specific brain area such 



as the dorsolateral prefrontal cortex in which disengagement predicts drop in 

performance (Durantin et al., 2015; Durantin et al., 2014; Harrivel et al., 2013). 

Eventually, the implementation of fNIRS-based BCI in ecological settings remain 

challenging but the design of adapted filtering techniques (Durantin et al, 2015) allow 

to discriminate different level of working memory loads with up to 75% accuracy in a 

motion flight simulator. However, one perspective for ACES is the combination of 

EEG and fNIRS to offer a unique insight on the neurovascular coupling (Mandrick et 

al, 2016) to better understand and predict pilot’s performance. 

Brain Computer Interface and neuro-adaptive technology 

 Interfaces and automation (artificial intelligence) will continue to grow in 

augmenting human information processing and communication both amongst 

individuals and between individuals and machines. For seamless efficient interaction 

it is necessary to develop intelligent interfaces that optimally deliver relevant 

information and control automation based on environmental demands and decoded 

brain/mental states of the user. Neuroadaptive automation based on integrating 

decoded operator neural states (using BCI technology) in relation to situation 

assessment is used to enhance overall system performance, safety, and efficiency. The 

ability to utilize BCI technology practically in neuroergonomic applications requires 

that it does not interfere with the normal operation of the task at hand, does not 

increase workload, and improves overall system performance /efficiency in some 

manner. Active BCIs, (often demanding some type of mental imagery) require 

extensive concentration and increase workload without performance benefits in task 

operation carried out by normal means (Coffey et al., 2010; Zander et al., 2011). For 

these reasons it is maintained that passive BCI that utilizes spontaneous neural 



activity related to the task at hand is more appropriate for neuroergonomic 

applications for aviation and space operations (see Coffey et al., 2010).  

 One example of neuroadaptive automation that can improve human 

performance using spontaneous brain activity on a piloting task is given in Callan et 

al., (2016b). The objective of this research was to design neuroadaptive automation 

that can decode motor intention in response to an unexpected perturbation in flight 

attitude while ignoring ongoing motor activity related to piloting the airplane. The 

goal was not to take control away from the pilot but rather to facilitate the response 

speed of the pilot through the use of automation. The BCI was trained on a simple 

task and was found to be able to generalize to more complex tasks with the ability to 

differentiate between motor intention to an unexpected perturbation from that used 

during normal maneuvering. The neuroadaptive automation was able to enhance the 

response speed (to superhuman levels in some cases) to recover from the perturbation 

without additional workload utilizing only brain activity naturally occurring during 

the perceptual motor piloting task (Callan et al., 2016b). Although this experiment 

was conducted off-line it demonstrates the feasibility of utilizing spontaneous brain 

activity naturally occurring during a task for neuroergonomic applications. 

 One of the primary components of neuroergonomic research is to determine 

brain structures and functions underlying perceptual, motor, and cognitive processes 

that occur during real-world type situations. There have been several experiments 

carried out using high-resolution brain imaging concerning aviation tasks to learn 

about underlying neural processes involved with the task and/or skill under 

investigation (Callan et al., 2012; Callan et al., 2013; Causse et al, 2013; Ahamed, et 

al., 2014, Adamson et al., 2014). Insight into the neural processes underlying 

transcranial direct current stimulation tDCS (shown to enhance human abilities in a 



neuroergonomic context; Parasuraman and Mckinley, 2014) to modulation of resting 

state brain activity was investigated using simultaneous fMRI and tDCS on an 

aviation related visual search task (Callan et al., 2016a). It was found that the degree 

of functional connectivity from the site of stimulation in the precuneus to the 

substantia nigra predicts future enhancement in visual performance induced by tDCS 

(Callan et al., 2016a). The substantia nigra is part of the dopaminergic system and is 

involved with value dependent learning. This study gives insight to the possible 

neural mechanisms by which tDCS enhances human performance. 

 

Conclusion 

  This chapter gave a brief description of the neuroergonomic approach of 

aerospace cerebral experimental sciences. Because of the limited space a focus was 

given to our own research. There are considerable contributions to this field of 

neuroergonomics that is moving closer to the goal of establishing a paradigm shift in 

the way neuroscience research is conducted such that an understanding of the how the 

brain functions in natural settings will lead to development of technology to improve 

human performance, efficiency, safety, and wellbeing. 
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