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  Abstract 

 

Cardiac and respiration activities are relatively easy to measure and widely used to 

monitor pilot workload during simulated or real flight. Few studies include 

electrodermal and pupil diameter measurements probably due to strong operational 

constraints. These measures are well-known for being sensitive to mental workload. 

In a flight framework, the addition of electrodermal activity sensors does not 

complicate the experimental protocol (wristband wearing) whereas pupillary 

diameter recording requires a much more sizeable device (eye tracker utilization). In 

the experiment presented in this paper, heart rate, respiratory rate, skin conductance 

and pupil diameter were collected during simulated tactical flights. The main 

novelty of the proposed experimental design relates to eye tracking device 

integration into a highly realistic flight simulation. To cover the entire pilot visual 

field and prevent measurement loss, a double-tracking design was tested (i.e. 

combination of two optical pairs). Preliminary analysis overall confirmed the 

reliability of this experimental setup showing a high quality of measurement. 

Nevertheless, extra care should be taken for the skin conductance signal that seems 

particularly sensitive to movement artefacts. Owing to the observed reliability of 

data acquisition from the eye tracker it may be possible to extend the proposed 

device to ocular behaviour measures (scanpaths) in highly realistic flight simulation. 

 

  Introduction 

 

The current evolution of aeronautical systems towards unmanned solutions (UAVS, 

UCAV) brings the place of the human operator in these systems to the foreground. 

The TAPAS project (stands for Technique d’Analyse pour le Partage d’Autorité 

dans les Systèmes des systèmes /Analysis Techniques for Shared Authority in the 

Systems of systems) is a French project between Dassault Aviation, Telecom 

Bretagne and University of South Brittany. It aims at developing a method for 

analysing and evaluating different configurations of Human-Human collaboration to 

enhance the reliability of Human-System relationship. One of the main challenges of 

this approach is to understand the potential limitations of using these highly 

autonomous future systems and to define new design principles. The originality and 

ambition of TAPAS mainly lies in the development of an innovative method, 

strongly focused on human factors (workload) and related to a design process of new 

drone control systems. 
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Proposed method: operationalization in two stages 

 

Two main steps have been required to develop the TAPAS method. The first one 

(Guerin et al., 2014) consists in the pilot task analysis (for Navy Rafale aircraft) 

through intrapatrol radio communications (controller included). These 

communications were extracted from an air-to-air mission run by an experienced 

pilot (4 ship lead) at the simulation centre. The task analysis (allo-confrontation 

method, Mollo & Falzon, 2004) has been made with the help of a Subject Matter 

Expert (Lt.-Col., French Air Force attached to Dassault Aviation). As a result, 

twenty nine communication sequences have been identified (such as take-off, tactic 

flow, fence-in, etc.) to describe collaborative tasks of the two ship lead. This was an 

essential first step to analyse pilots’ activities during flight. 

Pilot activity is often studied in terms of mental workload induced by the different 

flight phases and measured through physiological indicators of autonomous nervous 

system activity. The second step consisted in the deployment of an experimental 

setup devoted to on-line recordings (i.e. continuous measurements during the whole 

flight session) of pilot physiological activity within a highly realistic simulation 

environment. It should be noted that experiments have taken place during actual 

training sessions on a Rafale simulator operated by the French Navy. The 

experimental design had to meet a number of major constraints: (a) to adapt to the 

simulation environment, (b) not to disrupt pilot activity (unnoticed devices), (c) to 

allow obtaining high quality data (coverage, reliability). 

The main objective of the second step –and to a great extent of the whole developed 

method – was to detect the critical communication sequences (i.e. increasing mental 

workload) according to their effect on the physiological activity pattern of the pilots 

during flight. These sequences can potentially have a negative impact on the success 

of the flight session. By following critical sequence detection, it will be possible to 

recommend adaptation of the current communication model between operators and 

highly autonomous systems. 

 

Pilot activity: contribution of psychophysiological measurements 

 

A lot of studies show the relevance of physiological measurements to monitor pilot 

activity. A higher physiological activation (activation of the sympathetic branch of 

the autonomous nervous system) is observed between the resting and flight phases 

(Karavidas et al., 2010; Lehrer et al., 2010; Veltman & Gaillard, 1996a; 1996b; 

1998; Veltman, 2002; Wilson, 2002a; 2002b; Yao et al., 2008; Ylonen et al., 

1997) and during the most difficult flight segments namely take-off or approach 

segments (landing, touch and go) with a high information load. Increased heart rate 

(Hankins & Wilson, 1998; Lee & Liu, 2003; Veltman & Gaillard, 1996a, 1996b; 

Yao et al., 2008; Ylonene et al., 1997; Wilson, 2002a; 2000b), respiratory rate 

(Karavidas et al., 2010; Yao et al., 2008), skin conductance (Wilson, 2002a), pupil 

diameter (Dehais et al., 2008) and a decrease in the heart rate variability (Hankins & 

Wilson, 1998; Veltman & Gaillard, 1996b; Wilson, 2002a; Wilson et al., 1994) are 

reported. The measurement of respiratory rate (RR), heart rate (HR) and heart rate 

variability (HRV) to study changes in the pilot’s mental workload is very commonly 

used (Casali & Wierwille, 1984; Hankins & Wilson, 1998; Karavidas et al., 2010; 

Lehrer et al., 2010; Veltman, 2002; Veltman & Gaillard, 1996a, 1996b; Wilson, 
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2002a; Wilson et al., 1994). On the contrary, very few studies in the aviation field, 

in simulated or actual flight, report skin conductance (SC) or pupil diameter 

measurements although they are widely used to study individual mental workload. 

This lack could be explained by strong operational constraints. SC is conventionally 

measured via electrodes located at fingertips (a high density site of eccrine sweat 

glands causing variations in electrodermal activity). However, this configuration 

cannot be applied for flight context where the presence of electrodes on the 

fingertips would be inconvenient for pilot activity. Several studies have recently 

shown that a wrist location (distal inner surface) is an acceptable alternative (Poh et 

al., 2010; van Dooren et al., 2012). This location expands SC measurement to a 

broader range of situations including those for which the presence of fingers sensors 

constitutes an obstacle to the performed activity.  

Pupillary changes provide additional information on pilot physiological activity. 

This measurement is commonly known to reflect the information processing load 

(Kahneman, 1973; Klingner et al., 2008; Porter et al., 2007). Nevertheless, 

measurement of eye activity during flight is today primarily studied through the 

frequency and duration of eyelid blinking. But these indicators reflect the visual load 

variations more than the mental workload. A consensus exists (Hankins & Wilson, 

1998; Stern et al., 1994; Veltman & Gaillard, 1996a) to say that eye blink 

measurements are specifically sensitive to the amount of visual information to be 

processed (visual load). Electrooculography (EOG) technique (typically: applying a 

pair of electrodes around the subject’s eyes) is generally used to gather ocular 

activity (Hankins & Wilson, 1998; Lehrer et al., 2010; Veltman, 2002; Veltman & 

Gaillard, 1996a; 1998; Wilson, 2002a; Wilson et al., 1994). However, EOG has 

some limits such as intrusiveness or discomfort (constraints on head movements, 

trouble with wearing a helmet, etc.) and restricts information collected as part of 

analysis of pilot activity. For example, pupillary diameter or visual scanpaths cannot 

be measured. Collecting this information yet appears highly relevant to obtaining the 

most accurate picture of pilot activity during flight. Integration of a device for 

measuring pupil diameter and more generally ocular activity in a highly realistic 

flight simulation is currently a real challenge.  

 

This paper focuses on experimental design operationalization. Added-value of 

proposed experimental design mainly concerns an eye tracking device used to gather 

pupil diameter. 

 

Material and Method: deployment of an innovative experimental device  

 

The designed setup makes possible the measurement of the pilot’s activity by the 

means of physiological and ocular indicators in a highly realistic simulation 

environment. The whole protocol should respect usual training flight conditions 

without causing troubles for the pilot while allowing optimal measurements.  

 

Subjects 

 

Experiments were conducted during tactical flight training of five male pilots, ages 

29-32, to achieve a section lead test. All of them were French Navy fighter pilots. 

The total piloting experience of participants ranged from 700 and 1100 h with an 
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average of 870 h and between 150 and 500 h with a mean of 338 h regarding Rafale 

flight hours.  

 

Simulator 

 

Experiments were performed on a tactical Rafale simulator (see fig. 1) located at the 

Rafale Simulation Centre at Landivisiau Navy Air Base, France. The cockpit 

simulator was identical both in appearance and functions to a real Rafale aircraft 

(real flight instruments and G-seat). Eight retro-projected facets (Apogee 6 Sogitec) 

arranged in a pseudo-sphere provide a high visual definition. During simulation, the 

cockpit was placed in the pseudo-sphere allowing a large field vision (330 ° 

horizontal, 130 ° vertical). The pilot can communicate during the session with his 

wingman (installed in the same simulator, in a side room) and controller 

(instructor’s room). 

 

 
Figure 11. Pseudo-sphere (a) and Rafale simulator presentation (b). 

 

Apparatus 

 

In situ pilot activity was studied using a set of physiological indicators continuously 

recorded throughout the training session. Heart rate (HR), breathing rate (BR), skin 

conductance (SC) and pupil diameter (PD) were collected. The sampling frequency 

was 32 Hz for SC, 250 Hz for HR, 25 Hz for BR and 60 Hz for PD. The cardiac and 

respiratory activities were measured from a BioHarness3™ belt worn directly on the 

skin (adjustable elastic strap) around the rib cage just below the chest. The belt 

integrates a set of sensors for measuring heart rate (electrocardiogram) and 

respiratory (pressure sensors that detect the expansion of the chest related to 

respiratory activity). The belt also includes sensors for measurement of acceleration 

(movements and posture). To fit with experimental field constraints, the SC 

measurement was achieved by using the Q-Sensor tool (V2) from Affectiva™. The 

measurement was performed by applying two Ag/AgCl electrodes on the wrist 

(internal distal face) held by a strap (wristband). The tool also records skin 

temperature (data control) and acceleration. The latter data can characterize to some 

extent the physical activity of individuals. Cardiac, respiratory and skin conductance 

data were locally recorded (i.e. no wireless transmission but device storage, ≥ 24h). 

All sensors (belt and wristband) were installed on pilots prior to the simulated 

training mission. 
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The main innovation of the proposed experimental protocol is based on the device to 

measure pupil diameter, reducing the number of sensors affixed to the same subject 

and device intrusiveness. One of the main difficulties was to obtain and guarantee a 

maximal coverage area over the flight to ensure tracking maintenance despite the 

pilot’s head movements. For this, a Double-Tracking Device (DTD) was elaborated. 

The DTD consisted in the association of two faceLab
TM 

eye trackers (two optical 

pairs) mounted on a specific support to be easily attached or removed, directly 

behind the head-up display inside the cockpit (see fig.2). The device (support and 

DTD) was thought to integrate a simulation environment without causing any 

inconvenience for the pilot. Furthermore this configuration is supported by the 

software FaceLab
TM 

Link which generates a virtual tracking device from the two 

physical eye trackers by merging their data.  

 

 

Figure 12. Double-Tracking Device site. 

 

Audio recording (microphone fixed on the pilot’s flight suit) and video recording 

(webcam attached to each side of the cockpit seat) were also collated throughout the 

training session. These data were required for the subsequent synchronization of 

physiological and eye data with the flight session timeline. Synchronization is 

obtained by deleting all the sensor data before the start time of a training mission. 

Figure 3 shows the complete experimental setup. 
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Figure 13. Experimental setup for measuring pilot activity during flight including  audio 

(microphone) and video (webcam) recordings, HR and BR measurements (belt), SC 

measurements (wristband) and the double-tracking device (DTD) to measure pupil diameter. 

 
Study of device validity 

 

Measurements from two pilots had to be rejected due to technical problems 

(difficulty of data synchronization) or signal quality. Thus, analyses were performed 

using data collected from three pilots. The following analyses were conducted using 

data from six primary simulated tactical flight sessions realized by the three 

validated pilots. The flight session time period alone has been considered to 

constitute the analysis data set (data gathered during installation, calibration and 

sensor removal phases were excluded from the analysis data set). 

The proposed device has to be the least intrusive and uncomfortable as possible for 

pilots. To this end, “contactless” technologies (eye tracker Facelab
TM

) and unusual 

sensors (PD, SC) or their unusual location (wrist location) for the study of pilot 

activity have been preferred and deployed. This kind of device has never been 

tested. Thus, the first objective was to verify the setup quality according to its data 

acquisition – i.e. physiological coherence and relevance, data loss quantity (e.g. head 

movements) or the presence of artefacts. The quality of data acquisition was studied 

for all the collected measurements: 

 



 innovative multi-sensor device for fighter pilots activity study 153 

 Ocular activity (analysis of the pupil diameter data, in mm). It should be noted 

that eye blinks have been considered for the detection of marginal pupil 

diameter values, 

 Cardiac activity (analysis of R-R intervals computed by the BioHarness3
TM 

software from the electrocardiogram signal, in mV), 

 Respiratory activity (analysis of B-B intervals computed by the BioHarness3
TM 

software from the respiratory signal, in mV), 

 Electrodermal activity (analysis of the skin conductance, in μS). 

 

Signal quality indicators 

 

Only ocular activity measurements have a quality of acquisition indicator provided 

by the eye-tracker supplier. This gaze quality indicator ranges from 0 (null quality 

i.e. no data logged) to 3 (optimal quality of the measurement). To overcome the lack 

of quality information for the other signals (HR, BR and SC), new indicators were 

calculated. 

First, two signal filters were computed with Matlab ® software (see fig. 4):  

 Outliers identification filter: to count the marginal physiological values from the 

raw sample,  

 Steps identification filter: to count the marginal variation between two 

consecutive data. For cardiac activity and SC, indicators were adapted from 

Storm et al. (2000) – maximal relative difference of 25% between two R-R 

intervals - and Sami et al. (2004) – minimal SC value at 2 μS, and maximal 

temporal slope limited to 2 μS/s -. It should be noted that the skin conductance 

signal value measured at the wrist is weaker than the classical finger value: a 

minimal value has thus been visually estimated for each signal. 

 

 
 

Figure 14. Outliers and steps identification. 
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Signal quality indicators have been computed to report data acquisition quality on an 

entire flight session: to enable a comparison, these different indicators were all 

normalized on a scale ranging from 0 (no valid data) to 100 (all valid data). All these 

indicators are detailed in the following table. 
 

Table 13. Raw signal processing and indicators computation for Pupil Diameter (PD), Skin 

Conductance (SC), cardiac (RR intervals) and respiration (BB intervals) activities 

 
 

Device reliability  

 

The following table 2 presents distribution features of the different quality indicators 

(N=6 flight sessions). An analysis of the homogeneity of the indicators on all the 

flight sessions has also been conducted by computing the Relative Standard 

Deviation (RSD=standard deviation/mean). Homogeneity and thus repeatability of 

the data acquisition (over all the missions) can be questioned if RSD exceeds 15%.   

 



 innovative multi-sensor device for fighter pilots activity study 155 

Table 2. Distribution features of quality indicators 

Indicators/100 Mean 
Standard 

Deviation 
Minimum Maximum 

RSD 

(%) 

RatioQualiDiam 75.34 7.81 65.28 85.26 10.37 

RatioPD 71.70 8.16 63.27 82.96 11.39 

RatioHR 99.48 0.24 99.17 99.83 0.24 

RatioBR 89.74 5.37 82.80 96.46 5.98 

RatioSC 56.25 42.03 3.02 94.40 74.72 

 

This table emphasizes three main observations. First, signal quality from HR/BR 

sensor is excellent (more than 99% of HR signal and 89% of BR signal are 

physiologically valid) and repeatable (RSD <6%). Second, the quality of PD 

measurements reaches 72% (RatioPD) of physiologically valid data despite a very 

constrained activity context, broad head movements and an open visual field. 

Moreover, the physiological validity filter of pupil diameter computed with MatLab 

(filter defined for the current experiment) and the proposed gaze quality filter 

proposed by FaceLab (named here as QualiDiam) overlap entirely (i.e. when 

2<Ø<8, thus QualiDiam = 3). Additionally, QualiDiam means and the ratio of noisy 

measurements from the eye tracker are highly correlated (r²=0.96) and therefore can 

be used indifferently. Third, quality of SC signal acquisition is lower than quality 

obtained for the other signals. Indeed, a repeatability problem from one to another 

flight session (RSD>74%, and RatioSC varies from 3 to 94%) was observed. A 

visual study of SC signal has shown very noisy graphs for 2 sessions (with the same 

pilot) with a low RatioSC (<8%). 

 

Discussion 

 

Methodological contributions and perspectives: an innovative experimental setup 

reliable for high realistic simulation 

 

This paper details an innovative experimental setup to monitor ocular and 

physiological activity of fighter pilots in a highly realistic environment. The validity 

and reliability of the setup have been analysed through the quality aspects of data 

acquisition.  

Precisely, the setup enables a high acquisition quality (low level of outliers and 

steps) and repeatability (RSD<15%) of cardiac and respiratory data (Bioharness
TM

). 

However, skin conductance measurements (Affectiva
TM

) are to be considered with 

caution owing to a very noisy signal probably explained by movement artefacts. 

Despite a valid wrist sensor location, movements of arms and elbows due to pilots’ 

manoeuvres could affect signal quality. The issue of sensor location laterality then 

arises. In this study, the SC sensor was predominantly affixed to the left wrist and it 

is interesting to note that the left hand is the most active during Rafale flight. A 

future study could impose a systematically right location in order to study possible 

limitations of movement artefacts on the SC signal. Moreover, SC measurements 

recorded for one of the three pilots systematically presented a poor quality. 

Excessive perspiration could explain this phenomenon by either generating 

numerous outlier data or leading to artefacts due to sensor movements (sweat can 
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lead to wristband slips). An ankle location seems to be a better alternative. Such a 

device could be studied in future research. 

Furthermore, reliable data have been collected with DTD with a large cone of 

acquisition (full cockpit). The DTD reliability observed for pupil diameter suggests 

that this utilization could be extended to ocular scanpath collection for studying 

fighter pilot activity. This scope brings an interesting field of research perspectives 

which is not much investigated nowadays for an in situ flight environment 

framework. Therefore, a further step could consist in DTD optimization by testing 

its capacity to gather usable ocular behavioural measurements with the same level of 

quality.  

Overall, results on the DTD and the whole setup indicated an effective and 

responsive device. It was successfully deployed and offers an ambulatory and non-

invasive solution for a realistic flight environment to gather high quality data 

without affecting pilot activity. In the long term, the DTD and the detailed whole 

setup could be adapted for real flight deployment. 

 

Practical contributions and perspectives: integration in TAPAS method for 

assessing mental workload in the context of Human-System collaboration 

 

In addition to the assessment of the validity of the apparatus, the propositions 

presented in the paper contribute to the development of the TAPAS two-stage 

method (based on task and activity analyses).  

Thus, the Matlab routines for identifying signal outliers and steps could also be used 

to clean the data vectors for preliminary signal processing. Indeed, this is necessary 

to calculate and then to compare the accurate mean values of physiological data on 

different flight sequences, and therefore to classify communication and activity 

sequences according to a level of mental workload.  

To conclude, this contribution supports the processes of physiological activity data 

processing (dotted lines) in Figure 4. This figure illustrates the global TAPAS 

method for assessing mental workload in the context of Human-Human and Human-

System collaboration. 
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Figure 15. Global TAPAS method.  
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