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Abstract  

The eye movements of aircrew during flight have been a topic of interest to military and civilian 

researchers for over 60 years. Studies in flight simulators and real aircraft have used eye 

movements as a window onto operators’ processing of information from cockpit instruments and 

displays. This body of research has demonstrated strong links between eye movements and pilot 

expertise, workload, and situational awareness. Other applications of eye tracking in the cockpit 

have also been proposed, such as usability analysis, instructor-feedback, and aircraft input. The 

present report reviews this body of research to date and provides recommendations for future 

research and applications. 

Significance to defence and security  

The Royal Canadian Air Force (RCAF) is committed to increasing operational effectiveness of 

aircrew. This may be achieved through the application of novel technologies that enhance 

selection, training, or that directly enhance operational performance. This review demonstrates 

that eye tracking applications have the potential to enhance both training and operational 

performance in the context of military flight. This report was requested by The Director Air 

Personnel Strategy (D Air Pers Strat), and is the final deliverable for the Defence Research and 

Development Canada (DRDC) Project 03rm (“Eye Tracking Technology in Next Generation Pilot 

and Aircrew Training”). 
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Résumé. 

Les mouvements oculaires des équipages en vol suscitent l’intérêt des chercheurs militaires et 

civils depuis plus de 60 ans. Au cours d’études menées en simulateurs de vol et à bord d’aéronefs, 

ils ont servi à analyser la façon dont les pilotes traitent l’information fournie par les instruments et 

les dispositifs d’affichage de leur habitacle. Ces travaux ont montré qu’il existe des liens étroits 

entre le mouvement des yeux des pilotes et leur savoir-faire, leur charge de travail et leur 

connaissance de la situation. D’autres applications de suivi des mouvements oculaires ont été 

proposées, celles-ci portant notamment sur l’analyse de la facilité d’utilisation, sur la rétroaction 

d’instructeurs et sur les données fournies par les aéronefs. Le présent rapport traite de la 

recherche effectuée jusqu’à maintenant à ce chapitre et présente des recommandations en matière 

de recherches et d’applications futures. 

Importance pour la défense et la sécurité  

L’ARC s’est engagée à accroître l’efficacité opérationnelle de ses équipages, ce qu’elle peut 

notamment réaliser grâce à de nouvelles technologies conçues pour améliorer la sélection, la 

formation ou le rendement opérationnel de son personnel. La présente analyse montre que la 

formation et le rendement opérationnel des pilotes militaires peuvent être améliorés au moyen 

d’applications de suivi des mouvements oculaires. Le présent rapport a été rédigé à la demande 

du DSPA et constitue le produit livrable final du projet 03rm de RDDC.  
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1 Introduction 

The modern aircraft cockpit presents a complex visual scene. The aviator’s field of view is 

occupied by a dense mosaic of instruments and displays that convey information about the status 

of the aircraft. By observing these information displays the aviator can assess the state of the 

aircraft, including its movement vector, flight and control systems, automation systems (e.g., 

autopilot), navigation and communications systems. In military aircraft there may be additional 

displays containing sensor (e.g., radar, infrared camera) and weapon information. As the flight 

progresses, displayed information changes in real-time and must be closely monitored. This 

presents a challenge to human operators, who process information from the visual field in a serial 

manner with eye movements determining each subsequent location for processing. Accordingly, 

eye movement recordings may provide a window onto the aviator’s processing of information 

from cockpit displays.  

Research into the relationship between eye movements in the cockpit and pilot performance 

began in the years following the Second World War. Presently we review this domain of research 

to date. The paper begins with a brief overview of relevant characteristics of human eye 

movements and visual attention followed by a review of empirical research examining eye 

movements during aircrew performance. The review is organized by eye movement measures and 

focuses on the relationships of each measure to pilot expertise, mental workload, and situational 

awareness. Details about the methodology for each citation are collected for quick reference in 

Annex A and a primer on current eye-tracking technology is contained in Annex B. Finally, 

suggestions are provided for future research in this domain. 
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2 Eye movements and visual attention 

Humans make various eye movements including saccades, smooth pursuit movements, vergence 

eye movements, and vestibulo-ocular reflex movements (for a review see Rayner, 1998, 2009). 

Saccades are rapid, ballistic eye movements that direct the point of gaze to another area of the 

visual field. Processing of information from the visual field is suspended during saccades (known 

as saccadic suppression). Smooth pursuit eye movements are made in order to continuously align 

the point of gaze with a target moving across the visual field (e.g., a passing aircraft). In contrast 

to saccades, during smooth pursuit movements the visual perception of the target stimulus 

continues in order to update eye velocity and maintain pursuit (Masson and Stone, 2002). 

Vergence eye movements serve to align the eyes when focusing on different depth planes. For 

example, when the pilot focuses on the near field (e.g., instrument panel) his/her eyes will 

converge, and when focusing on a distant object through the windscreen they will diverge. 

Finally, vestibulo-ocular movements occur automatically to compensate for movements of the 

head. These reflex eye movements allow the visual system to maintain a constant point of gaze 

within the visual field amid frequent head movements. 

Saccades are particularly important in the context of information processing of cockpit 

instruments and displays. While vision is suppressed during a saccade, at the end of a saccade the 

eyes fixate a point in the visual field and a relatively stable image is projected onto the retina. It is 

during these fixation events that visual information is extracted from the fixated area. During 

tasks such as reading, scene perception, and visual search, fixation durations range from ~ 40 ms 

to over 800 ms, with mean fixation durations typically falling between 200 ms and 400 ms 

depending on the viewing task (Rayner, 1998). The link between fixations and cognitive 

processing has been the subject of decades of research, with consensus emerging that fixation 

durations depend partly on cognitive processing of the fixated material. For example, during 

reading, fixations that land on low-frequency (i.e., relatively rare) words have longer duration 

than fixations on high frequency words, and this is thought to be due to differences in the time 

required to identify the words (for a review see Reingold, Reichle, Glaholt & Sheridan, 2012). By 

analogy to the context of cockpit instrumentation, instruments or displays that contain 

information that is relatively difficult to read might be expected to produce longer fixation 

durations.  

A viewer might also make multiple fixations to a particular region of the visual field. For example 

during scene perception, a viewer might inspect a particular area of the scene (e.g., a single 

cockpit instrument) in a series of small saccades before moving to another area of the scene in a 

larger saccade. A group of fixations on a particular piece of information within a display are 

sometimes referred to as a dwell (e.g., Glaholt & Reingold, 2009; for an illustration see Figure 1). 
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Figure 1: A schematic showing a series of fixations and dwells separated by saccades.

Furthermore, the area from which high detail (i.e., high spatial frequency) information is captured 

during a fixation is relatively narrow. This is a consequence of the distribution of photoreceptors 

over the retina: the density of cone receptors that sense detailed (i.e., high spatial frequency) 

colour information is high in the central few degrees of the retinal visual field (known as the 

fovea) and drop off steeply toward the periphery (Yamada, 1969). Rod photoreceptor density 

increases towards the periphery, but rods provide low-resolution monochrome visual information 

and are optimized for vision at night as well as the detection of motion (Takeuchi & Valois, 

2009). Thus humans are only sensitive to high resolution tri-chromatic visual information within 

the central few degrees about their point of gaze (see Figure 2). Functionally this means that to 

process detailed visual information such as the information displayed by aircraft instruments, it 

must be fixated precisely so that its image is cast upon the fovea of the retina. The primary 

function of saccades is to direct the fovea to another area of the visual field. 
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Figure 2: An illustration of the information in the image captured by retinal photoreceptors, for 

two successive fixations (left panel: fixation on airspeed indicator, right panel: fixation on 

horizontal situation indicator). Due to the distribution of photoreceptors over the retina, high 

resolution colour visual information is extracted from the central few degrees about the point of 

gaze. Resolution and colour sensitivity drop off steeply with increasing eccentricity from the point 

of gaze. Note that this figure is a qualitative illustration only and does not depict actual filtering 

values (both in colour saturation and blur) at each retinal eccentricity. Furthermore, the visual 

experience of the viewer is the result of extensive post-retinal processing. 

For a given viewing task, the area of the visual field over which a viewer extracts useful information 

within an eye fixation is known as the perceptual span (Rayner, 1975; Rayner, Slattery, & 

Bélanger, 2010). Researchers have developed techniques to estimate the size of the perceptual span 

for specific viewing tasks and for individual viewers. For example, the gaze-contingent window 

manipulation involves monitoring eye movements and updating the viewer’s display contingent 

on gaze position such that a window of a certain size is continually centered at the viewer’s point 

of gaze (McConkie & Rayner, 1975). Visual information in the display is visible within the 

window and is masked outside of it. The logic of this manipulation is that if masking part of the 

visual field causes task performance to be impaired, then it can be inferred that the viewer was 

processing and using information from that part of the visual field in support of performance. By 

manipulating the size of the gaze-contingent window, researchers can determine the point at 

which the presence of the window impairs performance, and thus infer the size of the perceptual 

span of an individual for a given task. Prior research has shown that the size of the perceptual 

span increases with task-specific expertise (Reingold & Charness, 2005).  

In addition to cognitive processing of the fixated visual information, during an eye fixation the 

human visual system must also select a target for the upcoming saccade. The selection of saccadic 

targets from the visual field is also a subject of much research and theory (Findlay & Walker, 

1999; Zelinksy, 2008). In particular, it is known that saccadic targeting is influenced by low-level 

salience of image features in the visual field (so-called bottom-up effects on saccadic selection). 

For example, areas of the visual field with high contrast or high edge density tend to attract 
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fixations. Saccadic selection is also influenced by higher level task goals, strategies, or prior 

knowledge (top-down factors; e.g., Yarbus, 1967). In either case, the selection of a target for the 

upcoming saccade is likely to depend on processing of visual information outside of the fovea (in 

the parafoveal or peripheral visual field).  

Human viewers are also capable of selectively devoting processing resources to areas of the 

visual field without moving their eyes. This faculty, known as covert visual attention, was first 

demonstrated by Posner and colleagues (Posner, 1980; Posner, Snyder, & Davidson, 1980) using 

a spatial cueing paradigm. In this paradigm, the viewer keeps their eyes fixated on a central point, 

and is required to detect targets that appear left or right of the central point. When the frequency 

of the target presentation is biased towards one side of the display, subjects are faster to detect 

that target. This demonstrates that sensitivity to visual stimuli in different areas of the visual field 

can be biased through the top-down influence of visual attention. Since the Posner et al. findings, 

there has been a great deal of research on the relationship between the point of gaze and the focus 

of visual attention, however the consensus is that during normal behaviour, eye movements and 

visual attention are tightly coupled (see Findlay, 2009). More specifically, it is thought that a 

movement of gaze to a specific point in the visual field is preceded by a movement of visual 

attention to that location. Therefore under natural viewing the spatial distribution of eye 

movements corresponds closely to the distribution of visual attention and also the distribution of 

visual processing over the visual field. 

Several other oculomotor activities are potentially relevant to aircrew flight performance: blinks, 

microsaccades, and changes in pupil size. The blink is a ubiquitous oculomotor action that 

lubricates and clears the corneal surface. However in laboratory tasks, blinks have been shown to 

correlate with mental workload (Ahlstrom & Friedman-Berg, 2006; van Orden, Limbert, Makeig, 

& Jung, 2001) and fatigue (Morris & Miller, 1996). In addition, percent eye closure has been used 

as a measure of fatigue and alertness (Dinges & Grace, 1998; Wierwille, 1999). Microsaccades, 

part of a class of so-called fixational eye movements, occur while the eye is in fixation. One 

function of microsaccades is to prevent adaptation to the visual stimulus: if a fixed image is cast 

across the retina (known as retinal stabilization), the percept of the projected image fades until the 

image is shifted again. Microsaccades shift the retinal image slightly and prevent this adaptation. 

Recent research has also suggested a link between microsaccades and mental fatigue (Di Stasi, 

McCamy, Catena, Macknik, Cañas, & Martinez-Conde, 2013) in laboratory tasks. Finally, the 

pupil is the aperture in the cornea through which light passes before hitting the retina. The 

diameter of the pupil is adjusted automatically through smooth muscle movements in response to 

ambient luminance (for a review see Watson & Yellott, 2012). However, there is also evidence 

that pupil diameter increases with increasing cognitive workload (Ahlstrom & Friedman-Berg, 

2006; de Greef, Lafeber, van Oostendorp, & Lindernberg, 2009), and that pupil measures 

correlate with sleep deprivation (Morad, Lemberg, Yofe, & Dagan, 2000; Russo, Thomas, 

Thorne, Sing, Redmond, Rowland, Johnson, Hall, Krichmar, & Balkin, 2003). 



  
  

 

6 DRDC-RDDC-2014-R153 
 

 

  
  

 

3 Eye movements in the cockpit 

A central appeal to eye movement monitoring in the cockpit is the possibility of a window onto 

the aircraft operator’s cognitive state. The cognitive state of the operator is obviously important 

for safe and effective aircraft operation. For example, a pilot that is overloaded with concurrent 

cockpit tasks might be more likely to miss a critical warning indicator in the cockpit display, or 

perhaps fail to notice the appearance of another aircraft in nearby airspace. Mental workload has 

been defined previously as the ratio between the operator’s task demands and the operator’s 

cognitive capacity (Kantowitz, 1987). Performance variables that are derived from aircraft control 

inputs (e.g., throttle, flight stick) can provide some indication of operator overload, such as erratic 

control behaviour or deviation from course. But even when an operator’s task demands exceed 

their capacity and he or she is overloaded, there might not be overt behavioural signs. For 

example, lapses in situational awareness (see Jones & Endsley, 1996; van Dijk, van der Merwe, & 

Zon, 2011) might not result in changes to aircraft control inputs. Consider a situation in which a 

novice is overloaded by a particular flight task requirement while an expert, due to efficiency in 

processing, is not overloaded and thus maintains high situational awareness. Accordingly, the 

expert might notice visual cues that are missed by the novice. However, if these cues do not 

require action, the expert’s ‘noticing’ of those cues would leave no trace in performance measures 

and therefore it would be difficult to distinguish between the two pilots. Experts are also known 

to be more selective in the information they process, focusing their attention on information 

relevant to the decision or problem at hand (see Schriver, Morrow, Wickens, & Talleur, 2008). 

However, a pilot’s selectivity in processing cockpit information may only be weakly reflected in 

their operation of the aircraft. 

Eye movements have the potential to provide additional, and possibly more direct, measures of 

pilots’ information processing in the cockpit. Based on the what is known about the functions of 

eye movements in other domains (e.g., reading, scene perception, visual search), eye movements 

should provide indications of a) the information that is sampled by the operator over a given 

period (e.g., the distribution of fixation locations) and b) the time that it takes to process (e.g., 

fixation durations). Both of these aspects of eye movements are potentially sensitive to operator 

workload and expertise. In particular, the expert’s pattern of visual attention is likely to reflect 

their efficiency in selecting and processing context-relevant cockpit information. In addition, eye 

movement recordings might capture ‘latent’ differences between experts and novices under high 

and low mental workload. Together with performance measures, eye movements have the 

potential to yield a more complete picture of the operator’s workload, expertise and situational 

awareness.  

Not surprisingly, aircrew eye movements have been a topic of great interest in civilian and 

military aviation research since the Second World War. In an early application, Fitts and 

colleagues (Fitts, Jones, & Milton, 1949; 1950) sought to determine the optimal arrangement of 

instruments within the cockpit instrument panel. By video recording and manually classifying eye 

movements of pilots while they flew a C-45 aircraft, Fitts and colleagues were able to provide 

design recommendations that resulted in the familiar “T”-shape instrument arrangement and 

cross-check (see also Senders, 1964; 1966). Importantly, this early research identified eye 

movement measures that have been pursued in subsequent research: fixation duration, fixation 

frequency, and fixation pattern. In the years since this seminal work by Fitts and colleagues, a 

group of scientists at National Aeronautics and Space Administration (NASA) Langley Research 
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Center conducted a series of studies aimed at identifying expertise and workload effects from eye 

movements in the cockpit (e.g., Jones, 1985; Senders, 1966; Tole, Stephens, Vivaudou, Harris, & 

Ephrath, 1983; for a review see Harris, Glover, & Spady, 1986). Since the early 1990s, 

improvements to video-based eye tracking technology have provided cost-effective, automatic 

recording of gaze position with high spatio-temporal precision (see Annex B for a primer on eye 

tracking technology), allowing for measurement of saccades, pupil size, blinks, and even 

fixational eye movements (e.g., microsaccades). This has resulted in a third wave of research 

emerging from a multiple labs.  

The majority of studies in this domain have used video-based eye-trackers to monitor pilots’ eye 

movements while they complete flight tasks either in a simulator or in a real aircraft. Flight tasks 

might include take-off, landing, level flight, turn and maneuver, conduct cockpit procedures, or 

detect events or anomalies that appear within the instruments or out the window. Studies that 

examine mental workload in the cockpit typically compare flight tasks that differ in difficulty 

(e.g., compare landing vs. level flight), or else difficulty is manipulated within a task (e.g., add 

turbulence), or through the introduction of a secondary task that varies in difficulty (e.g., an 

auditory counting task). Studies that examine pilot expertise typically compare groups of subjects 

with different experience levels (e.g., students vs. instructors; differences in total hours in flight). 

Studies on situational awareness typically test for subjects’ awareness of in-flight events such as a 

system failure, a change in aircraft automation settings, or the appearance of objects in nearby 

airspace. 

Because the number of empirical papers on eye movements in the cockpit is large, it would be 

onerous to review them in a detailed chronological fashion. Instead we have organized the review 

by eye movement variable, summarizing for each variable the connection to pilot performance, 

workload, expertise, and situational awareness. In order to help illustrate the body of work in this 

domain we have created a table (see Annex A) that captures for each empirical study, the eye 

tracking system used, the nature of the flight task (e.g., simulator, take-off and landing task), the 

research factors of interest (e.g., workload, expertise), and the eye movement measures obtained. 

The following sections review eye movement measures in detail. 

3.1 Eye movement measures 

3.1.1 Proportional dwell time 

A common approach to analyzing pilot gaze behaviour is to divide the cockpit into relevant areas 

and compute total viewing time (i.e., dwell time) for each area. A separate area is typically 

defined for each cockpit instrument, display, and for the windscreen (out-the-window; OTW). 

The total dwell time for each area is then divided by the sum dwell time across all areas in order 

to derive the proportional dwell time (PDT) for each instrument (often reported as a percentage). 

One clear finding from prior research is that PDT is not equal across areas of the cockpit and 

some areas receive more dwell time than others (e.g., Alexander & Wickens, 2006; Anders, 2001; 

Hayashi, 2004; Hayashi, Ravinder, McCann, Beutter, & Spirkovska, 2009; Krebs, Wingert, & 

Cunningham, 1977; Matessa & Remington, 2005; Mumaw, Sarter, & Wickens, 2001; Spady, 

1978; Wierwille, Rahimi, & Casali, 1985). Areas for which the displayed information changes 

frequently (e.g., the primary flight display; Mumaw, et al., 2001) or that is of critical importance 

to the flight task (e.g., van Dijk, et al., 2011), are likely to receive a larger proportion of the total 
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dwell time. Svensson et al. (1997) found that the amount of dwell time spent heads-up (i.e., 

OTW) depended on the amount of information presented heads-down (in this case, a tactical 

display); more information heads-down was associated with more dwell time heads-down. In 

addition, the proportional dwell time for instruments can vary across phases of flight (Brown, 

Vitense, Wetzel, & Anderson, 2002; Diez, Boehm-Davis, Holt, Pinney, Hansberger, & Schoppek, 

2001; Colvin, Dodhia, & Dismukes, 2005; Huemer, Hayashi, Renema, Elkins, McCandless, & 

McCann, 2005; Mumaw, et al., 2001; Spady, 1978), presumably due to the changes in 

requirements for information from various instruments. Perhaps surprisingly, few studies have 

reported evidence for an effect of mental workload on proportional total dwell time across 

instruments. However, Spady (1978) found that the pattern of PDT across instruments changes 

with air turbulence (see also Krebs, et al., 1977).  

Recent studies by Li and colleagues (Li, Chiu, & Wu, 2012; Li, Chiu, Kuo, & Wu, 2013) showed 

that the pattern of PDT over instrument panels depended on pilot expertise (junior vs. senior 

pilots). Also, Schriver et al. (2008) found that expert pilots have higher PDT on relevant cockpit 

information during a failure event compared to pilots with less experience. Note that the PDT 

analysis can also be applied to areas defined within the OTW region of the cockpit. For example, 

Kim, Palmisano, Ash, and Allison (2010) compared PDT across different parts of the windscreen 

during visual-flight-rule (VFR) landing and were able to distinguish between novice and 

experienced pilots’ patterns of OTW dwell time. Colvin, Dodhia, Belcher, Dismukes, Poly, & 

Obispo (2003) also reported individual differences in the PDT directed OTW, with individuals 

varying between 32% and 61% percent dwell time out-the-window. Other researchers have 

measured proportional dwell time OTW in order to assess the impact of novel cockpit instruments 

on situational awareness in nearby airspace (Cote, Krueger, & Simmons, 1985; Johnson, 

Wiegmann, & Wickens, 2006; Oseguera-Lohr & Nadler, 2004; Wickens, Alexander, Thomas, 

Horrey, Nunes, Hardy, & Zheng, 2004; Willams, 2002).  

Total dwell time, from which PDT is derived, is the cumulative duration of all dwells on an area. 

As such it will be determined by the duration, as well as the frequency, of individual dwells. 

Furthermore dwells are composed of individual fixations, and hence dwell duration depends on 

the number of fixations and also the duration of individual fixations. These various measures are 

discussed in the following sections. 

3.1.2 Durations of fixations and dwells 

As was discussed in section 2.1, fixation durations are partly determined by the time required to 

cognitively process the fixated material. Consistent with this, Kramer, Tham, Konrad, Wickens, 

Lintern, Marsh, Fox, and Merwin (1994) showed that expert pilots have shorter fixation durations 

on cockpit instruments than novices. In addition, several studies have documented differences in 

fixation duration as a function of the area (e.g., instrument/display) fixated within the cockpit 

(Gainer & Obermayer, 1964; Senders, 1966; Spady and Harris, 1981), suggesting that cockpit 

display areas might differ in either a) the ease with which information is encoded from them (see 

Gainer & Obermayer, 1964) or b) the bandwidth of information contained in them (see Senders, 

1966). During system failures, fixation durations have been shown to increase for instruments that 

display critical information (Itoh, Hayashi, Tsukui, & Saito, 1990). Diez, Boehm-Davis, Holt, 

Pinney, Hansberger, and Schoppek (2001) also showed a relationship between fixation duration 

and situational awareness, where long duration fixations on relevant cockpit instruments 

correlated with high situational awareness. The effect of flight task and mental workload on 
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fixation duration is less empirically clear. Ellis (2009) failed to find a significant relationship 

between fixation duration and workload. Jessee (2010) found no effect of flight task on fixation 

duration, but found that the variability in fixation duration changed across tasks. 

A dwell is defined as a set of one or more consecutive fixations on the same area, instrument or 

display
1
. Dwells are multi-fixation processing epochs, and their durations have been shown to be 

sensitive to pilot expertise and mental workload. In particular, expert pilots tend to have shorter 

dwell durations than novices (Fitts et al., 1949; Bellenkes, Wickens, & Kramer, 1997; Kasarskis 

Stehwien, Hickox, Aretz, & Wickens, 2001; Sullivan, Yang, Day, & Kennedy, 2011; for a null 

finding see Yang, Kennedy, Sullivan, & Fricker, 2013), reflecting the efficiency with which 

experts process cockpit display information. Dwell durations also differ depending on the 

instrument they are directed to (Fitts, et al., 1949; Sarter, Mumaw, & Wickens, 2011; Spady, 

1978; Tvaryana, 2004), and over different phases of flight (Katoh, 1997). In contrast to the weak 

evidence in the context of fixation duration, for dwell duration there are several demonstrations of 

a correlation with task difficulty and workload. Harris, Glover, and Spady (1986) showed that 

increased mental workload tended to increase the duration of dwells. This increase was due to an 

increase in the number of fixations that composed the dwell rather than a lengthening of the 

component fixations. Spady (1978) and Dick (1980) presented evidence that dwell durations are 

longer for manual flight control than with automation. Causse, Baracat, Pastor, & Dehais (2011) 

found that dwell durations increased during instrument landing when there was high uncertainty 

about the safety of landing. Finally, Tole et al. (1983) reported that dwell durations on 

instruments increased with mental workload imposed by an auditory secondary task, but that this 

increase was greater for novices than experts, indicating an interaction between expertise and 

processing time (see also Robinski & Stein, 2013).  

3.1.3 Frequency of fixations and dwells 

In addition to the duration of individual fixations and dwells, one can conduct the complementary 

analysis the frequency that a particular cockpit area is fixated (or dwelled upon) within a flight 

segment or epoch. Consistent with the measures discussed previously, it is clear that cockpit areas 

are not fixated with equal frequency (Chuang, Nieuwenhuizen, & Bülthoff, 2013; Fitts et al., 

1949, 1950; Hayashi et al., 2009; Tvaryana, 2004; van de Merwe, Dijk, & Zon, 2012). Van de 

Merwe et al. (2012) found during a malfunction problem solving task, fixation rates on various 

instruments were related to their problem-relevance. Colvin, Dodhia, & Dismukes (2005) found 

that even under visual flight rules (VFR) when out-the-window viewing is considered critical, the 

instrument panel was fixated more frequently than the OTW area (for a similar finding see 

Wickens et al., 2004).  

1
 The terms ‘dwell’ and ‘fixation’ are sometimes used interchangeably but for the present purposes they must be 

distinguished. The term ‘fixation’ describes a physiological event: a pause in gaze position bounded by 

movements of the eye (e.g., saccades or blinks). ‘Dwell’ refers to a visit to a particular location in the display, 

such as an instrument. In viewing an instrument, the pilot may make one or more consecutive fixations on the 

instrument before leaving it to gaze elsewhere. The set of consecutive fixations on the instrument constitute a 

dwell, and hence dwells, unlike fixations, are determined by the fixated content. The confusion of these terms 

may be due, in part, to the historical technological challenge in identifying physiological fixations, which are 

typically bounded by high-velocity eye movements: eye trackers that have a slow sampling rate or a low spatial 

precision might not be able to reliably detect rapid, small saccades, and thus the analysis must be based on dwells 

bounded by areas of the visual field. 
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Fixation and dwell frequency are also sensitive to pilot expertise. Bellenkes, Wickens, & Kramer 

(1997) found that some cockpit instruments were dwelled upon more frequently by experts than 

novices, and Ottati, Hickox, & Richter (1999) found that experienced pilots made more fixations 

overall than novices. Similarly, Kasarskis et al. (2001) found that expert pilots made more 

frequent fixations than novices, and that high fixation frequency was associated with ‘good’ 

landing performance in both groups.  

The link between fixation frequency and pilot mental workload has not been well established, 

though there is some evidence of an effect of task demands on fixation frequency. In particular, 

Spady (1978) examined eye movements during simulated landing approach under instrument 

flight rules (IFR). Simulated turbulence was found to increase dwell frequency overall, and that 

manual throttle control produced a reduction in dwell frequency and increase in dwell duration on 

the attitude indicator compared to autopilot. Brown, Vitense, Wetzel, and Anderson (2002) also 

found that when flying manually, pilots fixated the primary flight display less frequently but for 

longer durations compared to when flying on autopilot.  

It is important to note that some reports of fixation or dwell frequency effects show 

complementary effects on fixation and dwell duration. For example, Kasarskis et al. (2001) 

reported that experts made more fixations than novices, and also that experts made shorter 

fixations than novices. This suggests a potential confound between fixation duration and 

frequency: if a subject makes relatively short fixations, they will also produce more frequent 

fixations over a given interval. Hence a caveat for interpreting overall (i.e., global) fixation and 

dwell frequency effects is that they may be a consequence of short overall fixation and dwell 

durations.  

3.1.4 Saccade Length 

Saccade length (also referred to as saccade amplitude) is the distance between fixated points in 

the visual field and corresponds to the angle through which the eye travels during a saccade. This 

variable is not often considered in the context of cockpit gaze behaviour, yet prior research has 

produced some evidence that saccade length is sensitive to pilots’ cognitive state. For example, 

Krebs et al. (1977) found that increased mental workload (via the introduction of air turbulence) 

caused pilots to produce shorter saccades. The authors suggested that this might reflect a tendency 

for pilots to focus on a few instruments during high workload conditions. Katoh (1997) also 

analyzed saccade amplitudes during simulated flight, and found that saccade amplitudes 

depended on flight task requirements: instrument-based tasks promoted short saccades (likely 

between instruments) where ‘scenery’-based (i.e., OTW) produced larger saccades (likely 

between OTW regions). Jesse (2010) also found differences in saccade length as a function of 

flight task. Schnell, Kwon, Merchants, and Etherington (2004) evaluated a novel cockpit display 

(a so-called “synthetic vision system”) and found that it caused a reduction in total saccade 

length, which may have reflected pilots’ focus on the new display item. Finally, Dahlstrom and 

Nahlinder (2009) computed a total eye movement energy which sums the vertical and horizontal 

eye movements over a flight period. The authors found that eye movement energy differed 

between simulated and actual flight, but interpreted this as being due to the presence of the OTW 

view in real flight as opposed to the instruments-only display in the simulator.  
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3.1.5 Dwell sequences and patterns 

A central goal of early research on eye movements in the cockpit was to identify higher-order 

patterns of eye movements. More specifically, there have been two main approaches to 

characterizing dwell pattern in the cockpit. The first approach analyzes dwell transitions between 

cockpit instruments, displays, and area (e.g., Fitts et al., 1949, 1950; Senders, 1966; Jones, 1985). 

The second approach attempts to derive global pattern metrics such as entropy (e.g., Tole et 

al., 1983) and nearest-neighbour index (Di Nocera, Camillia, & Terenzi, 2007). These two 

approaches are discussed in turn. 

3.1.5.1 Transition matrices 

Fitts and colleagues (Fitts et al., 1949, 1950) sought to determine the optimal arrangement of 

cockpit instruments from the perspective of pilot instrument scan. To do this, they measured the 

‘link’ between each instrument by computing the frequency of dwell transitions between two 

instruments (i.e., both directions) and dividing this value by the total number of transitions. Fitts 

et al. found that some pairs of instruments had higher link values than others and suggested that 

this information could be used to evaluate instrument arrangements; optimal arrangements would 

put ‘linked’ instruments close together. This work influenced the standard instrument panel 

arrangement used in most Western aircraft (Jones, 1985).  

Subsequent research considered a more general treatment of dwell pattern over cockpit areas by 

deriving transition matrices (Carbonell, 1966; Senders, 1966; for a review see Harris et al., 1986). 

In particular, the value of a given cell in the transition matrix is the probability of a dwell being 

directed to a particular cockpit display or area, contingent upon the location of the previous dwell. 

Extending the transition matrix to three dimensions, the value of a given cell in the matrix is the 

frequency of dwells on an area contingent on the location of the previous two dwells. These 

contingency analyses have been referred to as Markov chains (Norris, 1998). The previous 

example would constitute a 2nd order Markov chain. A zero-order Markov chain would be the 

simple probability of a dwell being directed a cockpit display (i.e., with no prior history). 

There has been some controversy among researchers about whether or not pilots actually have 

consistent higher-order dwell patterns per se, or if their sequential dwell patterns could be 

adequately described by simple dwell frequency data (e.g., Senders, 1966). If the latter is true, it 

would mean that pilots randomly choose subsequent instruments to dwell upon while drawing 

from the simple probability distribution of dwells for each instrument. Further work has contested 

this (Tole et al., 1983; Ellis & Stark, 1981; Ellis, 1982), arguing that deterministic scan patterns 

are difficult to detect and require sensitive statistical techniques (see Seeberger & Wierwille, 

1976). Indeed, higher-order dwell sequences will be intrinsically more difficult to observe than 

lower-order sequences from a statistical perspective (e.g., every sequence of three dwells contains 

one 2rd-order chain, two 1nd-order chain and three zero-order probabilities), making it more 

likely to achieve statistical power for lower-order sequences than higher-order ones. 

Nevertheless, studies on pilots in the cockpit have identified systematic dwell patterns from 

transition matrices. For example, dwell patterns captured in transition matrices have been shown 

to depend on the flight maneuver being carried out (Gainer and Obermayer, 1964; Jones, 1985). 

Dependence of dwell pattern on flight context (i.e., task, situation) might actually introduce 

difficulty for analyses designed to detect overall dwell patterns; if a pilot rapidly switches 
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between two higher order dwell transition patterns, the patterns may be blurred or lost when 

analyzed together. To address this possibility, Hayashi (2004) proposed a Hidden Markov Model 

approach which includes ‘hidden’ Markov states that correspond to different flight tasks, and 

allows for partially overlapping dwell patterns between tasks. This has subsequently been applied 

modeling the dwell patterns of space shuttle crew (Hayashi, Beutter, & McCann, 2005). 

Dwell patterns have also been linked to expertise and workload. For example, Harris et al. (1986) 

observed changes in dwell pattern under atmospheric turbulence, and also when automation is 

engaged. In a study by Tole et al. (1983), pilots of varying skill completed a simulated landing 

under instrument flight rules while conducting an auditory secondary task that varied in difficulty. 

The authors computed transition matrices and compared the frequency of the top ten most 

frequent 3rd-order transition sequences for each pilot. Interestingly, the frequency of the top ten 

sequences decreased for each pilot as mental workload imposed by the secondary task increased, 

suggesting that the dwell pattern became more variable as workload increased. Importantly, for 

skilled pilots this effect was reduced, indicating that their dwell pattern was more robust to mental 

overload than for less experienced pilots. 

Individual differences in dwell pattern have been observed. In particular, Dick (1980) found dwell 

patterns that were specific to individual pilots (see also Chuang et al., 2013). Also, Kramer et al. 

(1994) found that higher-order Markov chains were useful for distinguishing between student and 

expert pilots, but this was because there was more variability in dwell pattern among the experts 

than the students. Indeed, one of the possible difficulties with measures of dwell pattern is the 

potential for robust individual differences in the manifestation of expertise in dwell pattern; 

experts might have idiosyncratic, yet equally effective, cockpit eye movement patterns.

3.1.5.2 Global pattern metrics 

Given that dwell patterns reflect order in a pilot’s eye movement behaviour during flight, one 

approach to detecting the presence of dwell patterns is to measure the extent to which the dwell 

sequence is disordered or random. Entropy is an information theory measure (Shannon & 

Weaver, 1949; for a review see Verdü, 2000) that captures the degree of disorder or randomness 

in a sequence. By analogy to the cockpit, dwell sequences over cockpit areas that are less ordered 

and more random will have high entropy. Ephrath, Tole, Stephens, and Young (1980) examined 

eye movements of test pilots during simulated landings and manipulated mental workload both 

through task difficulty and via a secondary task, and reported a monotonic increase in entropy 

with increasing mental workload. Two more recent studies (van Dijk et al., 2011; van de Merwe 

et al., 2012) found that entropy increased following a cockpit instrument failure, conditions that 

presumably would entail increased mental workload.  

A measure known as approximate entropy (ApEn) was developed by Pincus (1991). ApEn is an 

entropy measure that is better suited to situations in which there is a lot of measurement noise in 

addition to underlying signal noise (e.g., the recording of biological signals). McKinley, McIntire, 

Schmidt, Repperger, and Caldwell (2011) investigated changes in ApEn associated with fatigue 

in pilots. Eye movements were recorded while pilots conducted various flight tasks. McKinley et 

al. found a decrease in ApEn at high fatigue levels when pilots performed an out-the-window 

target identification task. However in a simulated Unmanned Aerial Vehicle landing task, there 

was no significant difference in ApEn as a function of fatigue.  
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The entropy measure considers the sequence of dwell locations only, and discards dwell duration. 

However, as was discussed earlier, mental workload and expertise have both been shown to affect 

dwell duration. In order to incorporate dwell duration, a measure of entropy rate has been 

suggested: the entropy of a dwell sequence divided by the duration of that sequence 

(Tole et al., 1983). Tole et al. (1983) found that increased mental workload imposed by a 

secondary auditory task tended to lower entropy rate, but this pattern was only present for novice 

pilots and not for experts. Harris et al. (1986) also report that eye movement entropy rate 

decreases as pilot mental workload increases, and also that novice pilots exhibit a low entropy 

rate early in training, but as training progresses their entropy rate increases to match that of 

experts. Itoh et al. (1990) examined entropy rates across different instrument panels and found 

that the entropy rate for a panel with an integrated information display produced a smaller entropy 

rate, likely due to the clustering of gaze around the integrated display panel.  

With regards to mental workload there seems to be some discrepancy between the findings using 

the entropy rate measure and those reporting entropy: while entropy was found to increase with 

mental workload, entropy rate appears to decrease with mental workload. This suggests that dwell 

duration is an important consideration when computing the degree of randomness in instrument 

viewing, however these differences might also be due to variations in the way that mental 

workload is manipulated between experiments. Further research in this area might seek to resolve 

this discrepancy. 

Another global pattern measure known as Nearest Neighbour Index (NNI) was introduced by 

Di Nocera et al. (2007). Nearest neighbour index is a measure of spatial clustering, and is 

computed by summing the distances of each fixation to its nearest neighbour and dividing this 

sum by the average distance between fixations derived from a uniform random distribution. 

Values less than one indicate departures from a random spatial distribution. Note that while NNI 

detects departure from spatial randomness, it not sensitive to the degree of randomness in the 

sequence of fixation or dwell locations (c.f. entropy). Di Nocera et al. (2007) found that NNI 

varied across phases of simulated IFR flight, showing the least random (most clustered) 

distribution of fixations during cruising flight and the most random (least clustered) distribution 

during take-off and landing which are expected to have the highest mental workload.  

3.1.6 Microsaccades 

At the time of writing, no study to date has examined aircrew microsaccades. However there is 

promising research from non-flight domains that link microsaccade rate to mental fatigue 

(Di Stasi, McCamy, Catena, Macknik, Cañas, & Martinez-Conde, 2013). In particular, Di Stasi et 

al. monitored subjects’ eye movements during a simulated air-traffic control task and observed a 

robust reduction in microsaccadic peak velocity as time-on-task increased (over four 30 minute 

sessions). This is an encouraging finding and the potential application to aircrew eye movements 

during flight should be explored. 

3.1.7 Pupil diameter 

Several studies have investigated changes in pupil diameter during aircrew performance (Cheung 

& Hofer, 2003; Krebs et al., 1977; Previc, Lopez, Ercoline, Daluz, Workman, Evans, & Dillon, 

2009; Wierwille et al., 1985; Wilson, Caldwell, & Russell, 2007). In an early demonstration, 

Krebs et al. (1977) found that pupil diameter increased for flight segments that were subjectively 
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rated as high workload. Wilson et al. (2007) found a similar effect in the context of an unmanned 

aerial vehicle (UAV) sensor feed monitoring task. However, Previc et al. (2009) found no 

significant differences in pupil diameter across flight segments, and Wierwille et al. (1985) found 

pupil diameter to be relatively insensitive to pilot mental workload. Recently, Li et al. (2013) 

reported that senior pilots (compared to juniors) had increased pupil diameter when viewing 

relevant cockpit displays, suggesting a possible relationship between pupil diameter and 

expertise. As an aside, Cheung and Hofer (2003) induced a pitch illusion in pilots during 

simulated flight and found that pupil diameter increased during the spatial disorientation that 

followed. Hence overall there is a mixed pattern of findings with pupil diameter. One of the 

caveats to using pupil diameter as a measure of pilots’ cognitive state is that it correlates strongly 

with other eye movements variables (e.g., dwell duration; see Krebs et al., 1977). Pupil diameter 

also varies autonomously with ambient illumination (Watson & Yellot, 2012), which is difficult 

to control in the cockpit but can be controlled to some extent within flight simulators.  

3.1.8 Blinks 

Blinks have been considered as possible indicators of pilot cognitive state (Hankins & Wilson, 

1998; Krebs et al., 1977; McKinley et al, 2011; Veltman & Gaillard, 1996; Wierwille et al., 1985; 

Wilson, Fullenkamp, & Davis, 1994; Wilson, 2002; Wilson & Fisher, 1991). Wilson (2002) 

suggested that blink rates might offer a measure of ‘visual demand’, finding that blink rate 

decreased for visually demanding flight segments (IFR vs. VFR, landing vs. cruise). This general 

pattern has been replicated across several studies comparing flight segments of varying difficulty 

(Hankin & Wilson, 1998; Veltman & Gaillard, 1996; Wilson, Fullenkamp, & Davis, 1994) as 

well as mental workload imposed by a secondary task (Wierwille et al., 1985). There is also some 

evidence for a relationship between blinks and time-on-task. Stern and Bynum (1970) measured 

blink rate in helicopter pilots during actual flight, and found that blink rate decreased with time on 

task, and more so for novices than for experts. McKinley et al. (2011) manipulated time-on-task 

to investigate fatigue effects during aircrew tasks (OTW target identification and UAV control), 

and computed percent eye closure, the proportion of time that the eye was closed during a task. 

While the data from McKinley et al. (2011) show some indication that percent eye closure 

increases with time-on-task, the measure was also noisy and the authors concluded that it may not 

be a sufficiently robust signal with which to track fatigue. Blink rate and other associated 

variables (such as blink duration, inter-blink interval) have been used to classify flight segments 

(Wilson & Fisher, 1991). 

3.1.9 Perceptual span 

Only one study has used eye tracking to study the perceptual span of pilots in the cockpit. Fox, 

Merwin, Marsh, McConkie, and Kramer (1996) tested the hypothesis that compared to novices; 

expert pilots would be able to extract visual information from a larger area about the fixated 

point. This could allow experts to process information from instruments that are not directly 

fixated (i.e., in the parafoveal or peripheral visual field). In order to test this hypothesis they 

employed a gaze-contingent display manipulation whereby instrument information was only 

visible when gaze was directed to the instrument, and masked when gaze was directed elsewhere. 

Therefore in the gaze-contingent viewing mode the parafoveal and peripheral ‘preview’ of the 

instrument status is denied. The logic of this manipulation is that if a pilot is processing 

information from the instruments outside of central vision, this viewing mode should hamper 

performance. Fox et al. compared performance of instructors and novices on a simulated IFR 
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flight task with and without preview. Performance of both novices and instructors was impaired 

when instrument preview was denied, and interestingly this impairment was larger for instructors 

than for novices. Two important conclusions can be drawn from these findings. First, it is 

apparent that pilots can process cockpit display information outside of central vision. Secondly, 

the extent to which they can do this depends on their flight expertise, pointing to a possible 

application in which measurements of the perceptual span are used as an indicator of expertise. 

Further research is encouraged to explore this potential.  

A more recent study by Schaudt, Caulfield, & Dyre (2002) investigated the related issue of 

whether pilots could process information from cockpit information that was not fixated directly. 

They tested a method of presenting airspeed in pilots’ peripheral vision and found that pilots were 

able to use this information, confirming that peripheral processing of cockpit information is 

possible. Research is needed to determine what kinds of information can be processed 

peripherally (e.g., position of instrument dials, colour information, text), and the extent to which 

this depends on expertise.  

3.1.10 Event-related analysis 

Another common approach to analyzing eye movements in the cockpit is to examine the changes 

that occur following an event (Alexander & Wickens, 2006; Björklund & Alfredson, 2006; 

Dehais, Causse, Régis, Menant, Labedan, Vachon, & Tremblay, 2012; Itoh et al., 1990; Matessa 

& Remington, 2005; Mumaw et al., 2001; Sarter et al., 2011; Schriver et al., 2008; Thomas & 

Wickens, 2004; van de Merwe et al., 2012; van Dijk et al., 2011). These cockpit events are typically 

inserted into a scenario during simulated flight, and are used as probes in order to measure the 

pilot’s situational awareness. Situational awareness probe events are usually task-relevant, such as a 

system malfunction, a change in the aircraft’s automation state, or the appearance of an object in 

nearby airspace. While it is instructive to require an overt behavioural response (e.g., verbal 

acknowledgment) to probe events, analysis of eye movement recordings can determine whether 

the pilot actually fixated the relevant event information within the cockpit or OTW. This is 

especially useful when it is inconvenient or impossible to collect an overt behavioural response 

from the pilot.  

For example, Björklund and Alfredson (2006) used eye movement recordings to determine 

whether a pilot visually verified automation mode transitions. The authors found that the 

likelihood of gaze being directed to the cockpit indicator following the transition event differed 

between the Captain and First Officer (see also Mumaw et al., 2001; Sarter et al., 2011). Thomas 

and Wickens (2004) used eye tracking to find evidence that pilots had noticed the appearance of 

an object in nearby airspace. Dehais et al. (2012) used eye movements to determine whether a 

pilot’s visually detected cockpit indications of a simulated landing gear failure. Itoh et al. (1990) 

monitored pilots’ eye movements in a commercial airline simulator and found that following a 

system malfunction event, pilots showed an increase in total dwell duration on relevant cockpit 

display panels. Schriver et al. (2008) also examined eye movements following a system 

malfunction during simulated flight. They also showed increased dwell duration on relevant 

cockpit displays associated with ‘noticing’ the malfunction, and that there were differences in the 

latency to notice the malfunction between expert and novice pilots. A similar finding was 

observed by Matessa and Remington (2005) for malfunctions during simulated space shuttle 

launch operations. Van Dijk et al. (2011) found that eye movement entropy increased in the 

period following an instrument failure (see also van de Merwe et al., 2012). Hence eye 
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movements provide a variety of indicators of event-related information processing that can be 

used to assess situational awareness.  

3.2 Models 

Modeling efforts in this domain have sought to produce formal mathematical descriptions of the 

mechanisms that generate cockpit eye movements. While a detailed review of modeling of 

aircrew eye movements is beyond the scope of the present paper, there have been several 

modeling attempts in this domain that should be mentioned (for a review of early modeling in this 

domain see Jones, 1985). The earliest model of cockpit eye movement was developed by Senders 

(1964, 1966). This model assumed that instrument fixation probability was a zero-order Markov 

process, and attempted to predict these fixation probabilities based on the bandwidth of 

information presented in instruments. Subsequently, Carbonell and colleagues (Carbonell, 1966; 

Carbonell, Ward, & Senders, 1968; Carbonell, Senders, & Ward, 1969) devised a model to 

predict the proportion of time spent on each instrument. The model invokes a sampling process 

that determines a queue of instrument visits based on the risk of missing a critical observation 

from each instrument (though the model was not evaluated against real instrument dwell 

sequences and durations). In a later work, Jones (1985) constructed a model whose mechanics are 

based on the idea that the pilot seeks to minimize error from a desired state. The model was able 

to produce third-order transition matrices that matched those from actual pilots’ eye movement 

data, and also produced mean dwell durations and entropy measures that showed agreement with 

real data. 

Dick (1980) took a multivariate approach to modeling cockpit eye movement data during a 

simulated IFR landing scenario. Factor analysis was applied to a variety of eye movement 

measures including fixation duration, variability, transition probabilities, and blink rate, as well as 

simulator variables such as aircraft speed, deviation from glide slope, etc., across different segments 

of flight time. This analysis produced factors, which are collections of variables that co-vary. This 

approach is potentially very powerful in the context of cockpit eye movements, because it is 

likely that certain variables will be positively correlated with one another and exhibit redundancy 

(e.g., fixation frequency and total dwell duration), and others might be negatively correlated with 

one another (e.g., fixation frequency and mean dwell duration). Multivariate analyses such as 

factor analysis can extract the constellations of variables that change together, and also expose 

contrasts between variables, thereby illuminating the underlying relationships between multiple 

eye movement variables. For example, Dick (1980) derived factors that associated eye movement 

measures (e.g., mean dwell duration, variability, first-order transition values) with different levels 

of mental workload (e.g., manual control vs. autopilot) and different segments of flight. These 

factors could also be used to distinguish between individual pilots. He went on to describe a 

model in which pilots select ‘mini-scan’ monitoring patterns (described by aforementioned 

factors) based on the level of uncertainty about aircraft state.  

Kramer et al. (1994) took a similar approach by applying discriminant analysis to multivariate eye 

movement data. In particular, they derived discriminant functions that used both eye movement 

variables (PDT, dwell frequency, 1st – 4th order Markov coefficients) as well as aircraft state 

variables (root-mean-squared error in velocity, altitude, etc.) in order to distinguish between 

student and instructor pilots.  More recently the work by Hayashi (2004) applied hidden-Markov 

modeling to pilot cockpit transition matrices as a way to capture internal pilot control processes. 
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With this modeling approach, hidden-Markov states, which are conceptually similar to the factors 

emerging from factor analysis, code for pilot task (or strategy) and determine the subset of 

transitions that occur over a specific flight interval.  

Doane and Sohn (2000) applied the ACT-R modeling framework in order to describe the 

cognitive activity of a pilot during simulated flight. This model (called ADAPT), constructs a 

representation of the pilot’s knowledge about the aircraft state, and defines actions that result in 

updating of knowledge about the aircraft (e.g. look at cockpit indicator) changes to the aircraft 

state (e.g. control inputs). The model produced plans, or sequences of actions, including 

information acquisition activities, and Doane and Sohn demonstrated that these sequences can 

resemble the distribution of visual attention exhibited by pilots flying a simulated aircraft.  

3.3 Other applications 

Several applications of cockpit eye movement recordings are peripheral to the topics discussed 

previously, and will be covered in the following sections.  

3.3.1 Usability evaluation 

Several studies have used eye tracking to assist in the usability evaluation of a novel cockpit tool 

or instrumentation (Alexander & Wickens, 2006; Cote et al., 1985; Flemisch & Onken, 2000; 

Johnson et al., 2006; Hayashi, 2004; Oseguera-Lohr & Nadler, 2004; Schaudt et al., 2002; 

Schnell et al., 2004; Wickens et al., 2004). In an early application Cote et al. (1985) used eye 

tracking to compare flight performance using different possible navigation systems for a utility 

helicopter. Oseguera-Lohr and Nadler (2004) used eye movement measures (PDT and mean 

dwell duration) to assess the usability of a novel cockpit tool that assists with aircraft spacing 

during landing approach. Similarly, Wickens and colleagues (Alexander & Wickens, 2006; 

Johnson et al., 2006; Schnell et al., 2004; & Wickens et al., 2004) investigated changes in the 

distribution of pilots’ visual attention in the context a novel Synthetic Vision System (SVS) that 

provides a heads-down synthetic view of the external environment. Measures of PDT provided 

insight into the extent to which subjects used the SVS versus the out-the-window view.  A similar 

approach has been applied by Hayashi et al. (2009) to investigate the distribution of attention 

(both in PDT and pattern of dwells) within a fault management display in a next-generation 

spacecraft simulator.  Two versions of a fault management display were compared and analysis of 

eye movements differentiated the displays in terms of eye movement pattern, and also the 

proportion of overall viewing time that was consumed by the display.  In another study, Williams 

(2002) evaluated a novel ‘highway-in-the-sky’ synthetic flight display. Eye movements were 

recorded and PDT out-the-window was used as a measure of situational awareness. Hence eye 

movement recordings offer a way to determine the effects of new cockpit instrumentation on the 

distribution of visual attention within the cockpit.  

3.3.2 Field-of-view requirements 

In another application of eye movement recordings, Dixon, Rojas, Krueger, and Simcik (1990) sought 

to assess the field-of-view (FOV) requirements for flight simulators. To do this the authors compared 

eye movements of pilots who flew simulators that differed in the available out-the-window FOV 

(160˚ vs. 113˚ horizontal). Interestingly, they found that while the two FOV settings did not 
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produce different levels of performance, they did elicit different distributions of eye movements. 

This is an example of a situation where eye movement recordings were able to provide sensitivity 

in discriminating between experimental conditions where performance measures were not.  

3.3.3 Qualitative feedback during training 

Pilots’ eye movements have also been used to provide qualitative feedback during training. Jones, 

Coates, and Kirby (1983) presented trainees with a video about the eye movements of expert 

pilots. While there was some indication that this influenced the trainees’ self-reports about their 

own eye movement patterns, there was little evidence of an actual effect on trainees’ flight 

performance. More recently, Wetzel, Anderson, and Barelka (1998) reported on eye movement 

recordings that had been integrated into a United States Air Force (USAF) basic F-16 simulator 

training regime. Specifically, instructors were able to monitor students’ eye movements in real-

time during flight performance and provide feedback regarding their instrument cross-check. 

Wetzel et al. surveyed the instructors and found that they regarded the eye tracking capability as a 

very useful component of the course. More recently, Carroll, Surpris, Strally, Archer, Hannigan, 

Hale, and Bennett (2013) suggested that eye movement recordings should be integrated into pilots’ 

helmet-mounted display in order to provide after-action review (AAR) of pilot eye movement 

patterns during F-35 pilot training.  

One of the primary difficulties with this instructor-feedback approach is that it requires the 

instructor to perceive the appropriate underlying information from the student’s eye movement 

patterns while viewing them in real-time or else during an after-action review. Because eye 

movements are rapid, fixations short in duration, and dwell patterns potentially complex, it may 

be impossible for a human viewer to reliably extract the information upon which to give feedback 

(Carroll et al., 2013). Ideally, the information upon which this feedback might be based should be 

derived from quantitative eye movement measures such as those described in the previous 

sections. Nevertheless, an instructor might be able to give some useful qualitative feedback such 

as the pilot’s eye movements following situational awareness probe events (e.g., verifying that the 

pilot looks at the automation state display following an aircraft automation mode change).  

3.3.4 Aircraft inputs 

Ineson, Durnell, Ebbage, Jarrett, Neary, and Reed (2004) explored the potential for eye tracking 

as an aircraft control input. The authors reasoned that under high G-forces, movements of the arm 

are more difficult than movements of the eye, and hence eye movements might be able to provide 

better means of aiming for pilots under these conditions. Subjects aimed at a target board under 

high G-load in a human centrifuge either under eye-controlled aiming or head-controlled aiming. 

Indeed, eye-controlled aiming was found to be unaffected by G-load whereas head-controlled 

aiming was. Eye-controlled aiming was also found to be faster than head-controlled aiming, 

though somewhat less accurate.  

These results also point to a larger potential set of gaze-based human-computer interactions 

during aircraft training and operations. For example, an aircraft with integrated pilot eye 

movement monitoring might eventually be able to monitor pilot mental workload and situational 

awareness. This information could be recorded both for after-action review, but also for real-time 

pilot-aircraft interactions (e.g., an attention-aware instrument display that alerts the pilot when it 

has been ignored for too long). 
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4 Summary 

More than half a century of research has demonstrated strong connections between eye 

movements in the cockpit and aviator cognitive state. This research has been conducted primarily 

using video-based eye trackers in simulators and in real aircraft, and for both civilian and military 

applications. Eye movements have been shown to provide indicators of expertise, mental 

workload, and situational awareness. 

Perhaps one of the most robust findings from prior research is that expert aviators have shorter 

duration fixations and dwells than novices. Experts also make more frequent fixations, show a 

more varied and less predictable dwell pattern, and have a larger perceptual span than novices. 

There is also some evidence, though preliminary, that pupil diameter is sensitive to pilot 

expertise. These differences are likely to be due to the relative efficiency with which experts 

process cockpit information. Flight tasks or situations that result in increased mental workload are 

also associated with increased mean dwell duration, changes in the distribution of dwell duration 

over cockpit areas, and increased pupil diameter. Increased mental workload may also causes 

changes in the pattern of dwells (e.g., entropy), though this effect was not consistent across 

studies. Eye movements can also provide indications of the aviator’s level of situation awareness. 

For example, several studies used eye movements to determine whether or not the pilot fixated 

relevant cockpit information during important flight events such as aircraft malfunctions or the 

appearance object in nearby airspace. Blinks may offer a measure of the pilot’s level of fatigue. 

Hence for cockpit events in which no overt response is required (e.g., the operator merely needs 

to notice it), eye movements offer a unique contribution to depicting the operator’s situational 

awareness; there may be no other way to capture pilots’ “latent” information acquisition activity.  

There are several other applications of eye movements in the cockpit that have been explored in 

prior research. Eye movements can aid in usability evaluation for novel cockpit instrumentation, 

tools and devices. Recordings of eye movements can be used as feedback during training, either 

in real-time or in an after-action review. This approach might seem intuitive however it does rely 

on the ability of the instructor to provide appropriate and helpful feedback. Furthermore, it might 

be difficult to recommend heuristics for such eye-movement feedback without conducting a 

quantitative analysis of some or more of the variables described earlier. Finally, eye movement 

monitoring can be used to provide gaze-based interactions, which is a class of promising yet 

largely unexplored cockpit applications. 

Taken together, these findings strongly promote the potential utility of eye movement recordings 

for civilian and military flight. They could be applied during the training process to track and 

corroborate, together with performance measures, the management of workload and the 

development of expertise. Eye tracking could also be used to probe and verify pilot situational 

awareness, either during training or during actual flight performance. Given that eye tracking 

solutions are increasingly affordable and robust (see Annex B for a discussion), their application 

in these ways is feasible. Accordingly, a recent study by Air Force Research Laboratory has 

suggested that eye-tracking be integrated into a 5th-generation fighter aircraft (F-35) training 

program (Carroll et al., 2013). However, despite the large number of research studies that have 

examined eye movements in the cockpit, there are still many empirical and theoretical questions 

in this domain that warrant further research and these questions are outlined in the following 

section. 
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5 Future research 

One important avenue for future research would be to achieve further empirical consensus and 

validation of eye movement measures in the cockpit. While some empirical eye movement 

measures showed robust relationships to aspects of the aviator’s cognitive state, others produced a 

less clear pattern across studies. For example, the relationship between global pattern metrics 

such as dwell sequence entropy and entropy rate and operator variables such as expertise and 

mental workload were unclear across studies. Some of the variation in findings might be due to 

differences in flight task and mental workload manipulation across studies, and hence future 

studies might seek to examine dwell sequence pattern while carefully controlling these factors. In 

addition, measures such as pupil size, saccade length, and perceptual span during flight tasks have 

been investigated in only a few studies and would benefit from further empirical validation and 

replication. Other measures, such as microsaccade peak velocity, have not yet been explored in 

the cockpit and should be investigated. 

Further work is also needed to characterize eye movements across different flight tasks and also 

across different individuals. Most eye movement measures were shown to be sensitive to flight 

task, indicating that flight context (e.g., task, role, cockpit design) is important to consider when 

interpreting patterns of cockpit eye movements. Aircrew roles and their corresponding task 

requirements are diversifying with the advent of new technology (e.g., pilot, navigator, sensor 

operator, UAV flight control) and accordingly it might be necessary to identify patterns of eye 

movement measures that correlate with workload, situational awareness, or expertise separately 

for different roles and tasks. In addition, there are strong individual differences in eye movements 

in the cockpit, particularly in dwell pattern. This tends to complicate analyses that seek common 

trends across subjects. One solution to this is to adopt a within-subject approach that examines 

eye movement measures relative to a pilot’s own baseline. For research purposes this approach 

would yield more experimental power for comparisons across individuals, and for application 

design this approach would customizing the application to each individual’s eye movement 

parameters. One promising analytic approach that emerged from prior work in this domain is 

multivariate analysis. In particular, factor analysis and other multivariate methods show great 

potential for a) reducing the large space of eye movement measures into tractable structures, b) 

capturing inter-measurement correlations, and c) including other external variables such as flight 

task and segment as well as information specific to the pilot, including expertise and performance 

variables. However, only a few studies in this domain have employed these techniques. 

One of the most direct applications of eye movement recordings to aviator training is to have an 

instructor view the student’s eye movements and provide feedback. As was discussed earlier, 

there are difficulties with this method that centre around the instructor’s ability to extract 

important information by viewing the student’s eye movement pattern. One avenue for future 

applied research would be to develop tools that would a) analyze and visualize students’ eye 

movements (perhaps using some of the measures described earlier) and b) help highlight the 

connection of these measures to the task and performance (e.g., cockpit events, student flight 

performance). Such tools would make the instructor’s job less qualitative and would potentially 

relieve the instructor of the difficult task of real-time viewing of eye movement records. Further 

research might seek to develop and validate quantitative guidelines, cut-offs, and criteria for eye 

movement measures that could be used as guidance for instructors.  
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Finally, there are many under-explored applications of eye movements to aircrew performance in 

the cockpit. As was covered earlier, one promising domain is gaze-based aircraft input. One 

possibility is hands-free or eye-assisted selection within aircraft multi-function displays. Moving 

beyond eye movements as control input, future research might develop aircraft instruments that 

are sensitive to, or that incorporate information about, the pilot’s pattern of visual attention. Such 

attention-aware displays have been developed for a variety of computer-based applications (for a 

review see Toet, 2006; see also Rosch & Vogel-Walcutt, 2012), and many of these concepts 

could be applied in the aviation domain. Accordingly, in the future an attention-aware cockpit 

might emerge that is sensitive to its user’s pattern of visual attention, providing better training 

(e.g., via expertise tracking; eye movements-based feedback), increased operational effectiveness 

(e.g., task- and operator-specific information display), and improved safety (e.g., sensitivity to 

operator mental workload and situational awareness).  
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 Summary table Annex A

Table A.1:  Chronological summary of the empirical studies that were considered in this review. 

Citation Eye tracker Eye 

tracker 

Mount 

Flight setting Flight task Factors considered Eye movement 

measures 

Fitts, Jones, & 

Milton (1949) 

35mm video 

camera 

Cockpit-

mounted 

C-45 aircraft Landing 

approach 

Pilot experience Fixation duration, 

fixation frequency, 

fixation pattern 

Fitts, Jones, & 

Milton (1950) 

35mm video 

camera 

Cockpit-

mounted 

C-45 aircraft Landing 

approach 

Pilot experience Fixation duration, 

fixation frequency, 

fixation pattern 

Gainer & Obermayer 

(1964) 

PAR Head 

Mount Visual 

Recording 

Camera 

Head-

mounted 

Simulated YF-

102 

Variety of 

flight 

maneuvers 

Instrument 

configuration 

Fixation duration, 

fixation frequency, 

fixation pattern 

Senders (1966) Analyzed data 

from Fitts et al. 

(1949) 

- - - Modeling Fixation duration, 

fixation frequency, 

fixation pattern 

Stern & Bynum 

(1970) 
Electro-
oculogram 
(EEG) 

- UH-1D 

Helicopter 

Cross-country 

flight 

Pilot skill Blink rate, fixation 

pattern 

Krebs, Wingert, & 

Cunningham (1977) 

Honeywell 

Mark IIA 

Oculometer 

Cockpit-

mounted 

737 simulator IFR approach 

and landing 

Flight task difficulty, 

workload 

Fixation duration, 

proportional dwell 

time, pupil diameter, 

blink rate, saccade 

amplitude 

Spady (1978) Honeywell 

Mark IIA 

Oculometer 

Cockpit-

mounted 

737 simulator Landing 

approach 

Mental Workload, 

level of automation, 

task difficulty 

(turbulence) 

Dwell time, fixation 

pattern 
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Citation Eye tracker Eye 

tracker 

Mount 

Flight setting Flight task Factors considered Eye movement 

measures 

Dick (1980) Honeywell 

Oculometer 

Cockpit-

mounted 

737 simulator IFR landing 

approach 

Mental workload, 

level of automation, 

task difficulty 

(turbulence), 

modeling 

Fixation duration, 

proportional dwell 

time, dwell time 

variability, fixation 

pattern 

Ephrath et al. (1980) Honeywell 

Oculometer 

Cockpit-

mounted 

Simulator Landing 

approach 

Mental workload, 

task complexity 

Dwell pattern 

Spady & Harris 

(1981) 

Custom 

Oculometer 

Cockpit-

mounted 

737 simulator Landing 

approach 

Instrument design Proportional dwell 

time, dwell duration, 

dwell frequency 

Tole et al. (1983) Modified 

Honeywell 

Oculometer 

Cockpit-

mounted 

ATC-510 

procedures 

training 

simulator 

IFR flight 

straight and 

level 

Mental workload Dwell duration, dwell 

pattern 

Cote et al. (1985) NAC Eye Mark 

Recorder 

Head-

mounted 

JUH-IH 

helicopter 

Nap-of-the-

earth flight 

Navigation systems 

compared 

Fixation frequency 

Jones (1985) Modified 

Honeywell 

Oculometer 

Cockpit-

mounted 

737 simulator Steep turn 

maneuver 

Modeling Dwell duration, dwell 

frequency, dwell 

pattern 

Wierwille et al. 

(1985) 

Video camera Cockpit-

mounted 

GAT-1B 

training 

simulator 

Straight and 

level flight 

Mental workload Blink frequency, pupil 

diameter 

Harris et al. (1986) Review paper - - - Mental workload, 

expertise 

Dwell duration, dwell 

frequency, dwell 

pattern 

Dixon et al. (1990) ASL 210 Head-

mounted 

C-130 trainer; 

F15/F16 

simulator 

Basic contact 

maneuvers 

Field of view 

requirements for 

simulator 

Proportional dwell 

time, dwell frequency 
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Citation Eye tracker Eye 

tracker 

Mount 

Flight setting Flight task Factors considered Eye movement 

measures 

Itoh et al. (1990) NAC EMR-V 

Eye Mark 

Recorder 

Head-

mounted 

767, 737-300 

simulators 

Routine flight 

with 

equipment 

malfunction 

Mental workload Fixation duration, 

fixation pattern, event-

related analysis. 

Wilson & Fisher 

(1991) 

Electro-

oculogram 

(EOG) 

 F4 Aircraft Basic flight 

maneuvers 

Flight segment 

classification 

Blink rate, blink 

duration and other 

related variables. 

Kramer et al. (1994) ASL 4000H Head-

mounted 

Custom flight 

simulator 

Straight 

flight, turn 

maneuvers 

Expertise Fixation duration, 

fixation frequency, 

fixation pattern 

Wilson et al. (1994) Electro-

oculogram 

(EOG) 

- F4 aircraft Simple flight Mental Workload Blink rate, blink 

duration 

Fox et al. (1996) SRI Purkinje 

Gen5 

Desktop-

mounted 

(with bite 

bar) 

Desktop flight 

simulator 

Straight 

flight, turn 

maneuvers 

Expertise, perceptual 

span 

Fixation duration, 

fixation frequency, 

fixation pattern 

Veltman & Gaillard 

(1996) 

Electro-

oculogram 

(EOG) 

- F-18 simulator Straight 

flight, turn 

maneuvers 

Mental workload Blink duration, blink 

frequency 

Bellenkes et al. 

(1997) 

ASL 4000 Head-

mounted 

Beach Sport 

(Sundowner) 

simulator 

Straight 

flight, turn 

maneuvers 

Expertise, flight task Dwell frequency, 

dwell duration 

Katoh (1997) Electro-

oculogram 

- Custom flight 

simulator 

Take-off, 

landing, 

straight flight, 

maneuvers 

Flight task/mental 

workload 

Saccade amplitude, 

dwell duration 
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Citation Eye tracker Eye 

tracker 

Mount 

Flight setting Flight task Factors considered Eye movement 

measures 

Svensson et al. 

(1997) 

Video camera Cockpit-

mounted 

JA37 flight 

simulator 

Fly course, 

threat 

information 

handling 

Mental workload Fixation duration 

Hankins & Wilson 

(1998) 

Electro-

oculogram 

(EOG) 

- Piper Arrow 

aircraft 

Takeoff, 

approach, 

landing 

Flight task/mental 

workload 

Blink rate 

Wetzel et al. (1998) El Mar Inc. 

Vision 2000 

Head-

mounted 

F-16 simulator Basic flight Real-time eye 

movement feedback 

during training; 

cross-check 

evaluation 

Qualitative analysis 

Ottati et al. (1999) ALS E 5000 Head-

mounted 

Desktop flight 

simulator 

Fly course Expertise Fixation duration, 

fixation frequency 

Flemisch & Onken 

(2000) 

Custom video-

based eye 

tracker 

(caSBAro) 

Head-

mounted 

Custom 

transport aircraft 

flight simulator 

Fly course Instrument display 

arrangement 

Proportional dwell 

time 

Anders (2001) SMI iView-

HED+HT 

Head-

mounted 

A330 simulator Approach, 

landing 

Flight task, 

individual 

differences 

Proportional dwell 

time 

Diez et al. (2001) ASL 504 Head-

mounted 

Aerowinx PS1 

desktop 

simulator 

Takeoff, 

Descent, 

Landing 

approach 

Situational 

awareness, 

individual 

differences 

Fixation duration, 

proportional dwell 

time 

Kasarskis et al 

(2001) 

ASL 5000 Head-

mounted 

‘Fly!’ desktop 

simulator 

VFR landing 

approach 

Expertise Fixation frequency, 

dwell duration 

Mumaw et al. (2001) Not reported - 747-400 

simulator 

Basic flight 

maneuvers 

System automation Proportional dwell 

time 
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Citation Eye tracker Eye 

tracker 

Mount 

Flight setting Flight task Factors considered Eye movement 

measures 

Brown et al. (2002) El Mar Inc. 

Vision 2000 

Head-

mounted 

F117A simulator Straight 

flight, turn 

maneuvers 

Scan strategy, 

individual 

differences 

Fixation frequency, 

proportional dwell 

time 

Liu, Yuan, Liu, & 
Rui (2002)

Xi’an Electrical 

Eye Movement 

Measure 

System 

(EMMS) 

Not 

reported 

Desktop F-15 

simulation 

Landing Landing stages Saccade velocity 

Schaudt et al. (2002) ASL 5000 Head-

mounted 

Custom flight 

simulation 

Fly course Effectiveness of 

virtual speed 

indicator (usability); 

peripheral processing 

Proportional dwell 

time, fixation 

frequency 

Williams (2002) El Mar Inc. 

Vision 2000 

Head-

mounted 

Custom flight 

simulator 

Fly course Effectiveness of 

route guidance 

displays (usability) 

Proportional dwell 

time 

Wilson (2002) Electro-

oculogram 

- Piper Arrow 

aircraft 

VFR/IFR 

takeoff, flight, 

approach 

Mental 

workload/flight task 

Blink rate 

Cheung & Hofer 

(2003) 

Elmar Inc. 

Vision 2000 

Head-

mounted 

Custom flight 

simulator 

Fly course Disorientation Saccade frequency, 

pupil diameter 

Colvin et al. (2003) ISCAN Inc. 

Light Of Sight 

Head-

mounted 

AST Hawk 201 

flight training 

device 

VFR flight Mental workload Proportional dwell 

time 

Hayashi (2004) ISCAN Inc. eye 

tracker 

Head-

mounted 

Microsoft Flight 

Simulator 

(simulating 757-

200) 

IFR landing 

approach 

Evaluate display 

concept (usability), 

expertise, modeling 

Proportional dwell 

time, dwell pattern 

Ineson et al. (2004) Custom eye 

tracker 

Head-

mounted 

G-simulation in 

centrifuge 

Simple 

aiming task 

Eye pointing vs. 

hand pointing 

No eye movement 

measures reported 
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Citation Eye tracker Eye 

tracker 

Mount 

Flight setting Flight task Factors considered Eye movement 

measures 

Oseguera-Lohr & 

Nadler (2004) 

ISCAN AA-

ETL-500 

Head-

mounted 

B-757 Simulator Fly course Evaluate navigation 

tool (usability), 

individual 

differences 

Proportional dwell 

time, fixation pattern 

Schnell et al. (2004) ISCAN ETL 

500 

Head-

mounted 

Custom flight 

simulator 

Landing 

approach 

Evaluate display 

concept (usability), 

situational 

awareness, mental 

workload 

Fixation duration, 

fixation frequency, 

saccade amplitude, 

fixation pattern 

Tvaryana (2004) El Mar Inc. 

Vision 2000 

Head-

mounted 

RQ-1 Predator 

simulator 

Fly course Task 

difficulty/mental 

workload 

Dwell duration, dwell 

frequency 

Wickens et al. 

(2004) 

ASL eye 

tracker 

(unspecified 

model) 

Not 

reported 

Frasca simulator VFR and IFR 

Landing 

approach 

Evaluate display 

concept (usability), 

situational 

awareness, 

individual 

differences 

Dwell duration, dwell 

frequency, event-

related analysis 

Colvin et al. (2005) ISCAN Line Of 

Sight 

Head-

mounted 

AST Hawk 201 

flight training 

device 

VFR fly 

course 

Task 

difficulty/mental 

workload 

Proportional dwell 

time 

Hayashi et al. (2005) ISCAN ETL-

500 

Head-

mounted 

Space Shuttle 

part-task 

simulator 

Launch 

simulation 

Flight segment, 

individual 

differences 

Dwell pattern 

Huemer et al. (2005) ISCAN ETL-

500 

Head-

mounted 

Space Shuttle 

part-task 

simulator 

Identify 

system 

malfunction 

Expertise Proportional dwell 

time 

Matessa & 

Remington (2005) 

ISCAN ETL-

500 

Head-

mounted 

Space shuttle 

simulator 

Identify 

system 

malfunction 

Expertise Dwell duration, 

fixation frequency, 

event-related analysis 
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Citation Eye tracker Eye 

tracker 

Mount 

Flight setting Flight task Factors considered Eye movement 

measures 

Alexander & 

Wickens (2006) 

ASL 5000 Head-

mounted 

Frasca simulator Fly course, 

detect events 

Evaluate display 

concept (usability), 

individual 

differences 

Proportional dwell 

time, event-related 

analysis 

Björklund & 

Alfredson (2006) 

GazeTracker Head-

mounted 

Boeing 737NG 

simulator 

Fly course, 

detect failure 

event 

Automation, mental 

workload, individual 

differences 

Dwell frequency, 

event-related analysis 

Johnson et al. (2006) Not reported - Custom desktop 

flight simulator 

Fly course Evaluate display 

concept (usability), 

pilot decision 

making, individual 

differences 

Proportional dwell 

time 

Di Nocera et al. 

(2007) 

Tobii ET17 Desktop-

mounted 

Desktop flight 

simulator 

(Microsoft 

Flight Sim. 

2004) 

Climb, 

Cruise, 

Descend 

Task 

difficulty/mental 

workload 

Fixation pattern 

Wilson et al. (2007) SR Research 

Eyelink II 

Head-

mounted 

Desktop UAV 

part-task 

simulator 

Cruise, 

Monitor 

target area, 

target 

evaluation 

Fatigue, task 

difficulty/mental 

workload 

Pupil size 

Schriver et al. (2008) ASL 501 Head-

mounted 

Frasca 142 

simulator 

Fly course, 

detect system 

failure 

Expertise Proportional dwell 

time, event-related 

analysis 
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Citation Eye tracker Eye 

tracker 

Mount 

Flight setting Flight task Factors considered Eye movement 

measures 

Dahlstrom & 

Nahlinder (2009) 

Electro-

oculogram 

- Piper Arrow 31 

Navajo aircraft; 

Flight 

Navigation 

Procedure 

Trainer 

Takeoff, level 

flight, IFR 

approach 

Expertise, workload, 

real aircraft vs. 

simulator 

Eye movement energy 

Ellis (2009) SmartEye 3-

camera system 

Cockpit-

mounted 

737-800 

simulator 

Landing 

approach 

Workload, 

automation 

Fixation duration 

Hayashi et al. (2009) ISCAN ETL-
500 

Head-

mounted 

Orion spacecraft 

simulator 

Spacecraft 

takeoff and 

ascent 

Fault monitoring, 

situational awareness 

Proportional dwell 

time, dwell duration, 

dwell frequency, dwell 

pattern. 

Previc et al. (2009) ASL Eye-Trac 

6000 

Head-

mounted 

T-6 aircraft 

simulator 

Takeoff, 

climb, turn, 

descent, 

landing 

Fatigue Fixation duration, 

proportional dwell 

time, saccade length, 

pupil diameter, blink 

rate 

Jessee (2010) ASL Eye-Trac 

6 

Head-

mounted 

UH-60M 

Blackhawk 

simulator 

Hovering 

flight, actions 

on contact 

Task 

difficulty/mental 

workload 

Fixation duration, 

fixation duration 

variability, saccade 

amplitude, blink 

interval 

Kim et al. (2010) Point Grey 

Research Inc. 

Firefly-MV 

Firewire 

camera 

Desktop-

mounted 

Desktop Cessna 

simulator 

Landing 

approach 

Expertise Fixation duration 
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Citation Eye tracker Eye 

tracker 

Mount 

Flight setting Flight task Factors considered Eye movement 

measures 

Latorella, Ellis, Lynn, 
Frasca, Burdette, 
Feigh, & Douglas 
(2011) 

SmartEye Pro 

5.5 

Cockpit-

mounted 

Custom flight 

simulator 

Basic flight Evaluate eye 

tracking system 

performance 

Eye track quality 

Causse et al. (2011) Pertech eye 

tracker 

Head-

mounted 

Simple desktop 

ILS simulation 

IFR landing 

approach 

Landing decision 

making 

Dwell duration 

McKinley et al. 

(2011) 

EyeCom Inc. 

EC6 

Cockpit-

mounted 

UAV simulation Landing Fatigue Percent eye closure, 

Approximate Entropy 

Sarter et al. (2011) ASL 4000 Head-

mounted 

B-747-400 

simulator 

Takeoff, 

flight, landing 

Automation Proportional dwell 

time 

Sullivan et al. (2011) Seeing 

Machines Inc. 

FaceLAB 

Cockpit-

mounted 

Desktop 

helicopter 

simulator 

Fly course Expertise, 

Navigation 

Dwell duration, Dwell 

pattern 

van Dijk et al. 

(2011) 

ASL 6000 Head-

mounted 

Custom flight 

simulator 

Basic flight, 

diagnose 

malfunction 

Situational 

awareness 

Proportional dwell 

time, dwell pattern, 

event-related analysis 

Dehais et al. (2012) Pertech Head-

mounted 

Custom flight 

simulator 

Landing Situational 

awareness 

Event-related analysis, 

Saccade frequency 

Li et al. (2012) ASL Mobile 

Eye 

Head-

mounted 

Custom flight 

simulator 

Fly course 

(IFR) 

Mental workload, 

situational awareness 

Total dwell time 

van de Merwe et al. 

(2012) 

ASL 6000 Head-

mounted 

Custom flight 

simulator 

Fly course Situational 

awareness 

Fixation duration, 

dwell duration, 

fixation pattern, 

fixation frequency, 

event-related analysis 

Vrzakova & 
Bednarik (2012) 

Ergoneers Ltd. 

Dikablis 

Head-

mounted 

Airbus Jet 

simulator 

Not reported Evaluate eye 

tracking system 

Calibration/Track 

quality (qualitative) 
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Citation Eye tracker Eye 

tracker 

Mount 

Flight setting Flight task Factors considered Eye movement 

measures 

Weibel, Fouse, 
Emmenegger, 
Kimmich, & Hutchins 
(2012)

Tobii 

Glasses 

System 

Head-
mounted 

Airliner
simulator 

Not reported Evaluate eye 

tracking system/

analysis package 

None reported 

Burian, Pruchnicki, 
Rogers, Christopher, 
Williams, Silverman, 
Drechsler, Mead, 
Hackworth, & 
Runnels (2013) 

Seeing 

Machines Inc. 

FaceLAB v5 

Cockpit-

mounted 

ELJ Level 5 

flight training 

device 

Takeoff, 

flight, landing 

Pilot error, mental 

workload 

None reported 

Chaung et al. (2013) Seeing 

Machines Inc. 

FaceLAB 

Cockpit-

mounted 

Desktop flight 

simulator 

Fly course Task difficulty, 

individual 

differences 

Dwell frequency, 

dwell pattern  

Li et al. (2013) ASL Mobile 

Eye 

Head-

mounted 

Dynamic High 

Fidelity Trainer 

Air-to-air 

combat 

Mental workload, 

expertise 

Dwell duration, 

proportional dwell 

time 

Robinski & Stein 

(2013) 

Ergoneers Ltd. 

Dikablis 

Head-

mounted 

Eurocopter 

EC135 simulator 

Takeoff, 

landing 

Task difficulty, 

expertise 

Proportion long gazes 

Yang et al. (2013) Seeing 

Machines Inc. 

FaceLAB 4.6 

Cockpit-

mounted 

Desktop 

simulator 

Fly course Task difficulty, 

expertise 

Dwell duration, dwell 

pattern 
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 Eye-tracking technology primer Annex B

An eye tracker monitors a viewer’s point of gaze in real time. While a detailed review of the 

history of eye tracking technology is outside of the scope of the present paper (see Duchowski, 

2007), the present Annex serves as a primer on the capabilities of current eye tracking 

technology.  

Most modern eye-tracking systems use a video camera to record images of a subject’s eye (or 

eyes) in real time and estimate their gaze position in the world. This technique is possible because 

the appearance of the eye changes as the viewer looks at different points in the visual field. In 

particular, the shape of the pupil changes from being circular when staring straight at the camera 

to becoming more elliptical as the viewer gazes more eccentrically relative to the camera’s line of 

sight. In addition, most video-based eye tracking systems illuminate the eye with an infrared light 

source. This provides steady illumination of the eye, making a more reliable image, but also 

creates reflections on the surface of the eye (the cornea) known as Purkinje reflections. The 

appearance of these reflections also varies with the eye position (or gaze direction) and hence can 

be used to predict gaze location. Most modern eye trackers use information about both the pupil 

and corneal reflection to track gaze location (the Pupil-CR method).  

In order to track gaze position in the real world (i.e., identify what region of space the viewer is 

looking at), the eye tracker must translate changes in image characteristics of the eye (Pupil-CR 

appearance) to real world gaze locations. This is achieved through a calibration process. 

Basically, calibration involves having the viewer look at known points in the visual field (usually 

displayed on a computer screen), recording the eye image characteristics for each point, and then 

solving mathematical equations to produce a model that predicts gaze position within the plane of 

calibration based on the eye image characteristics. All video based eye trackers require some form 

of calibration, though some systems use defaults, or automatic calibration methods that simplify 

the process. Calibration is typically a critical factor in determining the system’s accuracy in 

estimating the viewer’s gaze position. 

Because the appearance of the pupil and the corneal reflectance will also change with head 

movements, head movements are a confounding variable for eye trackers. Solving this issue has 

led to one of the major design distinctions in eye tracking technology: head (helmet, or glasses) 

mount vs. desk (or cockpit) mount. Head-mounted eye trackers eliminate the problem of head 

movement by mounting the eye-tracking camera on the head, so the relative image of the eye 

remains approximately constant. This is a good solution save for a few drawbacks: 1) the 

head-mounted camera can be bulky and obtrusive, and 2) the camera may still move if the head-

mount shifts during head movements. Also, for head-mounted eye trackers, the position of the 

head must also be monitored in order to translate the recorded eye information into real-world 

gaze positions (e.g., calibration). For desk-mounted eye trackers, head movements are often 

mitigated by using a chinrest/forehead support or a bite-bar. This method is effective at reducing 

head movements but can also be quite obtrusive and/or uncomfortable. More recently, desk (or 

cockpit) mounted eye tracking solutions have emerged that track the eye as well as the head, and 

thereby compensate for head motion in their solution for gaze position. This can involve tracking 

features of the face, or overtly tracking head position with a separate head-tracker.  
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Perhaps the most important differences between eye trackers stem from the quality of the eye 

tracking data that they provide. Eye trackers vary in accuracy and precision of gaze position 

measurement, as well as temporal frequency. Accuracy is the average error in predicting gaze 

position; for high-fidelity eye tracking systems this is < 0.5 degrees of visual angle. This means 

that the system is able to estimate the target of the viewer’s gaze within 0.5 degrees. Precision 

corresponds to the smallest change in gaze position that is detectable by the system, and is often 

 < 0.1 degrees of visual angle. This is important for detecting movements of the eye (e.g., 

saccades). Temporal frequency is the rate at which the eye tracker samples gaze position, and 

ranges from relatively slow (25 Hz) to extremely fast (2000 Hz). Faster sampling rate allows the 

eye tracker to detect very short duration eye movement events (e.g., microsaccades). Another 

critical variable for applying eye tracking systems is the range over which they can track head and 

eye position. This is particularly important for desk- or cockpit-mounted systems; it corresponds 

to how far the subject can move their head, or turn their head, and the area over which the subject 

can fixate within the visual field. For a cockpit eye tracking system, a wide tracking range is 

desirable. Note that these factors are not necessarily independent. For example, increased range 

often comes at the expense of accuracy, and temporal sampling rate and accuracy may show an 

empirical tradeoff. Eye tracking systems can be sensitive to ambient light; some eye trackers must 

be used in a setting of relatively controlled illumination and will perform poorly when used in 

variable illumination (e.g., outdoors). Eye tracking systems may also be more or less tolerant to 

corrective lenses (particularly glasses, which can be reflective). Hence when evaluating eye 

tracking solutions for a simulator or aircraft cockpit all of the aforementioned factors should be 

considered.  

As can be seen in the summary table in Annex A, studies on eye movements in the cockpit have 

used both head-mounted and cockpit-mounted systems. Both types of systems have drawbacks 

for the cockpit setting that must be considered: head-mounted systems might interfere with other 

head-mounted devices worn during flight (e.g., a helmet; night vision goggles mounted on the 

helmet), while cockpit-mounted systems might interfere with the information displayed in the 

cockpit. Beyond these concerns, it is important to determine whether the system can provide the 

measurements that are needed for the research experiment or application. For example, to 

measure percent dwell time on individual instrument panels, the eye tracker must be able to track 

gaze position with an appropriate accuracy. If, when sitting in the cockpit, an instrument panel 

occupies one degree of the pilot’s visual angle, an eye tracker must have accuracy on the order of 

one degree or better to determine whether the pilot is looking at that instrument versus an 

adjacent instrument. If microsaccades are of interest, the eye tracker will need to have high 

accuracy, precision, and a high temporal sampling rate in order to detect these small, rapid 

movements. This paper does not evaluate specific models of eye trackers used in the cockpit, 

thought the specific model of eye tracker used in each of the cited empirical studies can be found 

in the table in Annex A. Several studies have tested specific eye tracking systems in the cockpit 

and reported on their applicability (SmartEye, Latorella et al., 2011; Dikablis, Vrzakova & 

Bednarik, 2012; Tobii Glasses, Weibel et al., 2012; see also Carroll et al., 2013).  

Finally, it should be noted that there are other methods than the video-based method for eye 

tracking. One method that has been used with some frequency in the context of cockpit eye 

movement recording is the electro-oculogram (EOG). This method involves recording 

oculomotor muscle activation, using electrodes that are placed on the face and head. This method 

can accurately detect the onset of saccades in the vertical and horizontal planes. However, there 

are several drawbacks to this method. Because it involves recording muscle activity, the data are 
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noisy, and the requirement to wear electrodes on the head can also create conflicts with other 

devices. Electrodes might also impede upon comfort, and might require a technician to 

apply/monitor. Furthermore, the exact gaze position in the cockpit is difficult to estimate from 

EOG, and hence in prior research this technique has primarily been used to detect the saccades 

and blinks. 
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List of symbols/abbreviations/acronyms/initialisms  

AAR 

ApEn 

D Air Pers Strat 

After Action Review 

Approximate Entropy 

Director Air Personnel Strategy 

DRDC 

EOG 

Defence Research and Development Canada 

Electro-oculogram 

FOV 

IFR 

NASA 

NNI 

OTW 

PDT 

RCAF 

SVS 

UAV 

USAF 

VFR 

Field Of View 

Instrument Flight Rules 

National Aeronautics and Space Administration 

Nearest Neighbor Index 

Out The Window 

Percent Dwell Time 

Royal Canadian Air Force 

Synthetic Vision System 

Unmanned Aerial Vehicle 

United States Air Force 

Visual Flight Rules 
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