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Gaze behaviour has been used as a proxy for information processing capabilities that underlie complex 
skill performance in real-world domains such as aviation. These processes are highly influenced by 
task requirements, expertise and can provide insight into situation awareness (SA). Little research has 
been done to examine the extent to which gaze behaviour, task performance and SA are impacted by 
various task manipulations within the confines of early-stage skill development. Accordingly, the 
current study aimed to understand the impact of task difficulty on landing performance, gaze behaviour 
and SA across different phases of flight. Twenty-four low-time (<300 hours) pilots completed 
simulated landing scenarios under visual flight rules conditions. Traditional gaze metrics, entropy-
based metrics, and blink rate provided meaningful insight about the extent to which information 
processing is modulated by flight phase and task difficulty. The results also suggested that gaze 
behavior changes compensated for increased task demands and minimized the impact on task 
performance. Dynamic gaze analyses were shown to be a robust measure of task difficulty and pilot 
flight hours. Recommendations for the effective implementation of gaze behaviour metrics and their 
utility in examining information processing changes are discussed. 
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Introduction 

 Most of the information regarding flight controls and operation is gathered and processed 
by the human visual system. Since modern cockpits present a complex human-machine 
interface with multiple competing stimuli, pilots must be able to optimally scan and process 
critical pieces of information for the safe and successful operation of an aircraft. As such, eye-
tracking research in the aeronautical domain has largely focused on the development and 
implementation of eye-tracking metrics with the objective of understanding what constitutes 
superior pilot monitoring of aircraft controls in expert pilots (Glaholt, 2014; Peißl et al., 2018; 
Ziv, 2016). Accordingly, several studies have already identified changes in traditional and 
advanced gaze (i.e., coordinated head and eye movements) metrics in expert pilots that vary 
with task difficulty, which are associated with differences in pilot performance and situation 
awareness (SA) (Brams et al., 2018; Glaholt, 2014; Robinski & Stein, 2013; for review see 
Peißl, 2018 and Ziv 2016). However, what remains is a specific gap in understanding how 
these measures are impacted within the confines of early-stage pilot skill development. 
Therefore, the aim of the current study was to understand the impact of task difficulty on flight 
performance, gaze behaviour and SA across various phases of flight in low-time (i.e., <300 
hours) pilots using a high-fidelity simulator environment. 

 Eye-tracking offers insight into skill performance by providing both behavioural and 
physiological outputs that can be used to provide insight regarding pilot performance, as well 
as the underlying cognitive processes (deBrouwer et al., 2021; Hermens et al., 2013; Land and 
Hayhoe, 2001; Robinski & Stein, 2013; Yarbus, 1967). For instance, it has been well 
established that high performing pilots spend more time selectively allocating their visual 
attention towards objects that are relevant to the task goals, while ignoring other task irrelevant 
areas (Ayala et al., 2023; Di Nocera et al., 2007; Glaholt, 2014; Gray et al., 2014; Kim et al., 
2008; Sarter et al., 2007; Van de Merwe, 2012). Specifically, optical splay angle and runway 
length-width ratio have be referenced as helpful runway visual cues that improve landing 
performance (Beall and Lumis, 1997; Kim et al., 2008; Mertens and Lewis, 1981). These 
apparent gaze biases are not only highly task dependent but demonstrate how high performing 
pilots efficiently and effectively scan their environment to sample all necessary information 
required to successfully plan and complete a specific task. What is important to note is that 
skill performance in itself may be very similar between any two pilots, or two groups of pilots. 
However, the way in which information is processed during a given task may differ despite 
their comparable performance capabilities. Eye tracking can help reveal these differences 
through the examination of other basic and dynamic gaze metrics that provide further insight 
into how efficiently individuals process information and could reveal the differing levels of 
task demands associated with a particular scenario. For example, previous work has shown 
that more efficient information processing is associated with reduced fixation duration 
(Andrzejewska & Stolińska, 2016; Brams et al., 2018; Glaholt 2014; Peißl, 2018; Sun et al., 
2016; Tang et al., 2016; Ziv, 2016), increased fixation frequencies (Brams et al., 2018; Gidlöf 
et al., 2013; Glaholt, 2014; Hebbar et al., 2023; Peißl, 2018; Ziv, 2016), as well as a greater 
propensity to fixate more task-relevant areas of interest (AOIs) - greater fixation dispersion 
(i.e., Stationary Gaze Entropy: SGE) - in a more variable/flexible pattern; as made apparent 
with greater fixation sequence complexity (i.e., Gaze Transition Entropy: GTE) (Ayala et al., 
2022; Ayala et al., 2023; Ayala et al., ETRA, 2023; Glaholt, 2014; Hebbar et al., 2023; Peißl, 
2018; Sun et al., 2016). Several studies have also demonstrated how reduced blink rate is a 
reliable proxy for increased task difficulty as well as cognitive load (Glaholt, 2014; Peißl et 
al., 2018). The application and exploration of these basic and dynamic gaze metrics remain 
important areas of inquiry with respect to pilot training and skill mastery because even if 
performance is optimal in an error-free state of flight, there may be serious ramifications to 
flight performance and safety should an emergency/error arise; especially, if such an event is 
associated with an overload in the pilots’ information processing capabilities. 
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 Studies examining gaze behaviour in pilots across various stages of flight demonstrated 
distinct gaze behaviour changes as task demands changed (Ayala et al., 2023; Babu et al., 
2019; Comstock, 1995; Dehais, 2020; Lijing et al., 2016; Lijing et al., 2014; Valcic et al., 
2020). To our knowledge, only two studies have specifically investigated the impact of 
differing task demands on flight performance and gaze behaviour in low-time pilots (Ayala et 
al., 2023; Dehais, 2020). Ayala and colleagues (2023) assessed gaze behaviour in 18 low-time 
pilots (flight hour range: 0-240, mean= 64 hours, SD= 91) as they completed simulated landing 
scenarios of varying difficulty (i.e., easy: no wind, high visibility; difficult: high winds, high 
visibility) programmed in a desktop computer Microsoft Flight Simulator game environment 
(2020, Asobo Studio, France). Results showed that an increase in task difficulty was associated 
with a longer dwell time toward the runway, along with a reduction in fixation sequence 
dispersion and complexity. Moreover, prolonged fixation on a singular AOI (i.e., front 
window)- also known as cognitive tunneling (Bell et al., 2005; Engström et al., 2005; van 
Leeuwen et al., 2015)- became evident, demonstrating a reduction in pilot monitoring of 
internal cockpit gauges as a result of increased task difficulty. Therefore, it was concluded 
that gaze in low-time pilots became less complex and more focal; thus, making the scanning 
and processing of information more targeted toward task relevant AOIs when task difficulty 
increased. Similarly, Dehais and colleagues (2020) assessed gaze behaviour in 7 low-time 
pilots (flight hour range: 80-250 hours), as they completed two traffic patterns and basic flight 
maneuvers in a real aircraft. Results demonstrated significant changes in gaze dwell time 
patterns as a function of task demands (i.e., subgoals) imposed by different stages of flight 
(i.e., take-off, downwind, final approach). Although this study focused exclusively on 
characterizing the dwell time patterns across AOIs during different stages of flight, it was 
instrumental to showing how eye-tracking could be used for training purposes (i.e., informing 
pilot monitoring strategies) as well as highlighting the importance of accounting for stages of 
flight in gaze analytics. 

 The present study sought to expand on previous work in three important respects. First, the 
current study specifically focused on pilots with their Private Pilots’ License (PPL) or 
Commercial Pilots’ License (CPL). Earlier work demonstrated that there is a significant 
learning curve that occurs within the ab-initio stage of skill development that is associated 
with more variability around the performance and gaze measures of interest that may go 
unexplained and impact our conclusions (Ayala et al., 2023). Furthermore, the use of high-
fidelity flight simulators has been shown to immediately diminish the performance of ab-initio 
pilots who are unfamiliar with the immersive cockpit environment (Noble, 2002). As such, 
using strict recruitment criteria to define the cohort was seen as a necessary step to reduce the 
heterogeneity across participants, and specifically understand how gaze, flight performance 
and SA interact as a function of task difficulty across flight phases in the cluster of pilots who 
are licensed to fly a single pilot aircraft.  Second, the use of a high-fidelity flight simulator in 
the current study provides more data related to aircraft control and landing performance 
throughout the duration of the trial. Indeed, one of the limitations with using Microsoft Flight 
Simulator in previous work was that there were no continuous measures of aircraft control that 
could be examined in line with continuous measures of gaze behaviour. This limited the ability 
to examine the ongoing dynamic interactions between gaze and aircraft control during all 
phases of landing (i.e., downwind, base, final approach) in the simulated scenario. Lastly, the 
current investigation included an assessment of situation awareness in the form of a SA 
questionnaire (Situational Awareness Rating Technique: SART; Taylor, 1990) to assess the 
relationship between gaze behaviour and SA in low-time pilots. Although other questionnaires 
for SA exist (i.e., Situation Awareness Global Assessment Technique: SAGAT) (Endlsey, 
1988), they require the pausing of the flying scenario to ask probing questions. This would 
significantly alter the gaze patterns being observed throughout the experiment and would 
prevent accurate characterization of gaze behaviours during each stage of flight. 
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 In line with previous work (Ayala et al., 2023), we hypothesized that in visual flight rules 
(VFR) conditions, an increase in task difficulty will result in increased dwell time and fixation 
counts toward the external environment (i.e., front window), increased cognitive tunneling 
(i.e., frequency and duration), and an overall reduction in the dispersion and complexity of 
visual scan patterns as indicated by entropy measures. It was expected these changes in gaze 
behaviour reflect a greater need to allocate more time and attention toward fewer, more 
important task relevant AOIs during difficult conditions. It was also expected that the changes 
in gaze measures would be associated with reduced flight performance parameters and 
correlate with the pilot’s level of experience (i.e., flight hours) and SA (Shiferaw et al., 2018; 
Svensson et al., 1997; Van de Merwe, et al., 2012). 

Methods 
Participants 
Twenty-four participants (male: 14; age range: 19-40 years, mean= 22 years old, SD= 4 years) 

were recruited from the student and alumni populations at the University of Waterloo. All partici-
pants were current aviation students or other individuals who had obtained at least their private 
pilot’s license (PPL). All participants had normal or corrected-to-normal vision and had not been 
previously diagnosed with a neuropsychiatric/neurological disorder or learning disability. Participa-
tion in the study was voluntary, and participants received $25/hour as remuneration. The study’s 
protocol was approved by the University of Waterloo Research Ethics Board Committee (#43564), 
performed in accordance with the 2008 Declaration of Helsinki, and consent was obtained prior to 
beginning the protocol.  

Experimental Setup and Apparatus 
Flight Simulator. An AL250 ALSIM flight simulator (ALSIM, France) configured as a generic 

single engine aircraft that is representative of a Cessna 172 was used with the necessary instrument 
panel (steam gauge configuration), an avionics/GPS system, an audio/lights panel, a breaker panel, 
and a Flight Control Unit (FCU) (see Figure 1). Participants sat in a height-adjustable seat (left pilot 
seat) with their aviation headset plugged in for ATC (air traffic control) callouts. The field of view 
covered by the simulator was 250° by 49° via panoramic VFR-VR-HD projectors. The participants 
controlled the aircraft with a yoke, throttle lever, and rudder pedals. Stimuli presentation, and be-
havioural data collection and acquisition were controlled from the Instructor Station and Engineer-
ing pack (ALSIM, France). 

Eye Tracker. MindLink eye-tracking glasses (AdHawk Microsystems Inc., Waterloo, ON, Can-
ada) were used to track the participants’ eye and gaze movements (Figure 1). MindLink is a non-
camera-based eye tracker embedded in a frame of eyeglasses that uses an ultra-compact micro-elec-
tromechanical system (MEMS) to track the eye and gaze movements (Zafar et al., 2023). The eye 
tracker was operating at 250 Hz, transmitting the gaze data and the video of its front-facing camera 
(82° field of view, 1080p, 30 Hz) via the AdHawk eye tracking software to a laptop (60 Hz refresh 
rate, 1920 x 1080 pixels, Microsoft 11) visible only to the experimenter (Figure 1). 
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Figure 1. Illustration of the simulator and eye tracking equipment set-up. The ALSIM simulator was set up as 
a single-engine aircraft, controlled with the yolk, throttle lever, and rudders pedals (A). Participants also used 
a headset (hanging on the left window)to make ATC calls (A). The AdHawk glasses (B) were worn by partic-
ipants throughout the experimental session and were connected to the collection laptop (B) via a USB-C cord. 
The collection laptop used AdHawk software to calibrate the eye tracker and start and stop eye tracking data 
collection. 

 

Scenario and task. Participants were tested in a single session (approx. 90 minutes). A visual 
screening was first completed including a visual acuity test using the Bailey-Lovie chart and a ste-
reoacuity test using the Randot Stereo test (Stereo Optical Company, Inc.). Prior to commencing the 
experimental trials, a pilot briefing (completed by an instructor pilot) and practice trial was per-
formed to familiarize the participants with the simulator environment and flight path (AL 250, AL-
SIM, France). The briefing also covered the segments of the flight that included the downwind (an-
tiparallel), base (perpendicular) and final approach (in line with runway) phases of flight, which are 
primarily determined based on the spatial orientation of the aircraft relative to the designated runway 
and the required tasks associated with each leg of flight (Federal Aviation Administration, 2021) 
(Figure 2).  

 
Figure 2. Illustration of the flight path and its respective phases of flight encountered in the experimental land-
ing scenarios: Downwind, Base, Final Approach. 

 

The experimental landing scenarios were programmed in the flight simulator environment, fly-
ing into the Region of Waterloo International Airport (CYKF; Runway 26), Breslau, Ontario, Can-
ada. Participants were asked to complete a total of 8 customized landing trials while their eye and 
head movements were recorded. The landing challenges were pseudo-randomized into 4 easy (i.e., 

Airspeed: 100 kts (+10/-5 kts)
Flaps: Up

Airspeed: 70 kts (+10/-5 kts)
Flaps: Take-off/Approach

Airspeed: 65 kts (+10/-5 kts)
Flaps: Land
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high visibility [>20 miles] and low wind [0 kts, 0ᵒ] conditions), and 4 difficult (i.e., high visibility 
[>20 miles] and high wind [26 kts, 230ᵒ] conditions) trials (i.e., 2 task difficulties/scenarios with 4 
attempts/trials in each scenario). Note that the wind speed and direction for the difficult trial pro-
duced a cross wind component of 13 kts, while providing a tail wind of 22.5 kts during the downwind 
stage of flight and a head wind of 22.5 kts during the final approach stage of flight. This inherently 
allowed the downwind leg of flight to be completed faster, while the final approach stage of flight 
was likely to be completed much slower, compared to the easy condition. All participants received 
identical environmental configurations. Figure 3 illustrates the visual conditions of the simulated 
scenario. Each trial was pre-set to start as a downwind-to-base-to-final approach to the airport at an 
altitude of 2017 ft at sea level (airport altitude 1054 ft), 1 nautical mile away from the downwind 
runway threshold with flaps and trim set to zero, and at a starting speed and power of approximately 
110 kts and 2000 rpm, respectively. The simulated landing task involved VFR conditions where 
visibility was high, which represents one of the most basic landing scenarios that novice pilots are 
faced with during training. This allowed for the extension of previous work that used similar para-
digms and more advanced aircraft configurations (i.e., helicopter simulators, A320 flight simulators, 
larger aircrafts with glass cockpit displays) (Ayala et al., 2023; Brams et al., 2018; Diaz-Piedra et 
al., 2019; van De Merwe et al., 2012; van Dijk et al., 2011). This was particularly important as the 
present work recruited low-time pilots (i.e., <300 hours of flight time). 

At the start of each trial, the participant manually initiated the landing scenario once 9-point eye-
tracking calibration and validation procedures were completed by the examiner (average gaze error 
<2°). The goal of the task was to land the plane as smoothly and accurately as possible relative to 
the center of the 500 ft markers near the start of the runway. The trial was terminated after the 
participant brought the plane to a complete stop, or if the landing was deemed unsuccessful (i.e., 
plane crash or plane landed off the runway). The participant was then asked to complete the Situa-
tional Awareness Rating Technique (SART) questionnaire to gauge their subjective opinion on var-
ious domains related to task difficulty, as well as the supply and demand of attentional resources 
required during task performance (Taylor, 1990).  

Data Reduction 
Gaze data were post-processed offline using a custom-made script that used the 3D gaze vectors 

provided by the AdHawk software for saccade and fixation detection. The saccade detection algo-
rithm was based on the algorithm proposed originally by Nyström and Holmqvist (2010) with some 
modifications to work on the current data captured at 250 Hz. Unlike the original method that uses 
a fixed saccade-peak-velocity threshold for detecting the saccade candidates, we used a low-pass 
filtered version of the velocity signal (rolling average with a 50-sample window) to increase the 
threshold in the noisy regions of the data. After classifying the eye movements into saccades and 
fixations, the average of the gaze sample during each fixation was taken as the fixation position. 
Eye-movement traces were visualized by the experimenter and played back at a slowed speed su-
perimposed over the video displaying the simulator environment. The task environment was discre-
tized using a custom code by organizing the simulator environment into ten areas of interest (AOIs) 
(Figure 3). The AOIs were manually defined to represent seven main gauges of interest within the 
cockpit including, airspeed (1), attitude (2), altimeter (3), VHF Omni Range (VOR) (4), heading (5), 
vertical speed (6) and power (7). Three additional AOIs were also defined outside the cockpit in-
cluding, the front window (8), the left window (9), and the right window (10). Fixations found out-
side these AOIs were defined as a non-area of interest and excluded from the analysis (<4%). The 
current study focused on primary saccades, thus microsaccades (<1°) were excluded from analysis 
(Martinez-Conde et al., 2013). Trials with missing data (i.e., loss of signal >30%) (~4% of trials) 
and outliers for each of the dependent variables (i.e., >1.5 the interquartile range around the first and 
third quartiles) (~2% of trials) were removed.  
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Figure 3. Illustration of the visual stimuli employed in the AL250 flight simulator environment. The participants 
point of view of the cockpit replicated that of a pilot flying a Cessna 172, pre-set for a downwind-to-base-to-
final approach to Waterloo International Airport, Breslau, Ontario, CA. The orange boxes represent the ten 
main areas of interest used in the gaze analyses. These include the airspeed (1), attitude (2), altimeter (3), VOR 
(4), heading (5), vertical speed (6) and power (7) indicators, as well as the front (8), left (9), and right windows 
(10). 

 

Performance, Gaze, and Situation Awareness Analysis 
We evaluated the flight performance, gaze behaviour, and subjective level of situation awareness 

across the two task difficulties (easy, difficult). Flight was assessed across two domains: 1) Landing 
Performance and 2) Aircraft Control. Landing Performance included completion time (sec; duration 
of time from the start of the landing scenario to the plane coming to a complete stop on the runway), 
landing accuracy (degrees; the difference between the center of the plane and the center of the 500 
ft runway marker at point of touchdown), and landing hardness (feet per minute, or fpm; the rate of 
decent at point of touchdown). Aircraft Control included the mean, standard deviation (i.e., varia-
bility) and root mean square error (RMSE) of the aircraft airspeed (i.e., the average difference be-
tween the reference optimal airspeed [downwind= 100 kts, base= 70 kts, final= 65 kts] and the par-
ticipants’ observed airspeed, kts) and vertical speed (the average difference between the reference 
optimal vertical speed [final= -325 kts] and the participants’ observed vertical speed, fpm).  

In line with previous work, gaze behaviour was examined using traditional gaze measures, as 
well as static and dynamic entropy-based analyses (Ayala et al., 2022; Ayala et al., 2023; Ziv 2016). 
Traditional gaze-based analysis was completed using the ten AOIs (Figure 3) that were discretized 
during pre-processing using a custom script. Specifically, we examined dwell time, average dwell 
duration, and dwell rate across all AOIs. Dwell time was defined as the total duration spent within 
a given AOI as function of total flight time, reported here as a percentage (i.e., with respect to total 
time). Average dwell duration was defined as the average duration of time (msec) of all uninter-
rupted dwells within a given AOI. Dwell rate was defined as the number of fixations that occurred 
within a given AOI over a given period of time (i.e., dwells/sec). Lastly, blink rate was defined as 
the number of blinks that occurred over a given period of time (i.e., count/sec).  
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The static entropy-based analysis was completed using the ten AOIs (Figure 3) that were discre-
tized during pre-processing. Eye fixations in the ten AOIs were assigned a number from 1 to 10 
indicating the AOI where the eyes fixated. A sequence of fixation locations was then generated for 
each trial. Custom scripts were written in Python to compute both SGE and GTE (Ayala et al., 2021; 
Ayala et al., 2023), which were then normalized (Equation 1) (Shannon, 1948).  

𝐻!"#$%& = 𝐻/𝐻MAX 

Equation 1 

SGE was computed by first producing a vector, V, of length 10, where Vi was the total number 
of fixations at AOI i. V was then divided by the total number of fixations in the sequence, so that Vi 
was the probability of a fixation landing at AOI i.  The probability vector V was then applied to 
Equation 2 (Shannon, 1948). 

𝐻'()(𝑉) = −(𝑣
*∈,

⋅ 𝑙𝑜𝑔(𝑣) 

Equation 2 

GTE was computed by first creating a 10x10 transition matrix, M, where Mi,j was the  total  
number  of  transitions  from  AOI i to  AOI j. Each row, Mi,∗,  was divided by the sum of row i, so 
that Mi,∗ represented the probability of fixation transition from AOI i to any of the ten AOIs.  Finally, 
GTE was computed using Equation 3 (Ciuperca and Girardin, 2007), applying the transition matrix 
M and the probability vector V. 

𝐻(-)(𝑀) = −(𝑉.(𝑀.,0

12

031

12

.31

⋅ 𝑙𝑜𝑔/𝑀.,00 

Equation 3 

The dynamic entropy-based analysis developed by Ayala et al. (2023) was completed using a 10 
second average sliding window to show the probability of a fixation being inside the cockpit over 
the length of the trial, P(inside). The choice of a 10 second sliding window was based on previous 
work that initially arbitrarily chose a 30 second sliding window but found it did not have sufficient 
resolution in detecting the observed characteristic cycling of gaze behaviour (Ayala et al., 2023). 
Notably, this ‘gaze tunneling bout analysis’ is specifically different from “tunnel vision” in that we 
are not assessing if there is a loss/reduction of useful peripheral vision. Instead, gaze tunneling is 
particularly interested in quantifying the reduction in gaze transitions from the external environment 
to the cockpit gauges; a behaviour which has been tied to reduced pilot performance as a result of 
poor instrument scanning behaviour (Allsop and Gray 2014; Allsop et al., 2017; Xion et al., 2016). 
Nevertheless, to reduce the potential for confusion between tunnel vision and gaze tunneling, we 
have chosen to refer to this dynamic entropy-based analysis from here on out as cognitive tunneling 
bout analysis. Cognitive tunneling is a phenomenon in which an individual jeopardizes their ability 
to perceive all pertinent information in their environment because of a tendency to focus on a sin-
gular AOI (Bell et al., 2005; Engström et al., 2005; van Leeuwen et al., 2015). As such, it more 
accurately reflects the gaze behaviour that the dynamic-entropy based analysis captures.  

To examine this phenomenon dynamically Ayala and colleagues assigned a binary number based 
on whether the fixation was inside or outside the cockpit. P(inside) was then computed as the number 
of fixations inside the cockpit divided by the total number of fixations in the 10 second window. 
When P(inside) was equal to 1, the participant was continuously fixating inside the cockpit for at 
least 10 seconds. When P(inside) was equal to 0, the participant was continuously fixating on the 
outside scenery for at least 10 seconds (i.e., cognitive tunneling). This was employed to objectively 
monitor the temporal dynamics of gaze behaviour, with a focus on how attention was deployed 
inside and outside the cockpit. Cognitive tunneling is an important behaviour to quantify in pilot 
scanning. In this context, it refers to the absence of pilot scanning toward other AOIs that have 
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pertinent information regarding aircraft control. As such, it may impact pilot performance as well 
as situation awareness (Allsop and Gray, 2014; Allsop et al., 2017; Ayala et al., 2023; Bell et al., 
2005; Xion et al., 2016). A cognitive tunneling ‘bout’ was defined as a period of time in which 
fixations remained entirely outside of the cockpit for at least 10 seconds. These bouts were detected 
as connected components (subsequent values) of zeros in the probability time series. Number of 
bouts was defined as the number of instances a cognitive tunneling bout was detected within a trial. 
Bout duration (sec) was defined as the average duration of all bouts that occurred in a trial. Total 
bout time (sec) was defined as the sum of all bout durations to quantify the total time individuals 
demonstrated gaze behaviours reflective of cognitive tunneling. 

Situation awareness was assessed using a subjective questionnaire and a scenario probe. The 
SART questionnaire (Taylor, 1990) is a post-trial self-report questionnaire that uses a 7-point Likert 
scale (1=Low; 7=High) across 10 dimensions of situation awareness. Note that this is collapsed into 
three larger dimensions of attentional demands, attentional supply, and situation understanding. 
These ratings are then combined to calculate a measure of situation awareness (SA).  

𝑆𝐴 = 𝑈𝑛𝑑𝑒𝑟𝑠𝑡𝑎𝑛𝑑𝑖𝑛𝑔 − (𝐷𝑒𝑚𝑎𝑛𝑑 − 𝑆𝑢𝑝𝑝𝑙𝑦) 

Equation 4 

Statistical Analysis 
Aircraft control (i.e., airspeed), traditional gaze measures, and static entropy measures for suc-

cessful trials were analyzed using a two-way repeated measures ANOVA with Phase of Flight 
(Downwind, Base, Final) and Task Difficulty (Easy, Difficult) as the independent variables. This 
specific analysis provides in-depth insight into the effect of increasing task difficulty across various 
stages of flight. Additionally, landing performance, aircraft control (i.e., vertical speed), dynamic 
entropy measures and subjective situation awareness scores for successful trials were analyzed using 
a one-way repeated measures ANOVA with Task Difficulty (Easy, Difficult) as the only independ-
ent variable. Note that the vertical speed parameter of aircraft control was included in this ANOVA 
model as this was only measured for the final approach phase of flight. All ANOVAs were per-
formed with an alpha level set at 0.05. The Bonferroni post hoc correction for multiple comparisons 
was applied for all post hoc analyses following the repeated measure ANOVAs to determine signif-
icant differences between variables. A secondary analysis was conducted using a linear mixed model 
to assess the effect of flight hours (between-subject expertise measure) on gaze behaviour, situation 
awareness, and performance measures, with Task Difficulty as the repeated measures variable. The 
linear mixed model analysis was also completed to examine the effect of gaze behaviour on situation 
awareness and performance measures. 

Results 
Participant demographics with respect to flight hours showed that on average participants had 

180 flight hours (SD= 75) with a minimum of 51 hours and a maximum of 280 hours.  

The effects of task difficulty on landing performance and aircraft control 
Landing performance. Completion time (sec) produced a main effect of task difficulty, F(1, 

23)= 294.054, p<0.001, 𝜂p2= 0.927. Easy trials were completed significantly quicker (X= 176.36 
sec, SD= 25.02) than difficult trials (X= 243.98 sec, SD= 37.04) (Figure 4A). Landing hardness 
produced a main effect of task difficulty, F(1, 23)= 11.594, p=0.003, 𝜂p2= 0.345. Specifically, easy 
trials were associated with significantly increased landing hardness (fpm) (X= -118.12 fpm, SD= 
53.48) compared to difficult trials (X= -87.72 fpm, SD= 31.53) (Figure 4B).  Lastly, landing 
accuracy did not significantly change between task difficulty, F(1, 23)= 1.104, p=0.304 (Figure 4C).  
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Figure 4. Individual data points and their respective group means for completion time  (A), landing hardness 
(B), and landing accuracy (C) are demonstrated for easy and difficult conditions. Error bars represent SEM. 
*p≤0.05, **p≤0.01, ***p≤0.001.  

 

Aircraft control. Mean airspeed (kts) demonstrated a main effect of phase of flight, F(2, 46)= 
519.682, p<0.001, 𝜂p2= 0.958, task difficulty, F(2, 46)= 33.877, p<0.001, 𝜂p2= 0.596, and an 
interaction involving phase of flight and task difficulty, F(2, 46)= 46.665, p<0.001, 𝜂p2= 0.670. 
Mean airspeed decreased significantly across each stage of flight (downwind: X=93.52 kts, SD= 
3.58; base: X=77.55 kts, SD= 5.93; final: X=62.69 kts, SD=2.50). Moreover, difficult trials were 
associated with an increase in mean airspeed (X= 79.41 kts, SD= 3.82) compared to easy trials (X= 
76.43 kts, SD= 3.17). However, post-hoc comparison of the interaction indicates that the task 
difficulty effect was only significant during the final approach phase of flight (easy: X= 58.71 kts, 
SD= 2.66; difficult: X= 66.66 kts, SD= 3.28). Airspeed variability (kts) also yielded a main effect 
of flight phase, F(2, 46)= 16.880, p<0.001, 𝜂p2= 0.423, task difficulty, F(2, 46)= 99.273, p<0.001, 
𝜂p2= 0.812, and an interaction involving flight phase and task difficulty, F(2, 46)= 10.917, p<0.001, 
𝜂p2= 0.322. Specifically, airspeed variability increased significantly across each stage of flight 
(downwind: X= 3.39 kts, SD= 1.62; base: X= 5.98 kts, SD= 2.79; final: X= 12.94 kts, SD= 1.67). 
Easy trials had significantly higher airspeed variability compared to difficult trials (easy: X= 8.84 
kts, SD= 0.98; difficult: X= 6.04 kts, SD= 0.65). However, the phase of flight by task difficulty 
interaction indicated that this was specific to the final stage of flight (easy: X= 16.80 kts, SD= 2.12; 
difficult: X= 9.07 kts, SD= 1.48). Lastly, airspeed RMSE demonstrated a main effect of phase of 
flight, F(2, 46)= 13.123, p=0.001, 𝜂p2= 0.363, task difficulty, F(2, 46)= 107.577, p<0.001, 𝜂p2= 
0.824, and an interaction involving phase of flight and task difficulty, F(2, 46)= 42.813, p<0.001, 
𝜂p2= 0.651. Figure 5 illustrates a significant increase in airspeed RMSE across each phase of flight 
(downwind: X= 7.89 kts, SD= 3.49; base: X= 10.69 kts, SD= 5.09; final: X= 14.03 kts, SD= 1.90). 
Though the main effect of task difficulty suggests easy trials had increased airspeed RMSE (X= 
12.52 kts, SD= 1.88) compared to difficult trials (X= 9.23 kts, SD= 1.61), the interaction shows that 
this is only the case during the final approach stage of flight (easy: X= 18.22 kts, SD= 2.25; difficult: 
X= 9.84 kts, SD= 2.02) (Figure 5). 
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Figure 5. Individual data points and their respective group means for average airspeed RMSE are demonstrated 
for easy and difficult conditions across all downwind, base, and final approach stages of flight. Error bars 
represent SEM. *p≤0.05, **p≤0.01, ***p≤0.001. 

 

Mean vertical speed (fpm) yielded a main effect of task difficulty during the final approach phase 
of flight, F(1, 23)= 146.312, p<0.001, 𝜂p2= 0.864. Figure 6A demonstrates how difficult trials are 
associated with significantly lower mean vertical speed (X= -285.85 fpm, SD= 41.85) compared to 
easy trials (X= -451.00 fpm, SD= 87.12). Vertical speed variability (fpm) also demonstrated a main 
effect of task difficulty during the final approach phase of flight, F(1, 23)= 124.816, p<0.001, 𝜂p2= 
0.844. Specifically, vertical speed variability was significantly higher during easy trials (X= 246.15 
fpm, SD= 48.14) compared to difficult trials (X= 139.52 fpm, SD= 37.36). Vertical Speed RMSE 
demonstrated a main effect of task difficulty, F(1, 23)= 65.785, p<0.001, 𝜂p2= 0.741. Figure 6B 
illustrates how difficult trials are associated with a reduced RMSE (X= 154.43 fpm, SD= 7.18) 
compared to easy trials (X= 286.53 fpm, SD= 15.88).  

 

Figure 6. Individual data points and their respective group means for vertical speed (VSpeed) (kts) (A), and 
VSpeed root mean square error (RMSE) (B) are demonstrated for easy and difficult conditions across the final 
approach stage of flight. Error bars represent SEM. *p≤0.05, **p≤0.01, ***p≤0.001. 

 

The effects of task difficulty on gaze behaviour 
Traditional Gaze Metrics. Dwell time (%) means and standard deviations for all AOIs across all 

task conditions are reported in Table 1. Dwell time (%) revealed significant changes across several 
AOIs associated with flight phase and task difficulty (Figure 7). Dwell time on the airspeed AOI 
demonstrated a main effect of flight phase, F(2,46)= 12.881, p<0.001, 𝜂p2=0.359, and task difficulty, 
F(1, 23)= 4.693, p=0.041, 𝜂p2=0.169. Specifically, airspeed AOI dwell time decreased on average 
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in the difficult trials (-0.78%) relative to the easy trials. Airspeed AOI dwell time was at its highest 
during the base phase of flight, followed by the final, and downwind phases of flight. Attitude AOI 
demonstrated a main effect of phase, F(2,46)= 32.560, p<0.001, 𝜂p2=0.586. Specifically, dwell time 
for the attitude gauge was at its highest during the base leg of flight, followed by the downwind, and 
final phases of flight. There was a main effect of flight phase for the Altimeter AOI, F(2, 46)= 
46.605, p<0.0001,  𝜂p2=0.670 and, ps<0.001, and for the power AOI, F(2, 46)= 40.179,  p<0.0001,  
𝜂p2=0.636. Dwell times on these AOIs decreased significantly from the downwind to the base and 
then final phases of flight. VOR AOI showed a main effect of flight phase, F(2, 46)= 7.448, p=0.007, 
𝜂p2=0.245, as well as an interaction between phase and task difficulty, F(2, 46)=5.829, p=0.006, 
𝜂p2=0.202. Decomposition of the interaction revealed that the difficult condition was associated with 
a longer dwell time (+1.79%) on the VOR AOI during the base phase of flight, t(23)=-2.612, 
p=0.016. Dwell times on the heading and vertical speed AOIs revealed a main effect of phase F(2, 
46)=6.093 and 9.298, p=0.010 and 0.003, 𝜂p2=0.209 and 0.288, respectively. Dwell times on both 
AOIs decreased from the initial downwind phase to the base phase, and again in the final phase of 
flight. Front window AOI dwell time demonstrated a main effect of phase, F(2, 46)=604.499, 
p<0.001, 𝜂p2=0.963. Dwell time through the front window increased significantly during the final 
phase of flight compared to both the downwind and base phases of flight. Left window AOI dwell 
time demonstrated a main effect of phase, F(2, 46)=109.765, p<0.001, 𝜂p2=0.827, as well as a main 
effect of task difficulty, F(1, 23)=6.211, p=0.020, 𝜂p2=0.213. Specifically, dwell time on left window 
AOI was longest during the base phase of flight, which was followed by the downwind phase and 
the final approach phase of flight. Left window AOI dwell time also decreased significantly in the 
difficult condition (-0.94%) compared to the easy condition. Right window AOI dwell time did not 
show any significant changes due to flight phase or task difficulty. The significant changes in the 
distribution of attention (i.e., dwell time %) observed between easy and difficult conditions across 
all phases of flight are illustrated in figure 7.  
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Figure 7. Candy-bar plots illustrate the overall dwell time (%) allotments across all AOIs during their respective 
phases of flight (A, B, C) for easy (left panels) and difficult (right panels) conditions.  
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Note. Mean (standard deviation) dwell time (%) values across all areas of interest and task difficulty levels 
(i.e., easy, difficult). Significant changes between easy and difficult conditions are reported via *p≤0.05, 
**p≤0.01, ***p≤0.001.  

 

Dwell rate means and standard deviations for all AOIs across all task conditions are reported in 
Table 2. Dwell rate (dwells/sec) was shown to be modulated by phase of flight and task difficulty to 
varying extents across several AOIs. Airspeed dwell rate showed a main effect of phase, F(2, 
46)=5.891, p=0.005, 𝜂p2=0.204. Dwell rate at the airspeed gauge was highest during the downwind 
phase of flight and decreased significantly in the base and final phases of flight. Attitude dwell rate 
also demonstrated a main effect of phase, F(2, 46)=13.400, p<0.001, 𝜂p2=0.368. Attitude dwell rate 
was highest during the final phase of flight, which was followed by the downwind phase and then 
the base phase of flight. Altimeter dwell rate demonstrated a main effect of phase, F(2, 46)=14.324, 
p<0.001, 𝜂p2=0.384. Dwell rate toward the altimeter gauge was highest during the final phase of 
flight, which was significantly different from the base and downwind phases of flight. Front window 
dwell rate demonstrated a main effect of phase, F(2, 46)=97.324, p<0.001, 𝜂p2=0.809, which was 
associated with a significant reduction in dwell rate from the downwind phase of flight to the base 
phase, then again from the base phase to the final phase of flight. Notably, there was a phase by task 
difficulty interaction, F(2, 46)=4.896, p=0.020, 𝜂p2=0.176. Decomposition of the interaction did not 
reveal any significant differences across the conditions, but it is worth noting that front window 
dwell rate was slightly higher (+0.01 dwells/sec) in the difficult condition than the easy condition 
during the downwind phase. In contrast, all other phases of flight demonstrated lower front window 
dwell rates for the difficult condition compared to the easy condition. Left window dwell rate yielded 
a main effect of phase, F(2, 46)=10.405, p=0.002, 𝜂p2=0.311. The downwind phase of flight had the 
highest left window dwell rate, which was significantly lower in the base and final phases of flight. 
Right window dwell rate was the only AOI to demonstrate a main effect of task difficulty, F(1, 
23)=4.844, p=0.038, 𝜂p2=0.174. Specifically, the difficult condition was associated with an increase 
in dwell rate toward the right window (+0.04 dwells/sec) compared to the easy condition. All other 
AOIs did not demonstrate any significant changes due to phase of flight or task difficulty (ps>0.083).  

 

 
Note. Mean (standard deviation) dwell rate (dwells/sec) values across all areas of interest and task difficulty 
levels (i.e., easy, difficult). Significant changes between easy and difficult conditions are reported via *p≤0.05, 
**p≤0.01, ***p≤0.001.  

 

Dwell duration means and standard deviations for all AOIs across all task conditions are reported 
in Table 3. Average dwell duration demonstrated main effect of flight phase that was specifically 
shown for a limited number of AOIs including, Attitude, F(2, 46)=22.714, p<0.001, 𝜂p2=0.497, 

Table 1. Dwell time (%) values calculated for all areas of interest for easy and difficult conditions across all phases of flight.
Phase of Flight Downwind Base Final
Task Difficulty Easy Difficult Easy Difficult Easy Difficult

AIRSPEED 10.22 (6.19)* 9.82 (6.64)* 18.92 (9.76)* 17.69 (7.63)* 13.36 (5.49)* 12.62 (4.75)*
ATTITUDE 6.85 (4.93) 6.62 (4.33) 9.16 (7.31) 9.35 (6.25) 1.38 (1.16) 1.44 (1.51)

ALTIMETER 10.95 (6.47) 12.02 (6.60) 5.33 (3.25) 5.72 (3.41) 1.47 (0.80) 1.40 (1.04)
VOR 2.28 (2.25) 2.39 (2.91) 2.59 (4.65) 4.38 (5.21) 0.69 (0.97) 0.92 (1.26)

HEADING 4.15 (5.98) 4.64 (5.89) 3.48 (4.53)* 3.59 (4.16)* 1.07 (1.77) 1.11 (1.06)
VERTICAL SPEED 2.89 (4.19) 2.03 (1.87) 1.17 (1.23) 1.59 (1.71) 0.46 (0.58) 0.57 (0.38)

POWER 10.66 (6.66) 11.40 (6.41) 4.04 (2.43) 3.45 (2.29) 2.00 (1.42) 2.60 (1.64)
FRONT WINDOW 15.90 (10.53) 15.96 (10.16) 15.12 (6.99) 17.36 (7.74) 69.16 (8.77) 69.84 (8.83)

LEFT WINDOW 7.59 (4.97)* 7.08 (5.85)* 23.02 (9.36)* 20.74 (7.59)* 0.21 (0.64)* 0.16 (0.22)*
RIGHT WINDOW 0.01 (0.03) 0.00 (0.00) 0.23 (0.64) 0.11 (0.27) 0.00 (0.00) 0.04 (0.12)

Table 2. Dwell rate (dwells/sec) values calculated for all areas of interest for easy and difficult conditions across all phases of flight.
Phase of Flight Downwind Base Final
Task Difficulty Easy Difficult Easy Difficult Easy Difficult

AIRSPEED 0.15 (0.07) 0.16 (0.09) 0.12 (0.04) 0.12 (0.03) 0.13 (0.04) 0.13 (0.04)
ATTITUDE 0.23 (0.13) 0.23 (0.12) 0.14 (0.04) 0.16 (0.05) 0.34 (0.21) 0.31 (0.23)

ALTIMETER 0.16 (0.07) 0.15 (0.06) 0.15 (0.05) 0.15 (0.05) 0.24 (0.13) 0.21 (0.08)
VOR 0.22 (0.22) 0.17 (0.18) 0.22 (0.19) 0.21 (0.23) 0.11 (0.13) 0.19 (0.16)

HEADING 0.2 (0.13) 0.23 (0.17) 0.19 (0.09) 0.22 (0.13) 0.25 (0.23) 0.18 (0.09)
VERTICAL SPEED 0.17 (0.12) 0.23 (0.17) 0.26 (0.28) 0.19 (0.14) 0.25 (0.37) 0.31 (0.28)

POWER 0.13 (0.06) 0.12 (0.04) 0.14 (0.11) 0.15 (0.09) 0.15 (0.05) 0.15 (0.04)
FRONT WINDOW 0.14 (0.04) 0.15 (0.04) 0.10 (0.03) 0.09 (0.03) 0.06 (0.02) 0.05 (0.02)

LEFT WINDOW 0.28 (0.12) 0.28 (0.10) 0.15 (0.06) 0.15 (0.06) 0.17 (0.33) 0.12 (0.17)
RIGHT WINDOW 0.04 (0.21)* 0.00 (0.00)* 0.13 (0.34)* 0.13 (0.23)* 0.00 (0.00)* 0.16 (0.41)*
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Altimeter, F(2, 46)=10.820, p<0.001, 𝜂p2=0.320, power, F(2, 46)=8.598, p=0.001, 𝜂p2=0.290, and 
the Front window, F(2, 46)=58.488, p<0.001, 𝜂p2=0.718. Attitude average dwell durations were 
longest during the base phase of flight, which was significantly longer than both the downwind and 
final approach phases of flight. Altimeter dwell durations were longest during the downwind phase 
of flight, then significantly decreased during the final phase of flight. Power dwell durations were 
longest during the downwind phase of flight and significantly decreased across each subsequent 
stages of flight (i.e., base and final approach). Front window dwell durations were longest during 
the final approach stage of flight, which became significantly shorter during each preceding phase 
of flight (i.e., base and downwind). All other AOIs did not demonstrate any significant changes as 
a result of phase of flight or task difficulty (ps>0.05).  

 

 
Note. Mean (standard deviation) average dwell duration (msec) values across all areas of interest and phases 
of flight (i.e., downwind, base, final). Significant changes between downwind and base phase of flight are 
reported via # p≤0.05, ## p≤0.01, ### p≤0.001. Significant changes between base and final phase of flight are 
reported via ^ p≤0.05, ^^ p≤0.01, ^^^ p≤0.001. Significant changes between downwind and final phase of flight 
are reported via * p≤0.05,** p≤0.01, *** p≤0.001. 

 

Changes in blink rate (blinks/sec) across flight phases are shown in figure 8. Results demon-
strated a main effect of flight phase F(2, 46)=11.609, p=0.001, 𝜂p2=0.335, and task difficulty, F(1, 
23)=4.955, p=0.036, 𝜂p2=0.177, as well as an interaction between phase and task difficulty F(2, 
46)=3.215, p=0.049, 𝜂p2=0.123 (Figure 8). The base phase of flight was associated with the highest 
blink rate (0.62 blinks/sec, SD= 0.47) compared to the downwind (0.25 blinks/sec, SD= 0.15) and 
final approach phases of flight (0.28 blinks/sec, SD= 0.19). Additionally, blink rate was significantly 
lower during the difficult condition (0.37 blinks/sec, SD= 0.17), compared to the easy condition 
(0.39 blinks/sec, SD= 0.17). Decomposition of the interaction revealed that blink rate was signifi-
cantly lower during the difficult condition, specifically during the final phase of flight (easy: 0.29 
blinks/sec, SD= 0.07; difficult: 0.26 blinks/sec, SD= 0.07), t(23)=2.245, p=0.035. 

 
Figure 8. Individual data points and their respective group means for blink rate (blinks/sec) are demonstrated 
for each phase of flight. Error bars represent SEM. *p≤0.05, **p≤0.01, ***p≤0.001. 

Table 3. Average dwell duration (msec) values calculated for all areas of interest across all phases of flight.
Phase of Flight Downwind Base Final

AIRSPEED 532.91 (204.69) 565.06 (147.07) 524.47 (131.64)
ATTITUDE 480.56 (168.65)##* 453.15 (147.53)##^^^ 349.93 (97.51)*^^^

ALTIMETER 361.47 (124.35)** 447.37 (101.27)^ 280.25 (113.79)**^
VOR 413.65 (238.48) 418.71 (125.04) 380.76 (191.25)

HEADING 397.02 (183.28) 434.37 (166.41) 349.71 (146.11)
VERTICAL SPEED 343.73 (207.28) 413.82 (354.28) 311.95 (153.20)

POWER 650.19 (235.11)*** 556.47 (151.79)^ 453.59 (86.69)***^
FRONT WINDOW 491.99 (126.69)###*** 698.11 (198.73)###^^^ 1349.43 (550.27)***^^^
LEFT WINDOW 240.07 (169.58) 402.44 (259.71) 244.93 (213.39)

RIGHT WINDOW - - -
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SGE and GTE means and standard deviations for all AOIs across all task conditions are reported 
in Table 4. SGE demonstrated a main effect of phase, F(2, 46)=137.971, p<0.001, 𝜂p2=0.857, task 
difficulty, F(1, 23)=14.628, p=0.001, 𝜂p2=0.389, and an interaction involving phase and task diffi-
culty, F(2, 46)=6.054, p=0.005, 𝜂p2=0.208. SGE was highest during the initial downwind phase of 
flight and decreased significantly during the final approach stage. In general, the more difficult task 
condition was associated with greater fixation dispersion. However, decomposition of the phase by 
task difficulty interaction specifically revealed that SGE differed significantly between easy and 
difficult conditions (~0.19 bits) during the final approach phase of flight, t(23)=-4.292, p<0.001 
(Figure 9A). GTE demonstrated similar main effects of flight phase, F(2, 46)=33.413, p<0.001, 
𝜂p2=0.592, task difficulty, F(1, 23)=19.401, p<0.001, 𝜂p2=0.458, and an interaction involving phase 
and task difficulty, F(2, 46)=15.943, p<0.001, 𝜂p2=0.409. GTE was highest during the base phase of 
flight, which was significantly lower during the downwind phase of flight and the final approach 
stage of flight. The difficult condition was associated with a higher GTE. However, decomposition 
of the interaction involving phase and task difficulty showed that GTE was significantly different 
between the easy and difficult task conditions (~0.21 bits) during the final phase of flight only, 
t(23)=-5.816, p<0.001) (Figure 9B).  

 
Figure 9. Normalized individual data points and their respective group means for stationary gaze entropy (SGE) 
(bits) (A) and gaze transition entropy (GTE) (B) are demonstrated for easy and difficult conditions each phase 
of flight (i.e., downwind, base, final approach) . Error bars represent SEM. *p≤0.05, **p≤0.01, ***p≤0.001.  

  

 
Note. Mean (standard deviation) entropy (bits) values across all phases of flight (i.e., downwind, base, final) 
and task difficulty levels (i.e., easy, difficult). Significant changes between easy and difficult conditions are 
reported via *p≤0.05, **p≤0.01, ***p≤0.001.  

 

Dynamic gaze behaviour. Number of cognitive tunneling bouts revealed a main effect of task 
difficulty, F(1, 23)=10.360, p=0.004, 𝜂p2=0.311. Specifically, number of bouts was significantly 
higher in the difficult condition (X=1.69, SD= 1.24) compared to the easy condition (X=1.07, SD= 
0.43) (Figure 10A). Total bout time (sec) also demonstrated a main effect of task difficulty, F(1, 
23)=8.006, p=0.010, 𝜂p2=0.258. The difficult condition was associated with significantly longer total 
bout time (X=27.91, SD= 21.96), compared to the easy condition (X=18.41, SD= 8.39) (Figure 
10C). Average bout duration was not significantly modulated by task difficulty (p=0.275) (Figure 
10B).  

Table 4. Entropy (bits) values calculated for all areas of interest for easy and difficult conditions across all phases of flight.
Phase of Flight Downwind Base Final
Task Difficulty Easy Difficult Easy Difficult Easy Difficult

Stationary Gaze Entropy (SGE) 2.61 (1.07) 2.6 (0.83) 2.58 (0.92) 2.64 (1.08) 1.74 (1.42)*** 1.93 (1.61)***
Gaze Transition Entropy (GTE) 1.65 (0.93) 1.64 (0.83) 1.88 (0.98) 1.89 (0.93) 1.33 (1.02)*** 1.54 (1.22)***
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Figure 10. Individual data points and their respective group means for number of cognitive tunneling bouts (A) 
average bout duration (B), and total cognitive tunneling bout time (C) are demonstrated for easy and difficult 
conditions. Error bars represent SEM. *p≤0.05, **p≤0.01, ***p≤0.001.  

 

The effects of task difficulty on situation awareness 
Situation awareness. Subjective scores from the SART questionnaire produced a general SA 

score, which demonstrated a main effect of task difficulty, F(1, 23)= 22.769, p<0.001, 𝜂p2= 0.497. 
Specifically, subjective SA scores were lower for difficult trials (X= 17.76, SD= 6.50) compared to 
easy trials (X= 21.19 SD= 5.23) (Figure 11A). A closer examination of the SART questionnaire 
subcomponents revealed that SA demand and SA supply also yielded a main effect of task difficulty, 
F(1, 23)= 57.280 and 13.931, ps£0.001, 𝜂p2= 0.714 and .377, respectively. Figure 11 (c) & (d) shows 
how both SA demand and SA supply components increased in the difficult condition (SA demand: 
X= 11.96, SD= 7.35; SA supply: X= 19.66, SD= 3.29) compared to the easy condition (SA demand: 
X= 7.57, SD= 6.27 SA supply: X= 18.33, SD= 3.5). The SA understanding component did not reveal 
a main effect of task difficulty (p=0.140) (Figure 11B). 

 
Figure 11. Individual data points and their respective group means for Situation Awareness (SA) Score (A), 
SA Understanding subcomponent score (B), SA Supply subcomponent score (C), and SA Demand subcompo-
nent score (D) are demonstrated for easy and difficult conditions. Error bars represent SEM. *p≤0.05, 
**p≤0.01, ***p≤0.001.  
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Regression Analyses. A linear mixed model analysis was run in R Studios (version 4.3.1) to 
examine the relationship between the developed dynamic gaze metrics (i.e., number of cognitive 
tunneling bouts and total bout time) and pilot flight experience (i.e., flight hours) (Table 5). In the 
first model, we included the number of bouts as the dependent variable, task difficulty as a fixed 
effect, flight hours as a random effect, and the interaction between flight hours and task difficulty. 
There was a main effect of task difficulty, F(1, 46)=17.29, p<0.001, 𝜂p2=0.44, flight hours, F(1, 
46)= 4.71, p= 0.041, 𝜂p2=0.18, and an interaction between flight hours and task difficulty, F(1, 
22)=8.88, p=0.006, 𝜂p2=0.29 (Table 5). Specifically, the slopes were significantly different between 
the easy and difficult conditions when compared between the same group of pilots, with more cog-
nitive tunneling bouts being observed in pilots with lower hours during the difficult condition (Fig-
ure 12A).  

  

 
Note. Estimated marginal (EM) mean of linear trend characteristics for the number of bouts and total bout time 
models are provided including their respective coefficients (ß), 95% lower/upper confidence levels, and R-
squared values. 

 

In the second model, we included total bout time as the dependent variable, task difficulty as a 
fixed effect, flight hours as a random effect, and the interaction between flight hours and task diffi-
culty (Table 5). Each subject was also included as a random effect. There was a main effect of task 
difficulty, F(1, 46)= 13.12, p=0.001, 𝜂p2=0.37, and an interaction between flight hours and task dif-
ficulty, F(1, 22)= 6.89, p=0.015, 𝜂p2=0.24 (Table 5). Specifically, the slopes were significantly dif-
ferent between the easy and difficult conditions when compared between the same group of pilots, 
with longer total gaze time being observed in pilots with lower hours during the difficult condition 
(Figure 12B). Note that regression analyses involving all other dependent variables did not reach 
significance. 

 
Figure 12. Scatter plots demonstrate the relationship between the number of cognitive tunneling bouts and pilot 
flight hours (A), and the total cognitive tunneling bout time (sec) and pilot flight hours (B). Black circles indi-
cate easy condition participant averages, red triangles indicate difficult condition participant averages. Lines 
indicate the trend for all subjects (i.e., line of best fit). Highlighted bands around line of best fit indicate the 
95% confidence interval. 

 

Table 5. The associations between task difficulty and flight hours for number of bouts and total bout time

Coefficient ,[95%CI] R^2 Coefficient ,[95%CI] R^2 Coefficient ,[95%CI] R^2

Number of Bouts 0.432, [0.067, 1.155] 0.081 (-0.005), [-0.008, -0.001] 0.1
Easy: -0.00125, [-0.006, 0.004]

Difficult: -0.00804, [-0.013, -0.003] 
0.68

Total Bout Time 6.722, [-0.153, 19.167] 0.059 (-0.075), [-0.141, -0.008] 0.081
Easy: -0.0199, [-0.109, 0.069]

Difficult: -0.1294, [-0.219, -0.039] 
0.65

Task Difficulty x Flight Hours InteractionFlight HoursTask DifficultyDependent Variable
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Discussion 
Aviation accidents related to human error have been increasingly associated with poor pilot mon-

itoring as it can negatively impact the degree to which operators receive adequate information to 
understand and predict the changing circumstances; thus, directly impact performance and SA (Boe-
ing, 2021; National Transportation Safety Board, 1994; Shappel and Wiegmann, 2000; Stanton et 
al., 2017). As such, the current study provides one of the first accounts for how gaze behaviour 
changes simultaneously with flight performance and SA throughout the various stages of landing 
(i.e., downwind, base, final approach) during different task difficulty conditions to gain insight into 
low-time pilot monitoring patterns. Participants were asked to perform the landing task in high vis-
ibility, visual flight rules (VFR) conditions that included a task difficulty manipulation based on the 
absence (easy) or presence (difficult) of strong crosswinds. Several notable contributions emerged 
from this study. First, there was partial support of our initial hypothesis that gaze behaviour would 
reflect a greater need to allocate more time and attention toward fewer, task critical AOIs during the 
difficult condition. Specifically, a reduction in attention allocation toward fewer cockpit AOIs was 
coupled with an increase in cognitive tunneling behaviour during the difficult condition. Moreover, 
the allocation of attention across most AOIs was significantly impacted by flight phase. Second, an 
exploratory analysis that employed linear mixed model regressions found significant associations 
between dynamic gaze metrics and pilot flight hours. These contributions and their implications for 
integrating gaze behaviour analysis into pilot training and assessment are discussed below. 

Examining the effectiveness of the task difficulty manipulation 
Landing performance data provided some evidence that task difficulty was effectively manipu-

lated using varying weather conditions (i.e., no wind versus significant crosswind); however, some 
results were contrary to what was expected. Similar to previous work (Ayala et al., 2023; Diaz-
Piedra et al., 2019), completion time was ~68 seconds (~39%) longer in the difficult condition com-
pared to the easy condition. Although the difficult condition required more time to complete, task 
performance data demonstrated a speed-accuracy trade off in that other flight performance parame-
ters were improved. This contradicts what was reported in previous work (Ayala et al., 2023), where 
more difficult scenarios were associated with longer completion times and increased landing error. 
However, it is important to recall that the current study recruited a more homogenous pilot cohort 
with more flying experience; and thus, they might have been able to handle the task difficulty ma-
nipulations used in previous work with less experienced participants (Ayala et al., 2023). For in-
stance, the current study demonstrated that the difficult condition was also associated with a reduc-
tion in landing hardness (~30 fpm), airspeed RMSE and variability, as well as vertical speed RMSE 
and variability. This reduction in error and performance variability was specifically seen during the 
final approach stage of flight, which was shown to have the highest error and variability across all 
stages of landing (i.e., downwind, base, final approach). Notably, pilot performance during the easy 
condition was not necessarily bad. According to Transport Canada landing guidelines for PLL pilots, 
the observed landings were all considered successful and safe. Pilots simply performed better during 
difficult trials, likely because they were being more attentive to the task demands and performing 
the task with a higher degree of effort, particularly during final approach. Work by Stuhr and col-
leagues (2018) further supports this assertion as they demonstrated that the impact of cognitive con-
trol processes on motor skill proficiency depends on performance variability. In other words, when 
performance variability is high (i.e., typical in novel or highly complex/difficult motor tasks such as 
the final approach phase of flight in this study), individuals are more likely to engage cognitive 
control processes to assist in the successful performance of the task at hand.  

Another potential account for these results could be that the final approach phase of flight was 
the only phase of flight that had 22 knots of headwind; a component that was not present in previous 
work (Ayala et al., 2023). Headwind is notoriously known to make it easier for pilots to control the 
aircraft as it provides additional lift to the aircraft and at lower speeds (Federal Aviation Admin-
istration, 2021). This in turn would be associated with improved aircraft control and landing perfor-
mance (i.e., reduced variability and deviation from pre-set parameters) (Figures 4-6). Since both 
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accounts can explain the reported results, more research is required to fully understand how the 
performance parameters are being modulated by the task difficulty manipulation used in the current 
study. Specifically, future work could examine an alternative task difficulty manipulation that 
doesn’t involve the introduction of winds, introduces head winds during the final approach but no 
cross wind to the “easy” trial, or significantly reduces the headwind component encountered during 
the final approach phase of the landing scenario.  

From the performance measures alone, it could be argued that the task difficulty manipulation 
did not necessarily increase the difficulty of the task itself, but rather made it more engaging. How-
ever, the additional cognitive resources devoted to maintaining/improving task performance were 
likely reallocated from other task-related aspects of flight performance, such as SA or changes in 
information processing (demonstrated through changes in gaze behaviour). Indeed, seminal research 
has shown that SA plays a critical role in pilot performance as it involves the degree to which oper-
ators receive (i.e., perceive and process) adequate information to understand the changing condi-
tions in their environment, and project the impact on future circumstances (Endsley, 1995). This is 
a crucial aspect of aircraft control to consider, because even though flight performance may not be 
overtly different across various flight scenarios (i.e., changes in wind conditions), a pilot’s ability to 
receive incoming information, comprehend it, and project its impact on future circumstances may 
still be impaired, which will affect their ability to problem solve and make informed decisions should 
an unexpected event (i.e., in-flight emergency) occur. The current study demonstrated that subjec-
tive SA, as indicated through the SART, decreased by ~8% in the difficult condition relative to the 
easy condition (Figure 11). An in-depth assessment of the SART SA sub-components revealed that 
attentional supply (i.e., arousal, spare mental capacity, level of concentration, division of attention) 
increased by approximately 5% (Figure 11), which supports the earlier claim that participants were 
being more attentive to task demands and exerted more effort during the difficult condition. How-
ever, this was substantially overshadowed by the ~21% increase in the attentional demand sub-com-
ponent (i.e., how instable, variable, and complex was the situation) (Figure 11).  

In light of the reduction in aircraft control error and variability during difficult trials, the SA 
results are interesting in the sense that improved aircraft control was hypothesized to be associated 
with an increase in SA, whereas a reduction in SA was assumed to be associated with poorer aircraft 
control. Three alternative explanations are proposed to account for the reported findings where pilot 
performance improvements were seen in parallel with a reduction in SA. First, an argument could 
be made that subjective SA as measured through the SART may be more reflective of participant 
confidence level and not necessarily a true representation of SA (Endsley et al., 1998; Selcon et al., 
1991). As such, the reduced SART scores may indicate that participants were less confident about 
their performance during the difficult condition as they had to devote more attentional resources 
toward the task relative to the easy condition. A second alternative explanation could be that if pilots 
were concentrating more on aircraft control during the difficult condition, perhaps this was at the 
cost of no longer attending to other things going on around them; thus, resulting in a reduction in 
SA. A third explanation could also argue for the existence of a ‘buffer’ effect that may be associated 
with pilot proficiency. In other words, a reduction in SA may be compensated with greater pilot 
proficiency when managing increased task demands, as they will have a lower chance of exceeding 
the pilots’ cognitive resources (Brams et al., 2018; Brams et al., 2020; Dehais et al., 2017). Since 
the current study recruited pilots who were already licensed, and thus experienced in flying the 
simulated aircraft under the tested flight conditions (i.e., little-no winds and high crosswind condi-
tions), it is likely that they had the capacity to effectively devote additional cognitive resources to 
further support task performance in the presence of reduced SA during the difficult landing condi-
tion. The gaze results (discussed below) suggest that the second and third explanations may be plau-
sible accounts for the reported findings as there is evidence of a broad reduction in the scanning of 
environmental stimuli, but there is also data suggesting that some changes in gaze behaviour work 
to compensate for increases in task difficulty that might help prevent reductions in flight perfor-
mance. Still, these assertions should be further tested in future research that significantly challenge 
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the recruited pilot pool and examines how different gaze patterns align with how pilots manipulate 
aircraft control inputs (i.e., throttle, pitch, roll inputs). 

In addition to the reported SA findings, several gaze variables were significantly modulated by 
increases in task difficulty. For instance, blink rate was reduced (Figure 8), the allocation of attention 
was selectively increased toward the front window while it decreased across a number of other less-
relevant AOIs (Figure 7), and the frequency and total duration of cognitive tunneling gaze behav-
iours increased when task difficulty increased (Figure 10). Note that the dwell time findings reported 
here differ from earlier work (Ayala et al., 2023), which reported an increase in front window dwell 
time during the difficult condition compared to the easy condition. The previous study suggested 
that this change in gaze behaviour reflected the need to allocate more attention toward fewer task 
critical AOIs; of which, the front window was a prime source for monitoring and extracting neces-
sary information required to land during challenging wind conditions (Ayala et al., 2023; Beall and 
Loomis, 1997; Di Nocera et al., 2007; Gray et al., 2014; Kim et al., 2008; Mertens, 1981; Sarter et 
al., 2007). In partial support for this expected finding, a comprehensive analysis of dwell time 
changes during each stage of flight demonstrated a reduction in attention toward the left window 
and airspeed indicators, but it failed to demonstrate a significant increase in dwell time toward the 
front window. This was further examined by aggregating the gaze data for a broader analysis of 
dwell time patterns across the AOIs during difficult and easy scenarios without the segregation of 
data by flight phase. This additional analysis confirmed what was reported in earlier work showing 
a reduction in a number of AOIs  (i.e., airspeed, attitude, altimeter, left window) and an associated 
increase in front window dwell time (~10%). Accordingly, we suggest that analysis of gaze data 
across various phases of flight is appropriate to assess information processing changes associated 
with the different sub-goals linked to each stage (Dehaise et al., 2020). However, the segregation of 
time-normalized dwell time data into stages of landing negatively impacts our ability to draw con-
clusions about how specific patterns of attention allocation across numerous AOIs- which have var-
iable time courses- are impacted by task difficulty. It is also important to note that this limitation 
may be a consequence of a reduction in power for this specific analysis. Previous work examined 
task difficulty changes across all AOIs but did not further segregate the data by landing stage (Ayala 
et al., 2023). As such, it may also be the case where more participants would have been required to 
properly replicate previous work with the additional phase of flight variable. Nevertheless, these 
shifts in gaze behaviour are proposed to reflect a necessary shift in top-down attentional controls 
imposed on visual scanning during challenging task demands to help focus attention to the appro-
priate object at the appropriate time (Ayala et al., 2023; Ayala et al., 2022; Bellenskes et al., 1997; 
Brams et al., 2018; Eysenck et al., 2007; Shiferaw et al., 2019). Moreover, the blink rate findings 
corroborate the suggested relationship that blink rate depression is associated with an increase in 
task difficulty as the current findings demonstrated the lowest blink rate to coincide with the most 
challenging phase of landing (i.e., final approach) (Glaholt, 2014; Peißl et al., 2018; Ziv, 2016).  

An interesting gaze outcome that was contrary to what was hypothesized was the significant 
increase in SGE and GTE during the difficult trials, particularly during the final approach stage of 
landing. Previous work demonstrated that increases in task difficulty were associated with a reduc-
tion in SGE and GTE (Ayala et al., 2023). Several reasons may help to explain the divergent results. 
First, it is important to remember that the cohort in the previous study consisted of ~56% ab-initio 
pilots with little to no flight experience while the current study exclusively enrolled licensed pilots. 
Conceivably, flight experience has a significant effect on gaze behaviour. For instance, licensed 
pilots may be more aware and capable of increasing their gaze dispersion and sequence complexity 
to gather more information in a more efficient manner to aid in the management of crosswind con-
ditions (i.e., lateral slip/crabbing methods to enhance aircraft control) (Brams et al., 2018; Brams et 
al., 2020; Federal Aviation Administration, 2021). Second, it is possible that the pilots recruited in 
the current study were not challenged to the same extent as the participants recruited in previous 
work (Ayala et al., 2023). As such, it could be hypothesized that the SGE and GTE would similarly 
decrease in response to a significantly more difficult condition if the current study provided a greater 
challenge. In this case, the hypothetical SGE and GTE reductions may also reflect a shift in top-
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down attentional control mechanisms to selectively allocate visual attention and focus visual scan-
ning to highly critical AOIs when task difficulty is high (Ayala et al., 2023). Future work should 
include a significantly more difficult task (e.g., dual-task paradigm) to stress the cognitive control 
resources of pilots during a simulated flight. Since the reported increase in gaze scanning distribu-
tion and sequence complexity (Figure 9) were seen in parallel with a reduction in aircraft control 
variability (Figure 5 & 6) during the final stage of flight for the difficult relative to the easy condition 
these particular gaze data are suggested to reflect a compensatory mechanism to support task per-
formance (Kübler et al., 2015). 

Flight phase parameters and experience influence information processing 
The findings presented clearly demonstrate that all traditional gaze metrics (i.e., dwell time per-

centage, dwell rate, and average dwell duration across AOIs) vary significantly between flight 
phases, which most likely reflects the differing task sub-goals specific to each stage of flight (Ayala 
et al., 2023; Badu et al., 2019; Dehais et al., 2021; Di Nocera et al., 2007; Glaholt, 2014; Gray et al., 
2014; Kim et al., 2008; Sarter et al., 2007; Van de Merwe, 2012). For instance, during the downwind 
flight phase participants are normally completing their landing checklists and flows to configure the 
plane for landing (Federal Aviation Administration, 2021). This was manifested in the downwind 
gaze patterns which had the highest dwell times for the front window, altimeter, power, and airspeed 
indicators, which are the various gauges that require attention when configuring the plane to land 
(i.e., continue flying straight ahead [antiparallel to runway heading], reduce power to 15,000 rpm, 
maintain circuit altitude, and ensure airspeed is configured for this landing stage [100kts]). Moreo-
ver, further exploration of non-AOI data demonstrated that the greatest amount of time devoted to 
looking at the landing checklist and other configuration regions not included in the 10 pre-defined 
AOIs was during the downwind phase of flight (16%). Although this was not included for analysis 
in the current study (<5% of total dwell time), it provides additional support for how gaze behaviour 
supports flight phase-specific task goals. The base leg of flight was associated with the highest dwell 
times for the airspeed, attitude, and the left and front window AOIs. This was tied to the fact that 
pilots were required to complete the turn-to-base and turn-to final approaches during this leg of 
flight while maintaining the recommended flight speeds (Federal Aviation Administration, 2021). 
As such pilots frequently monitored aircraft roll via the attitude gauge, landmarks that helped deter-
mine when to begin and end the turn (i.e., runway visual via the left window), and the airspeed gauge 
to adjust airspeed as needed in between stage transitions (i.e., downwind= 100 kts, base= 70 kts, 
final= 65 kts). Last, the main goals of the final approach stage of landing were to maintain the glide 
slope, center alignment with the runway, and transition the aircraft from a normal approach attitude 
to a landing attitude (i.e., flare) (Federal Aviation Administration, 2021). Visual cues that help mon-
itor each of these goals are predominantly located through the front window and serve as the main 
reason why the allocation of attention to this AOI is greatest during the final approach (Ayala et la., 
2023; Dehais et al., 2021; Di Nocera et al., 2007; Glaholt, 2014; Gray et al., 2014; Kim et al., 2008; 
Sarter et al., 2007). The airspeed gauge was also a critical AOI as final approach speed is important 
for maintaining optimal glide slope and preventing an engine stall. These findings were supported 
by similar, though less robust, trends in the dwell rate and average dwell duration data.  

In line with the traditional gaze findings, more computationally complex measures of gaze be-
haviour including SGE and GTE demonstrated significant reductions from the downwind/base 
stages of landing to the final approach stage of landing (Figure 9). This further supports the claim 
that gaze behaviour changes are contingent on flight phase specific sub-goals. For example, higher 
SGE and GTE suggest increased dispersion and more gaze shifts across the AOIs that require con-
tinual monitoring to configure the flight during the downwind and base stages compared to the final 
approach stage of flight; wherein the focus of attention routinely becomes restricted to 2-3 AOIs. 
With respect to other dynamic gaze measures of information processing, the analysis of the moment-
to-moment changes in gaze fixation and dispersion provided insight into broader changes pilot mon-
itoring and cognitive tunneling (i.e., prolonged outside gaze fixation) behaviours over time which 
were influenced by the task difficulty manipulations, but more so dictated by flight experience (i.e., 
flying hours). In line with previous work (Ayala et al., 2023), the current study demonstrated an 
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increase in cognitive tunneling bouts and total cognitive tunneling bout time in the difficult condition 
compared to the easy condition. In other words, the difficult condition was associated with more 
frequent periods of time where pilots neglected to scan their cockpit. Although this could have re-
sulted in a tunneling of attention toward any other AOI, what was observed in previous studies 
(Allsop and Gray 2014; Allsop et al., 2017; Ayala et al., 2023; Ayala et al., 2024; Xion et al., 2016) 
alongside current work was a fixation of attention outside. This is a critical aspect of gaze behaviour 
to examine as a lack of scanning during phase(s) of flight that require continuous monitoring of 
flight parameters (i.e., landing) and aircraft state via gauges inside the cockpit can result in disastrous 
consequences should an unexpected/hazardous event occur. This phenomenon was similarly re-
ported in driving simulation studies that found that the higher proportion of dwell time allocated to 
the center of the road and a reduction in gaze dispersion were associated with driver distraction, 
reduced hazardous event detection, and increased driver cognitive load (Reimer, 2009; Wang et al., 
2014; Yang et al., 2018; Yang et al., 2022). The increased cognitive tunneling findings seemingly 
contradict the increase in final approach SGE and GTE during difficult trials. However, it is im-
portant to remember that the dynamic bout analysis is examining duration-based cognitive tunneling 
tendencies over time while time-averaged entropy measures only consider the frequency and se-
quence of AOIs (Ciuperca and Girardin, 2007; Shannon, 1984; Shiferaw et al., 2019). Moreover, 
the cognitive tunneling bout analysis provides a marker of poor monitoring behaviour that is inde-
pendent of flight stage and instead considers the duration of time that gaze is diverted from cockpit 
gauge monitoring across the entire trial whereas the SGE/GTE findings in question are demonstrated 
only for the final approach phase of flight (Ayala et al., 2023; Xion et al., 2016; Ziv, 2016). In fact, 
when SGE and GTE are averaged across the entire trial, there is no effect of task difficulty; a finding 
that suggests that although fixation dispersion and gaze sequence complexity don’t change as a 
function of task difficulty in the recruited participant pool, the cognitive tunneling behaviour (i.e., 
cockpit monitoring behaviour) still remains an informative measure of changes in information pro-
cessing. Moreover, the current study makes an important contribution by further demonstrating how 
pilot experience affects cognitive tunneling behaviour. The linear mixed model regressions demon-
strated that cognitive tunneling events account for up to 68% of variance in pilot flight hours; a 
finding that provides evidence for the claim that dynamic cognitive tunneling bout analysis is a 
robust measure of pilot monitoring behaviours that change with experience. This is significant be-
cause it provides the first gaze-base measure that can identify differences in pilot proficiency within 
a tightly defined recruitment pool (i.e., flight hours range: 51-280hrs). Furthermore, the bout regres-
sion analysis provides additional support for the extent to which low time pilots need to be chal-
lenged before one can observe meaningful changes in gaze behaviour as a function of flight hours. 
This is demonstrated by the task difficulty by cognitive tunneling (number and total time) interaction 
suggesting the relationship for the currently defined flight hour range is present, but only in the more 
difficult condition when the capabilities of pilots with fewer flying hours are being challenged.  

Notably, the implementation of a number of gaze metrics examined in the current study (i.e., 
dwell time phase plots, SGE/GTE, and cognitive tunneling) into pilot training and assessment pro-
tocols could provide easily interpretable metrics that are objectively related to pilot proficiency lev-
els, and identify instances where pilots demonstrate deviations from optimal monitoring behaviours. 
In example, dwell time plots may be used to assess where pilots are allocating their attention and if 
it aligns with task-relevant sources of information that require visual processing, SGE/GTE plots 
can aid in identifying pilots who are deviating from pre-determined task norm values, and cognitive 
tunneling measures can be used to assess poor monitoring behaviours that directly align with Inter-
national Air Transport Association (IATA) competency assessment questions about “How Many” 
and “How Often” (Guidance Material, 2023) these behaviours occur. These capabilities further en-
hance the extent to which gaze metrics, such as those described here, can be used as an assessment 
and training tool. 

Limitations and future directions 
The current study provides several novel insights into the way task difficulty and flight phase 

parameters impact task performance, gaze behaviour and SA. However, the current results are 
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constrained by at least four methodological limitations. First, the tight pilot recruitment pool limited 
the extent to which the regression model analysis could relate flight experience (i.e., flying hours) 
to dynamic gaze measures (i.e., number of cognitive tunneling bouts and total cognitive tunneling 
bout time). Future studies seeking to gain a better understanding about the utility of the novel dy-
namic gaze measures (Ayala et al., 2023) in characterizing pilot flight hours or SA should include a 
larger range of pilot experience backgrounds that extend from the early ab-initio level to the instruc-
tor pilot level. Second, the extent to which other relationships could be thoroughly assessed was also 
undermined by the small participant pool. For example, the ability to examine the relationship be-
tween dynamic gaze behaviours and performance or SA was limited by the fact the models demon-
strated a lack of power. As such, no conclusion could be made about the utility in using cognitive 
tunneling bout analysis to ascertain pilot SA or task performance. This could be improved in future 
work by increasing the number of trials each participant completes, or by conducting the experiment 
in Instrument Flight Rules (IFR) conditions where dynamic gaze behaviour and/or SA would be 
stressed. A third related limitation was that there was no singular measure of landing performance 
that could be used to effectively determine relationships between flight performance and SA or dy-
namic gaze metrics. As such, future work should involve instructor pilots that are familiar with the 
assessment of landing performance in single engine aircrafts to provide evaluations for these anal-
yses. This can be further supported using the NASA-TLX as it would provide more support for 
subjective ratings of task difficulty/load compared to the SART. Lastly, our conclusions about the 
task performance and entropy changes seen in the difficult condition being attributed to an increase 
in attention and exerted effort is a fascinating finding; and one that should be further examined when 
cognitive resources are exceeded by task demands. In other words, both accounts for the current 
findings could be strengthened with additional testing to determine how task performance and gaze 
dispersion/sequence complexity are impacted when cognitive load is significantly higher. For in-
stance, introducing a secondary task (i.e., dual task paradigm) to further challenge cognitive re-
sources may reduce the extent to which additional cognitive control resources are able to modulate 
gaze behaviours and assist in task performance.  

Conclusion 
This work highlighted the performance, SA, and gaze behaviour differences in low-time pilots 

when completing a simulated landing scenario in VFR conditions with and without the presence of 
strong crosswinds. Traditional gaze metrics (i.e., dwell time, rate, duration, blink rate) and entropy-
based metrics all provided meaningful insight about the extent to which task demands and infor-
mation processing change across the different phases of flight (i.e., downwind, base, and final ap-
proach) and task difficulty. Our results suggest the changes in gaze behaviour compensated for the 
increased task demands and minimized the impact on task performance, particularly during the final 
approach stage of landing. Lastly, the cognitive tunneling analysis remains a robust measure of task 
difficulty and, more importantly, pilot experience (i.e., flight hours), which accounted for up to 68% 
of variance in the moment-to-moment analysis of pilot monitoring behaviour (i.e., number of cog-
nitive tunneling bouts and total bout time). In conclusion, a number of traditional and advanced gaze 
metrics provided critical insight into how gaze behaviour, and thus, information processing, is al-
tered by task difficulty and task goals. However, more work is needed to validate its utility in being 
able to characterize pilot proficiency.  
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