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Eye movements have been used to examine the cognitive function of pilots and understand
how information processing abilities impact performance. Traditional and advanced
measures of gaze behaviour effectively reflect changes in cognitive load, situational aware-
ness, and expert-novice differences. However, the extent to which gaze behaviour changes
during the early stages of skill development has yet to be addressed. The current study in-
vestigated the impact of task difficulty on gaze behaviour in low-time pilots (N=18) while
they completed simulated landing scenarios. An increase in task difficulty resulted in longer
fixation of the runway, and a reduction in the stationary gaze entropy (gaze dispersion) and
gaze transition entropy (sequence complexity). These findings suggest that pilots’ gaze be-
came less complex and more focused on fewer areas of interest when task difficulty in-
creased. Additionally, a novel approach to identify and track instances when pilots restrict
their attention outside the cockpit (i.e., gaze tunneling) was explored and shown to be sen-
sitive to changes in task difficulty. Altogether, the gaze-related metrics used in the present
study provide valuable information for assessing pilots gaze behaviour and help further un-
derstand how gaze contributes to better performance in low-time pilots.
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Modern aircraft cockpits present a complex human-
machine interface where the success of the flight depends
on the pilot’s ability to select relevant information from
multiple competing stimuli. The dense visual field of in-
struments and displays conveys information about the sta-
tus of the aircraft in real-time and must be closely
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monitored. Notably, 70-80% of global aviation accidents
are caused by human error (Shappel and Wiegmann, 2000)
with a major contributing factor proposed to be ineffective
pilot monitoring of the plane, especially during dynamic
phases of flight (i.e., take-off, final approach, and landing)
(Boeing, 2021; National Transportation Safety Board,
1994). 1t is crucial to understand a pilot’s information pro-
cessing abilities underlying successful performance. Eye-
tracking provides a non-invasive method that reveals dis-
crete cognitive processes and strategies used to facilitate
behaviour (Atik and Arslan, 2019; Ayala et al., 2022; Cao
et al., 2022; Hodgson et al., 2019; Martin et al., 2017,
Shiferaw et al., 2019; Vickers and Williams, 2017). For
example, eye movement measures have been used as an
important index for hazard perception in driving (Cao et
al., 2022; Cvahte Ojstersek and Topolsek, 2019; Ziv and
Lidor, 2016), human-machine interaction and usability as-
sessment (Jacob and Karn, 2003; Liu et al., 2021; Menekse
Dalveren and Cagiltay, 2018; Niu et al., 2020), the devel-
opment of visual strategies in athletes (Vansteenkiste, et
al., 2022), and pilot behaviour assessment in aviation
(PeiBll et al., 2018; Vlaci¢ et al., 2020). As such, the current
investigation sought to examine the utility of gaze behav-
iour metrics to objectively characterize information pro-
cessing in low-time pilots (fewer than 300 flight hours)
during a landing task, and how it is altered by task diffi-
culty.

The pattern of fixations and eye movements used to
sample visual information in our environment is collec-
tively referred to as gaze behaviour (Kandel et al., 2012).
Gaze behaviour is task dependent and tightly linked to the
underlying perceptual, cognitive, and motor processes as-
sociated with the selection and processing of relevant sen-
sory information (de Brouwer et al., 2021). Therefore, it
has a direct influence on the planning and execution of
subsequent actions (Gonzalez and Niechwiej-Szwedo,
2016; Land and Hayhoe, 2001). Studies have demon-
strated that specific gaze metrics including total dwell
time, fixation frequency, scan path length, average saccade
amplitude and fixation duration are associated with perfor-
mance in various laboratory paradigms (Ayala et al., 2022;
Hodgson et al., 2019; Lemonnier et al., 2014; Martin et al.,
2017; Zelinsky & Sheinberg, 1997). For instance, task rel-
evant areas tend to be fixated longer as task difficulty in-
creases suggesting that fixation location and dwell time are
a proxy for the allocation of attention (Ayala et al., 2022;
Hodgson et al., 2000; Ledn et al., 2019). Additionally, high
performers show significant fixation biases toward task
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critical areas compared to low performers (Hodgson et al.,
2000; Leon et al., 2019). Fixation frequency, duration and
scan path length tend to increase as a function of task dif-
ficulty, while saccade amplitudes decrease (Andrzejewska
and Stolinska, 2016; Ayala et al., 2022; Hodgson et al.,
2000; Kaller et al., 2009; Nitschke et al., 2012; Zelinsky &
Sheinberg, 1997) due to the increased scanning and pro-
cessing required to problem solve and elaborate on longer
solution sequences. Collectively, research to date supports
that gaze measures provide objective insight into infor-
mation processing that underlies differences in task diffi-
culty and performance. However, a major limitation linked
to these traditional gaze measures is that they are often
time-averaging operations; thus, failing to make use of the
information regarding the patterns and sequences of gaze
behaviour. Such information may be critical to consider
when evaluating gaze behaviour during complex occupa-
tional tasks and environments.

Gaze entropy represents one of the more established,
advanced methods to quantifying the dynamic aspects of
gaze behaviour (Shiferaw et al., 2019). Entropy (measured
in bits of information) is defined as the average infor-
mation or uncertainty associated with choice (Shannon,
1984). In the context of gaze behaviour, the complexity of
an individual’s gaze pattern is governed by the number of
regions (i.e., choices) that are fixated (Batty et al., 2014).
These regions are characterized by defining the relevant
areas of interest (i.e., AOIs) in an environment. There are
two measures of gaze entropy that take into consideration
the location and sequence of those fixations to compute
gaze complexity, namely stationary gaze entropy (SGE)
and gaze transition entropy (GTE). SGE is a measure of
gaze dispersion that is computed over a given viewing pe-
riod. The more equally distributed (i.e., wider gaze disper-
sion) fixations are across the environment (i.e., AOIs), the
higher the entropy. Thus, a high SGE reflects an explora-
tory mode of visual attention whereas a low SGE reflects
a focal mode of attention (Shiferaw et al., 2019). GTE ex-
amines fixation sequence complexity through the analysis
of gaze transition matrices (Shiferaw et al., 2019). GTE
assumes that fixation locations in a scan sequence are bet-
ter predicted from current and previous locations through
a conditional probability (Wiss et al., 1989). High GTE in-
dicates complex pattern of sequential scanning behaviour,
which typically involves more frequent switching between
more AOIs (Ayala et al., 2022; Shiferaw et al., 2019). In
contrast, low GTE reflects a more predictable scanning se-
quence with fewer fixation transitions between fewer
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AOIs. Note that a low GTE value can signal two different
scenarios, either gaze has become more efficient and di-
rected to relevant AOIs or it may indicate a failure to
properly monitor the task environment. To interpret the en-
tropy findings appropriately, it is important to ensure that
SGE and GTE are examined in conjunction with tradi-
tional gaze metrics and behavioural performance. Such an
approach provides a comprehensive account of gaze be-
haviour in complex environments, and potentially more in-
sight into the underlying neurocognitive and sensorimotor
processes (Ayala et al., 2022).

Seminal research in the aeronautical domain has
demonstrated an association between gaze behaviour and
flying performance (for review see Glaholt, 2014; Peif3] et
al., 2018; Ziv, 2016). For instance, deploying attention to
the external environment in visual flight rules (VFR) con-
ditions provides the operator with relevant visual infor-
mation that facilitates successful landing (Di Nocera et al.,
2007; Gray et al., 2014; Kim et al., 2008; Sarter et al.,
2007). Specifically, the optical splay angle is a visual cue
that can be used to effectively align an aircraft with the
runway centerline (Beall and Loomis, 1997), whereas the
runway length-width ratio can be used to regulate altitude
(Mertens and Lewis, 1981). These findings are made more
apparent during night landings, when these cues are less
perceptible and consequently impact performance (Kim et
al., 2008). In addition to the use of visual cues, other gaze
specific parameters of attention allocation and information
processing have been investigated through the use of tra-
ditional (i.e., dwell time, fixation frequency, fixation dura-
tion, saccade amplitude) and, more recently, advanced
gaze metrics to characterize pilot gaze behaviour and the
extent to which visual scanning changed with cognitive
load (Allsop and Gray, 2014; Allsop et al., 2017; Babu et
al., 2019; Diaz-Piedra et al., 2019; Lounis et al., 2021; Tole
et al., 1982), situational awareness (Dehais et al., 2017,
van Dijk et al., 2011; van de Merwe et al., 2012) and level
of expertise (Brams et al., 2018; Glaholt, 2014; Lounis et
al., 2021; Peifll et al., 2018; Tole et al., 1982; Ziv, 2016).
The advantage of eye-tracking to probe pilot characteris-
tics is that it provides real-time, objective data with mini-
mal interruptions to the experiment or user, unlike ques-
tionnaires and probes.

The goal of the current study was to expand on previ-
ous work that specifically examined changes in gaze be-
haviour as a function of task difficulty (Babu et al., 2019;
Dick, 1980; Harris et al., 1986; Tole et al., 1982). A
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limitation in the previous literature is that cognitive load
has been used interchangeably with workload, task load
and task difficulty to describe the relationship between the
demands imposed by a task and the availability of cogni-
tive resources to perform that task. Here, we make a dis-
tinction between task difficulty and cognitive load. Task
difficulty does not necessarily coincide with an increase in
cognitive load, as the latter would be linked to task manip-
ulations that increase the amount of information being held
in working memory (Paas and van Merriénboer, 2020). In-
stead, task difficulty, which is germane to the current
study, is tied to an increase in the sensorimotor control re-
quired to perform the task. For example, increasing the dif-
ficulty of a landing task by imposing high winds, shorter
runways, steep approaches due to terrain require the pilot
to impose higher sensorimotor control via corrective ma-
neuvers during the operation of the plane in order to ensure
a smooth, consistent, and safe flight (Federal Aviation Ad-
ministration, 2021). Notably, there is lack of consensus re-
garding the effects of task difficulty on gaze behaviour.
While some studies showed task difficulty had no signifi-
cant impact on pilot scanning behaviour or performance
(Dick, 1980; Dick, 1976; Krevs and Wingert, 1976), other
work showed increased fixation frequency (Badu et al.,
2019; Harris et al., 1986), more gaze transitions between
task-relevant instruments (Waller, 1976), and longer dwell
times on the runway (Di Nocera et al., 2007; Sarter et al.,
2007). The conflicting findings reported in previous work
are likely a consequence of the various methods employed
to characterize scanning behaviour as well as the wide
range of flying experience seen across the recruited partic-
ipants (i.e., commercial pilots, military pilots, individuals
with no flight experience).

The current study aimed to clarify previous findings by
examining the effect of task difficulty in low-time pilot
performance. As such, we systematically manipulated task
difficulty during a simulated landing scenario and exam-
ined traditional and advanced gaze metrics. The current in-
vestigation differs from previous work in two important
respects. First, the pilot group recruited here involves low-
time pilots who are at the early stages of their training (i.e.,
ab initio pilots). Previous work that focused on gaze and
task difficulty examined experienced military and com-
mercial pilots in advanced aircraft configurations (i.e.,
large, multi-engine aircrafts with glass cockpit displays)
(Brams et al., 2018; Diaz-Piedra et al., 2019; Dick, 1980;
Krevs and Wingert, 1976; van De Merwe et al., 2012; van
Dijk et al., 2011; Vlaci¢ et al., 2020). Since gaze behaviour
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and sensorimotor control are significantly influenced by
level of expertise (Abernethy, 1996; Burris et al., 2019;
Gegenfurtner et al., 2011; Peifl et al., 2018; Ziv, 2016), it
is important to investigate the relationship between task
difficulty and gaze behaviour in pilots, especially during
their initial stages of training when they have little to no
flight experience (i.e., ab-initio pilots). Such knowledge
will advance our understanding on the relationship be-
tween eye movements and task difficulty, with specific im-
plications for developing pilot training programs and eval-
uations. This is particularly relevant as improvements in
the development of pilot competence in training are criti-
cal, since pilots are expected to progress more quickly
from training through to airline and more advanced roles
to address the expected international shortages of pilots
(Kearns, 2021). Second, the current investigation exam-
ined the utility of using a comprehensive set of eye move-
ment analyses to characterize gaze behaviour dynamics as
a non-invasive means to probe how gaze and, by proxy,
information processing is impacted by task difficulty.

In line with previous findings (Di Nocera et al., 2007;
Harris et al., 1982; Sarter et al., 2007; Waller, 1976; Tole
et al., 1982), we hypothesized that an increase in task dif-
ficulty (i.e., turbulent weather conditions) would be asso-
ciated with an increase in dwell time (specifically outside
the cockpit), higher fixation rate, and a reduction in SGE
and GTE. These findings are expected to underlie a greater
need to devote more time and attention toward task rele-
vant AOIs during turbulent conditions to extract critical in-
formation and ensure a safe landing.

Materials and Methods

Participants

Eighteen participants were recruited from the student
and alumni populations at the University of Waterloo (14
males, 4 females; age range: 18-25 years, mean=20 years
old, SD=2 years). All participants were either current avi-
ation students or had graduated from the aviation program
(number of flight hours range: 0-280, mean=64 hours,
SD=91 hours; PC flight simulator experience range: 5-100
hours, mean=37 hours, SD=31 hours). All participants had
normal or corrected-to-normal vision and had not been
previously diagnosed with a neuropsychiatric/neurological
disorder or learning disability. Participation in the study
was voluntary, and participants received course credits as
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compensation. The study’s protocol was approved by the
University of Waterloo Research Ethics Board Committee
(#43238), performed in accordance with the 2008 Decla-
ration of Helsinki, and consent was obtained prior to be-
ginning the protocol.

Apparatus

Participants sat in a height-adjustable chair with their
chin placed in a chin rest. A 20-in LED monitor (85 Hz
refresh rate 1920x1080 pixels, LG) was located at partici-
pants’ midline with a viewing distance of 50 cm and was
used to present visual stimuli (i.e., the flying scenarios). A
second computer monitor (85 Hz refresh rate, 1024x768
pixels, View Sonic) that was only visible to the experi-
menter was used to record eye position data using the Eye-
Link II eye-tracker (SR Research Ltd, Ottawa, ON, Can-
ada) sampling at 500 Hz. Participants used a joystick and
throttle (TCA Officer Pack Airbus Edition, ThrustMaster,
USA), placed beneath the simulation display, to provide
all necessary input commands. Prior to data collection, a
nine-point calibration of the eye tracker was performed.
An immediate follow-up validation of calibration accuracy
was conducted to verify that the error was <1° for each
point in the calibration grid. Stimuli presentation and be-
havioural data acquisition were controlled using Microsoft
Flight Simulator 2020 (Asobo Studio, France).

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 tri-
als, training was performed to familiarize the participants
with the joystick and throttle controls (TCA Officer Pack
Airbus Edition, ThrustMaster, USA). The experimental
landing simulations were programmed in the Microsoft
Flight Simulator landing challenge environment config-
ured as a Cessna 152 (included steam-gauge instruments)
flying into Billy Bishop airport (Toronto, ON, Canada).
Participants were asked to complete a total of 20 custom-
ized landing challenges while their eye movements were
recorded. The landing challenges were pseudo-random-
ized into 10 easy (i.e., high visibility and low wind condi-
tions) and 10 difficult (i.e., high visibility and high wind
conditions) trials. All participants received the exact same
environmental configurations. Figure 1 shows a screen
capture of the simulated scenario. Each trial was pre-set to
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start as a straight-on approach to the airport at an altitude
of 1000 ft, 2.5 nautical miles away from the runway with
flaps and trim set to zero, and at a starting speed of 120kts.
The simulated landing task involved visual flight rules
(VFR) where visibility is high and represents one of the
most basic landing scenarios that ab initio pilots are faced
with during training. This allowed for the extension of pre-
vious work that used similar paradigms and more ad-
vanced aircraft configurations (i.e., helicopter simulators,
A320 flight simulators, larger aircrafts with glass cockpit
displays) (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.

00

Figure 1. Illustration of the visual stimuli employed in the
Microsoft Flight Simulator landing challenge environment. The
participants point of view of the cockpit replicated that of a pilot
flying a Cessna 152, pre-set for a straight-on approach to Billy
Bishop airport, Toronto, Canada. The orange boxes represent the
ten main areas of interest used in the gaze analyses. These include
the airspeed (1), attitude (2), altimeter (3), turn coordinator (4),
heading (5), vertical speed (6) and power (7) indicators, as well
as the runway (8), horizon (9), and side window (10).

At the start of each trial, participants were asked to look
at a red dot marked on the monitor in order to standardize
initial eye position. The trial was then manually initiated
after a drift correction was completed by the examiner. The
goal of the task was to land the plane as smoothly and ac-
curately as possible relative to a blue landing ‘goal’ box
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).

Data reduction

Eye movement data were analysed offline using the
eye tracker’s Data Viewer software (ver 1.8: SR Research,
Ontario, Canada). Eye-movement traces were visualized

Ayala, N., Zafar, A., Kearns, S, et al. (2023)
The effects of task difficulty on gaze behaviour during landing
with visual flight rules in low-time pilots

by the experimenter and played back at a slowed speed su-
perimposed over the image displaying the gaming environ-
ment. The task environment was discretized within Data
Viewer by organizing the gaming environment into ten ar-
eas of interest (AOIs) (Figure 1). The AOIs were manually
defined to represent seven main gauges of interest within
the cockpit including, airspeed (1), attitude (2), altimeter
(3), roll coordinator (4), heading (5), vertical speed (6) and
power (7). Three additional AOIs were also defined out-
side the cockpit including, the runway (8), the horizon (9),
and the side window (10). Fixations found outside these
AOIs were defined as a non-area of interest and excluded
from the analysis (<3%). The AOIs were generated based
on previous work and discussions with higher-hour pilots
(i.e., >800 hours) and instructor pilots. In this way, the
margin/border of each AOI is clearly explainable and al-
lows for the entropy values to provide the most relevant
and interpretable information from the scan patterns ob-
served. This approach serves to be the most suitable for the
current application since it is clear how the visual field
should be grouped, and because there is strong ecological
support from the piloting task and the cockpit design. In
contrast, a grid/agnostic AOI approach would be most suit-
able for cases where researchers do not know how mean-
ingful information in the visual field should be grouped.
Eye movements were detected using a saccade detection
algorithm implemented in Data Viewer with a 30°/s veloc-
ity threshold and an 8000°/s? acceleration threshold. Fixa-
tions were defined as pauses between saccades that had a
minimum duration of 80 ms (Krejtz et al., 2014; Veli-
chkovsky et al., 2005). The current study focused on pri-
mary saccades, thus microsaccades (<1°) were excluded
from analysis (Martinez-Conde et al., 2013). Trials with
missing data (i.e., loss of signal >30%) (~5% of trials) and
outliers for each of the dependent variables (i.e., >1.5 the
interquartile range around the first and third quartiles)
(~16% of trials) were removed.

Entropy analysis

The entropy-based analysis was completed using the
ten AOIs (Figure 1) that were discretized during pre-pro-
cessing. 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 gener-
ated for each trial. Custom scripts were written in Python
to compute both SGE and GTE.
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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 1 (Shannon, 1948).

Hsep (V) = — Z

veV

v-log(w)

Equation 1

GTE was computed by first creating a 10x10
transition matrix, M, where M;; was the total number
of transitions from AOIito AOI j. Each row, Mi,
was divided by the sum of row i, so that Mix
represented the probability of fixation transition from
AOI i to any of the ten AOIs. Finally, GTE was
computed using Equation 2 (Ciuperca and Girardin,
2007), applying the transition matrix M and the
probability vector V

6 6
Herg(M) = _ZViZMi,j : loH(Mi,j)
i=1  j=1

Equation 2

Performance measures

Performance dependent variables included success rate
(%), completion time (sec), overall performance score
(maximum of 2,000,000), landing accuracy (ft), ground
roll (ft), and landing smoothness (fpm). These were all de-
rived from Microsoft Flight Simulator 2020 (Asobo Stu-
dio, France). Success rate (%) was defined as the percent-
age of successful landing trials (i.e., participant landed on
the runway without crashing) out of the total number of
landing trials. Unsuccessful trials were automatically de-
tected by Microsoft Flight Simulator when an aircraft ei-
ther crashed or landed off the runway. Notably, these trials
were not analyzed further for performance or gaze
measures due to their rare occurrence (<2% trials). All
other parameters reported are based on successful landing
trials. Completion time (sec) was defined as the duration
from landing challenge onset to landing challenge offset.
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Landing challenge offset was automatically determined
based on when the plane came to a complete stop on the
runway. Overall performance scores were generated by
Microsoft Flight Simulator software for every landing us-
ing Equation 3, which was dependent on three sub-scores
(i.e., landing smoothness, landing accuracy, and ground
roll). Landing smoothness (fpm) was defined as the sink
rate just before and at plane touchdown. Landing accuracy
(ft) was defined as the distance between the centerline of
the runway and the plane’s touchdown. Ground roll (ft)
was defined as the distance between the center of the
touchdown zone to the plane’s full stop.

Overall Performance
= (Accuracy score + Ground Roll score)
* Landing Smoothness score

Equation 3

Results

Participants’ behavioural performance and eye
movements were analyzed while they were performing the
landing task. All performance measured were provided by
the gaming software at the end of every trial. Raw eye-
movement data were provided by EyeLink software for the
duration of each trial. The main hypothesis was tested
using a one-way repeated measures ANOVA with task
difficulty (easy, difficult) as the independent variable. Our
analysis is divided into three parts. In the first part, the
landing performance measures were examined as a
function of task difficulty. In the second part, traditional
gaze metrics were assessed as a function of task difficulty.
In the third part, entropy-based gaze analyses were carried
out as a function of task difficulty. All ANOVAs were
performed with an alpha level set at 0.05. The Bonferroni
post hoc correction for multiple comparisons was applied
for all post hoc analyses to determine significant
differences between variables.

As expected, landing success rate was lower for diffi-
cult trials (mean= 95%, SD= 8%) compared to easy trials
(mean=100%, SD=0%) (Figure 2A). Completion time
(sec) produced a main effect of task difficulty,
F(1,17)=105.740, p<0.0001, 1,>=0.861. Figure 2B demon-
strates how difficult trials (mean=146 sec, SD=11 sec)
took significantly longer to complete than easy trials
(mean=132 sec, SD=9 sec). Moreover, overall
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performance yielded a main effect of task difficulty,
F(1,17)=113.456, p<0.0001, 1,°>=0.870. Overall perfor-
mance scores were lower during difficult trials
(mean=903898, SD=299342) compared to easy trials
(mean=1280915, SD=284673) (Figure 2C).
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Figure 2. Individual data points and their respective group means
for success rate (%) (A), completion time (sec) (B), and overall
performance scores (C) are demonstrated for easy and difficult
conditions. Error bars represent SEM. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.

Landing smoothness (fpm) did not yield any significant
effects F(1,17)=2.371, p=0.142 (Figure 3A). In contrast,
landing accuracy (ft) yielded a main effect of task
difficulty, F(1,17)=22.024, p<0.001, np*=0.564. Results
indicate that participants landed the plane with more lateral
error (i.e., off-center) during difficult trials (mean=73 ft,
SD=60 ft) compared to easy trials (mean=23 ft, SD=24 ft)
(Figure 3B). Last, ground roll (ft) was not significantly
modulated by task difficulty, F(1,17)=0.176, p=0.680
(Figure 3C).

A B Cc

Landing Smoothness (fpm)
Landing Accuracy (ft)
Ground Roll (ft)

Easy Difficult
Condition

Easy Difficult
Condition

Easy Difficult
Condition

Figure 3. Individual data points and their respective group means
for landing smoothness (fpm) (A), landing accuracy (ft) (B), and
ground roll (ft) (C) are demonstrated for easy and difficult con-
ditions. Error bars represent SEM. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.

Traditional gaze measures

Traditional gaze-based analysis was completed using
the ten AOIs (Figure 1) that were discretized during pre-
processing using Data Viewer (SR Research, Ontario,
Canada). Gaze dependent variables for the ten AOIs (Fig-
ure 1) included: dwell time (%), fixation rate (fixa-
tions/sec) and fixation duration (ms). Total scan path
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length (°), average saccade amplitude (°) and saccade am-
plitude (°) variability were calculated across all AOlIs.
Dwell time (%) was defined as the total duration spent
within a given AOI, which was converted to a percentage
(i.e., with respect to total time). Fixation rate (fixa-
tions/sec) was defined as the number of fixations that oc-
curred relative to the total time spent completing the land-
ing challenge. Fixation duration (ms) was defined as the
average duration of all fixations within a given AOI. Scan
path length (°) was defined as the sum of all saccade am-
plitudes. Last, average saccade amplitude (°) was the mean
of all saccade amplitudes recorded, whereas saccade am-
plitude (°) variability was the within participant standard
deviation of saccade amplitude (°). Means and standard
deviations for all traditional gaze measures are reported in
Table 1.

Table 1. Traditional gaze values calculated for all areas of interest during easy and difficult

chnditions.
Dwell Time (%) Fixation rate (fixations/sec) Fixation duration (msec)
Task Difficulty Eas; Difficult Eas) Difficult Eas, Difficult
AIRSPEED 15.8(6.80 13.3(5.9) 0.58(0.24)%% 0.48(0.20) 276(42) 280(54)
ATTITUDE 22(1.9) 1.8(16) 0.17(032) 0.08(0.06) 20137) 200(42)
ALTIMETER 29(24) 2.6(2.5) 0.26(0.58) 0.11(0.09) 228(41) 230(62)
Eggll-lDINATDR 1.1(08) 0.93(0.7) 0.05(0.04) 0.04(0.03) 251(83) 221(58)
HEADING 0.8(0.5) 0.6(0.4) 023(0.71) 0.03(0.02) 210(74) 196(60)
VERTICAL SPEED 1.9(1.4) 1.8(13) 0.08(0.06) 0.07(0.05) 246(60) 249(68)
POWER 6.0(3.50* 45(33) 1.16(3.58) 0.16(0.11) 264(51) 263(40)
RUNWAY 68.09.7)1*** 73.909.0) 6.27(18.21) 2.10(0.49) 357(47) 368(48)
HORIZON 38210 27(18) 0.15(0.08)%%* 0.09(0.06) 254(47y* 295(73)
SIDE WINDOW 0.8(0.4) 0.9(0.5) 0.04(0.02) 0.03(0.02) 236(19) 249(101)

Note. Mean (standard deviation) values for all traditional gaze
measures across all areas of interest (AOI) and task conditions
(easy versus difficult). Significant changes between task difficul-
ties and their corresponding dependent variable and AOI reported
via *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Dwell time (%) revealed significant changes across
several AOIs as a result of task condition. First, decreased
dwell time was found for airspeed F(1,17)= 13.006,
p=0.002, 1,>=0.433; power F(1,17)=13.043, p=0.003,
15°=0.532; and horizon AOIs F(1,17)=13.702, p=0.002,
1p?=0.446. Runway dwell time (%) was the only AOI to
show a significant increase as a function of task difficulty,
F(1,17)=37.559, p<0.0001, 1,°>=0.688. All other AOI’s did
not reveal a significant change in dwell time, Fs(1,
17)<2.861, ps>0.117 (Table 1). Note that the significant
changes in the distribution of attention (i.e., dwell time %)
observed between easy and difficult conditions are illus-
trated in Figure 4.
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Figure 4. Illustration of the visual stimuli employed during land-
ing and the corresponding change in dwell time (%) between easy
and difficult conditions. Only significant changes in dwell time
are displayed over their corresponding area of interest (AOI) (i.e.,
airspeed, power, runway, and horizon AOIs). Group mean differ-
ences (difficult-easy) are illustrated in red to indicate a decrease
in AOI dwell time and green to indicate an increase in AOI dwell
time.

Airspeed fixation rate demonstrated a main effect for
task difficulty, F(1,17)= 13.688, p=0.002, n,>=0.446. Fix-
ation rate within the airspeed AOI was higher during easy
trials compared to difficult trials. Horizon fixation rate was
also significantly modulated by task difficulty,
F(1,17)=22.335, p<0.001, 7,>=0.568. Easy trials had
higher fixation rates within the horizon AOI compared to
difficult trials. All other AOI’s were not significantly mod-
ulated by task difficulty, Fs(1,17)<1.436, ps>0.247 (Table

1.

Horizon was the only AOI where fixation duration was
significantly modulated by task difficulty, F(1,17)=8.771,
p=0.009, 1,°=0.340. Fixation durations were longer during
difficult trials compared to the easy trials. All other AOIs
did not have significantly altered fixation durations,
Fs(1,17)<2.177, ps>0.056. Lastly, scan path length was
not significantly influenced by task difficulty,
F(1,17)=0.001, p=0.974 (easy: 1205 °, SD=715°; difficult:
1200°, SD=546°). However, increased task difficulty was
associated with a significant reduction in average saccade
amplitude (easy: 4.96°,SD= 1.38° difficult: 4.58°,
SD=1.35° F (1,17)=10.078, p=0.006, 1,°=0.372) and sac-
cade amplitude variability (easy: 6.53°,SD= 1.50°; diffi-
cult: 5.91°, SD=1.62°; F (1,17)=16.951, p=0.001,
7p>=0.499).

Entropy-based measures

SGE represents the dispersion of fixations and an over-
all uncertainty of fixating in a particular AOI at any given
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moment (Equation 1). A higher SGE value represents a
more spatially dispersed distribution of fixations across the
AOIs. GTE represents the overall uncertainty associated
with the temporal sequence of fixations, given the current
fixation location (i.e., AOI), (Equation 2). Specifically, a
higher GTE value indicates that gaze scan paths are more
complex and frequently cross various AOIs in varying or-
der throughout task completion.

SGE revealed a main effect of task difficulty,
F(1,17)=20.898, p<0.001, n,>=0.551. Specifically, the
spatial distribution of fixations was significantly more dis-
persed during easy trials (mean=1.7 bits, SD=0.4 bits)
compared to difficult trials (mean=1.5 bits, SD=0.4 bits)
(Figure SA). Additionally, GTE produced a main effect of
task difficulty, F(1,17)=23.986, p<0.001, 1,°=0.585. Fig-
ure 5B shows how the overall gaze sequence was more
complex due to an increase in AOIs being fixated in a more
random sequence during easy trials (mean=1.3 bits,
SD=0.3 bits) and became more predictable during difficult
trials (mean=1.1 bits, SD=0.3 bits).
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Easy Diffcult

Figure 5. Individual data points for stationary gaze entropy
(SGE) (bits) (A) and gaze transition entropy (GTE) (B) are
demonstrated for easy and difficult conditions. Error bars repre-
sent SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Video recordings of participants’ eye movements
demonstrated that some participants adopted a gaze pattern
that reflects a continuous allocation of attention outside of
the cockpit, toward the runway. In contrast, other partici-
pants showed a gaze pattern that continually cycled
through the various AOIs inside and outside the cockpit.
Similar observations have been reported in other work
(Allsop and Gray, 2014; Xiong et al., 2016); however, they
were not objectively quantified. Therefore, additional
analyses were completed to further examine how gaze en-
tropy changed over the course of a trial. A 30 second av-
erage sliding window was initially chosen arbitrarily
(Shiferaw et al., 2018); however, we found it did not have
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sufficient resolution to characterize the dynamic cyclical
nature of the gaze patterns that were apparent in video re-
cordings of participants’ gaze. As such, we used a 10 sec-
ond average sliding window to produce a time trace that
reflected how SGE and GTE evolved over time. To further
characterize the observed pattern of switching gaze be-
tween the internal cockpit environment and external scen-
ery, all cockpit AOIs (i.e., 1-7) were collapsed into a single
‘inside’ AOI and all external AOIs (8-10) were collapsed
into as a single ‘outside’ AOI. The resulting entropy traces
provide a temporal window depicting gaze dispersion and
sequence predictability changes as participants completed
the landing task (Figure 6AB).

Easy Difficult

Entropy (bits)
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Figure 6. Representative time traces that reflect the stationary
gaze entropy (SGE) and gaze transition entropy (GTE) of a single
easy (A) and difficult (B) trial. Exemplar time traces showing the
probability of fixating inside the cockpit for the easy (C) and dif-
ficult (D) conditions. These reflect the same easy (A and C) and
difficult (B and D) trials. Gray boxes represent the sections of the
trial where entropy and P(inside) equals zero. This indicates that
gaze is directed outside the cockpit for at least 10 seconds (i.e., a
single bout). The easy condition illustrates four bouts with a total
bout time of 68 sec (A). The difficult condition illustrates six
bouts with a total bout time of 96 sec (B).

Examining the SGE and GTE time traces revealed mo-
ments where both entropy measures fell to zero, which in-
dicates that gaze was directed either outside or inside the
cockpit for at least 10 seconds (Figure 6AB). To determine
if the reduction in gaze entropy to zero reflected gaze allo-
cation inside or outside the cockpit, we calculated the
probability of a fixation being inside the cockpit over the
length of the trial, P(inside) (Figure 6CD). Specifically,
each fixation was 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

- SGl

GTI
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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 scen-
ery for at least 10 seconds (Figure 6CD). This analysis pro-
vides an objective approach to monitor the temporal dy-
namics of gaze behaviour, which may reflect attention and
how it is deployed inside and outside the cockpit. More
specifically, the ‘bout’ analysis served to pinpoint the
times when pilots stopped cycling through both internal
and external environments. Given the time series of fixa-
tion probabilities showed distinct periods of fixations out-
side the cockpit, a ‘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 con-
nected components (subsequent values) of zeros in the
probability time series. Number of bouts was defined as
the number of instances a 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 the individual bout durations
within a trial.

Number of bouts yielded a main effect of task condi-
tion, F(1,17)=7.224, p=0.016, 1,’=0.298. Specifically,
easy trials (mean=2.0, SD=1) were associated with fewer
bouts than difficult trials (mean=2.4, SD=1) (Figure 7A).
Average bout duration (sec) was not significantly im-
pacted by task difficulty, F(1,17)=4.233, p=0.055 (Figure
7B). Last, total bout time (sec) was also significantly in-
fluenced by task difficulty, F(1,17)=20.317, p<0.001,
1p>=0.544 (Figure 7C). Difficult trials (mean=45 sec,
SD=26 sec) were associated with more continuous fixation
outside of the cockpit compared to easy trials (mean=35
sec, SD=21 sec).
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Figure 7. Individual data points for number of bouts (A), bout
duration (sec) (B), and total bout time (sec) (C) are demonstrated
for easy and difficult conditions. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.
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Discussion

This study characterized the effects of task difficulty
on gaze behaviour and flight performance in low-time pi-
lots as they completed simulated landing scenarios. Partic-
ipants were asked to perform the landing task in high visi-
bility, visual flight rules (VFR) conditions that differed
based on the presence (difficult) or absence (easy) of
strong winds. Several notable contributions emerged from
this study. First, in support of our hypothesis, a compre-
hensive assessment of gaze behaviour during landing re-
vealed that dwell time and entropy-based measures were
modulated by changes in task difficulty. Specifically, in-
creasing task difficulty resulted in longer fixation of the
runway, and a reduction in the dispersion (SGE) and com-
plexity (GTE) of gaze sequences. Second, further explora-
tion of the data led to a development of a novel approach
to objectively identify and track instances when pilots se-
lectively allocate their attention outside the cockpit.

The effect of task difficulty on performance

The analysis of landing performance provided unam-
biguous evidence about the successful manipulation of
task complexity. Specifically, when dealing with strong
wind conditions, pilot performance decreased. A finding
that was made evident through a reduction in landing suc-
cess rate and overall performance score, alongside an in-
crease in completion time and landing accuracy error. Alt-
hough a formal examination of subjective perception of
task difficulty was not conducted in the current study, par-
ticipants reported that they noticed an increase in task dif-
ficulty during the trials that involved turbulent weather
conditions. Overall, these results are in line with earlier
studies using similar experimental procedures (Diaz-Pie-
dra et al., 2019).

The effect of task difficulty on pilot’s gaze be-
haviour

The examination of gaze behaviour via traditional gaze
metrics provides a proxy for the allocation of attention to-
ward task relevant information and how it is used to facil-
itate task performance (Di Nocera et al., 2007; Gray et al.,
2014; Kim et al., 2008; Sarter et al., 2007; Ziv, 2016). The
current study demonstrated that task difficulty was associ-
ated with a significant increase in the time spent looking
outside toward the runway and a corresponding reduction
in the time spent fixating on alternative AOI’s that in-
cluded the airspeed indicator, the power indicator, and the
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horizon. These findings suggest that attention was focused
on the runway during strong wind conditions at the ex-
pense of other AOIs both within and outside of the cockpit.
In line with these findings, average saccade amplitude and
variability also decreased as a function of task difficulty.
A finding that indicates a reduction in the spread of se-
quential fixation locations, and hence a focusing of visual
attention to a limited set of closely spaced regions within
the task environment. Notably, the addition of strong wind
conditions introduced a significant crosswind component
which required continuous monitoring of heading direc-
tion during final approach and landing. The use of the crab
or sideslip methods to compensate for the crosswind may
have led participants to look outside more, not only to
check on wind conditions but to monitor the plane’s tra-
jectory and ensure that the glideslope and heading were
maintained and adjusted accordingly (Federal Aviation
Administration, 2021). This is further supported by other
work demonstrating that the allocation of attention outside
the cockpit in VFR conditions helps provide the pilot with
relevant visual information that facilitates successful land-
ing (Beall and Loomis, 1997; Di Nocera et al., 2007; Gray
et al., 2014; Kim et al., 2008; Mertens, 1981; Sarter et al.,
2007). Though fixation rates did not increase as a function
of task difficulty across any AOIs, they did decrease for
the airspeed indicator and the horizon. Further demonstrat-
ing that the scanning of information in these AOI’s was
reduced at the cost of spending more time fixating on or
around the runway, which contributed to the reduction in
dwell time percentages in these respective AOIs. These
findings echo previous work by Van de Merwe et al.
(2012), which found that fixation rates on various instru-
ments were related to their problem-relevance; with the
runway being of prime importance (Brown et al., 2002; Lu
et al., 2020). Interestingly, a study by Babu et al. (2019)
demonstrated that fighter pilots increased their fixation
frequency when task difficulty increased during a longitu-
dinal target tracking task, while Tole et al. (1983) found no
change in the fixation rate of military pilots associated
with turbulence in a landing task. The contradictory find-
ings may lie in the task employed (Babu et al., 2019) and
the role that experience plays in the gaze behaviour sup-
porting performance (Babu et al., 2019; Tole et al., 1983).
For instance, experienced pilots tend to fixate relevant
cockpit gauges for briefer periods of time more frequently
compared to novice pilots (Glaholt, 2014). Additionally,
our fixation rate does correct for the increased time spent
completing the landing task during the turbulent
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conditions, whereas previous studies simply reported the
fixation frequency count (Harris et al., 1986; Lu et al.,
2020; Spady, 1978). Taken together, our traditional eye
movement analysis measures suggest that the allocation of
attention in low-time pilots became more biased toward
the runway in order to monitor and extract the necessary
information needed to land during challenging turbulent
flight scenarios.

The analysis of gaze entropy is a surrogate for explor-
ing the dynamic nature of gaze behaviour. Specifically, the
dispersion (SGE) and sequence (GTE) of a scanning pat-
tern have been shown to be effective indicators of attention
deployment (i.e., focal versus exploratory modes of atten-
tion) as well as the complexity of the scanning pattern
structure (Shiferaw et al., 2019). Indeed, previous work
has shown that the competition of bottom-up (salience
driven) and top-down (executive control driven) atten-
tional processes influence the spatial prioritization of
where we look (Bisley and Goldberg, 2010; Eysenck et al.,
2007; Fecteau and Munoz, 2006; Shiferaw et al., 2019).
For instance, bottom-up processes would likely drive at-
tention to salient objects in the environment which may
correspond to more random and dispersed fixation patterns
(Shiferaw et al., 2019). Whereas top-down input would di-
rect attention based on task knowledge, expectations, and
current goals, and thus reflect task engagement via a re-
duction in the dispersion of fixations and more structured
scanning patterns (Shiferaw et al., 2019). The current find-
ings revealed that low-time pilot’s gaze entropy became
less dispersed and less complex during strong wind condi-
tions. That is, pilots followed a more predictable and de-
terministic visual scanning pattern during the more com-
plex landing scenarios. This is analogous to previous stud-
ies that also reported an increase in the scanning and allo-
cation of attention to a limited set of task critical AOIs dur-
ing more complex landing scenarios (Harris et al., 1986;
Waller, 1976). Notably, these findings are similar to those
seen using the saccade amplitudes metrics (Lemonnier et
al., 2014). However, in addition to being able to capture
the spread of fixations across task-relevant areas of interest
that are object-defined (i.e., the runway, side window, spe-
cific cockpit gauges) the secondary entropy measure,
GTE, helps to characterize the complexity of the scanning
sequence itself within the task environment. This provides
critical information regarding visual scanning patterns that
can differ significantly despite occupying the same spatial
regions. In line with previous work, our findings support
the notion that pilots use exploratory and saliency-driven
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gaze patterns when the aircraft is in an error-free state (i.e.,
perfect flying conditions) and change their gaze behaviour
when they are experiencing periods of flight that involve
more challenging task demands; a shift that reflects the
top-down attentional control imposed on visual scanning
to help focus attention to the appropriate object at the ap-
propriate time (Ayala et al., 2022; Bellenskes et al., 1997;
Brams et al., 2018; Eysenck et al., 2007; Hogson et al.,
2000; Shiferaw et al., 2019; Tole et al., 1983). It is also
important to note that additional entropy analysis was con-
ducted to ensure that AOI size disparities across the 10 de-
fined regions did not bias the entropy results. We calcu-
lated entropy using the two AOIs (outside vs. inside),
which resulted in a 50-50 screen split of equally sized
AOIs. Indeed, the main effects reported in the current
study were maintained (all ps<0.02) and support that our
entropy findings were not biased by AOI size.

The current study makes an important contribution by
quantifying the spatiotemporal gaze dynamics using a
novel approach. Previous work reported an observation
that novice pilots tend to restrict their gaze toward the ex-
ternal view of the cockpit and to focus predominantly on
the runway, which has been referred to as ‘gaze tunneling’
(Xion et al., 2016; Ziv 2016). Unfortunately, previous
studies did not quantify this behaviour objectively. We
adopted a sliding window approach to quantify the mo-
ment-to-moment changes in gaze entropy and the proba-
bility of fixating inside and outside the cockpit. This ap-
proach enabled the quantification and analysis of runway
tunneling ‘bouts’ — that is, the continuous fixation of atten-
tion outside of the cockpit toward the runway, which were
then examined with respect to their relationship with pilot
performance and task difficulty. Our results demonstrated
that an increase in task difficulty was associated with a
greater number of bouts as well as an increase in total bout
time. Therefore, strong wind conditions resulted in low-
time pilots becoming more stringent in attending to infor-
mation outside of the cockpit- for intervals greater than 10
seconds- instead of inside toward the cockpit instrument
panel; a finding taken to evince less cycling of attention
between the external and internal cockpit environments.
Notably, this may provide an alternative explanation for
why entropy values decrease during more difficult trials.
That is, instead of visual scanning becoming more struc-
tured and deterministic, it may be that SGE and GTE val-
ues are reduced due to an increase in gaze tunneling; an
indicator of poor monitoring. In this scenario, it is ex-
pected that these gaze tunneling events will impair task
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performance. Though there were not enough trials to con-
duct a statistical analysis of these characteristic runway
tunnelling bouts on failed landing trials, a preliminary
analysis of these rare landing failures demonstrated longer
bout durations and total bout time during the early part of
the flight in these trials. Additionally, we found that a
group of less experienced low-time pilots (n=11) had more
bouts of fixated attention outside the cockpit and longer
total bout time compared to low-time pilots who had at
least obtained their private pilot’s licence (PPL) (n=7). No-
tably, the analysis of gaze behaviour profiles has not been
examined in these smaller experience increments, and are
being further investigated in a subsequent study. These in-
itial findings suggest that the exclusive fixation of atten-
tion toward the runway for extended periods of time may
impact pilots’ situational awareness and mental models
(Allsop and Gray, 2014; Federal Aviation Administration,
2021; Xiong et al., 2016). Though, neither of these out-
comes would necessarily lead to poor landing performance
when the plane is in an error-free state, this could pose a
significant problem to landing performance and safety
should an emergency/error arise. Further investigation of
gaze behaviour is required as it could potentially lead to
the development of an objective method allowing an
‘online’ detection of pilot inattention, poor pilot monitor-
ing, or a general marker of divergence from optimal scan-
ning.

Limitations

This study provides several notable contributions re-
garding how task difficulty may influence gaze behaviour.
However, the current results are constrained by at least two
limitations that should be addressed in future research.
First, the methodological challenges imposed by the Mi-
crosoft Flight Simulator gaming environment limited real-
time synchronization and made it difficult to understand
the relationship between game generated landing perfor-
mance scores and their ecological significance. Additional
research using other simulator environments is needed to
address this issue. For instance, it is crucial to address the
basic relationship and temporal contingency between spe-
cific eye movements and actions (i.e., vision-in-action par-
adigms) to determine whether specific types of gaze char-
acteristics are related to superior performance of specific
actions. Alternatively, this could also allow for the explo-
ration of specific types of gaze characteristics that lead to
poor outcomes (i.e., accidents, unstable approaches, loss
of control). Second, we compared low-time pilot
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performance during an error-free state landing scenario in
VFR conditions to that during strong wind conditions. It
may be important to consider exploring the gaze profile
differences between different classes of low-time pilots
(i.e., those who have at least obtained their PPL and those
who have not). Further research should take these smaller
intervals of expertise into account starting from the ab ini-
tio stage (i.e., little to no flying experience) up to expert
(i.e., every new licensing level- PPL, Commercial Pilot’s
License, etc.) with much larger sample sizes (i.e., >15 pi-
lots per group). This will allow for a finer characterization
and examination of gaze behavior evolution and skill pro-
gression throughout the course of pilot training. This re-
mains a crucial gap in the literature because little is known
about the role that gaze behaviour plays in early skill learn-
ing and progression in complex environments.

Conclusion

This work highlighted the performance and gaze dif-
ferences in low-time pilots when completing a simulating
landing scenario in VFR conditions with and without tur-
bulence. During turbulent weather conditions, pilots
shifted their gaze behaviour to become less complex and
more focused on the runway, thus making the scanning and
processing of information more targeted towards fewer ar-
eas of interest. Overall, the gaze-related metrics used in the
present study provide valuable information for assessing
pilot gaze behaviour in the cockpit and can contribute to
better characterization of visual scanning. This remains an
important area of research because understanding how
gaze contributes to optimal pilot performance might be an
important benchmark for monitoring and ensuring flight
safety as well as evaluating pilot competency during train-

ing.
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