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ABSTRACT

Objective: The aim of this work was to examine the fidelity and
validity of an aviation simulation using eye tracking.

Background: Commercial head-mounted virtual reality (VR) systems
offer a convenient and cost-effective alternative to existing aviation
simulation (e.g., for refresher exercises). We performed pre-
implementation testing of a novel aviation simulation, designed for
head-mounted VR, to determine its fidelity and validity as a training
device.

Method: Eighteen airline pilots, with varying levels of flight experi-
ence, completed a sequence of training ‘flows.’ Self-reported measures
of presence and workload and users’ perceptions of fidelity were
taken. Pilots’ eye movements and performance were recorded to
determine whether more experienced pilots showed distinct perfor-
mance and eye gaze profiles in the simulation, as they would in the
real-world.

Results: Real-world expertise correlated with eye gaze patterns char-
acterized by fewer, but longer, fixations and a scan path that was more
structured and less random. Multidimensional scaling analyses also
indicated differential clustering of strategies in more versus less
experienced pilots. Subjective ratings of performance, however,
showed little relationship with real-world expertise or eye movements.
Conclusion: We adopted an evidence-based approach to assessing
the fidelity and validity of a VR flight training tool. Pilot reports
indicated the simulation was realistic and potentially useful for train-
ing, while direct measurement of eye movements was useful for
establishing construct validity and psychological fidelity of the
simulation.

Introduction

Alongside surgery, the aviation industry has traditionally led the way in developing high-
fidelity synthetic training environments (e.g., see, Caro, 1973). However, despite being
highly advanced and widely accepted within the field, aircraft simulators are very expensive
and often hard to access. Therefore, there is a niche for more cost-effective and portable
methods of simulation to bridge the gap between classroom instruction and high-fidelity
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aviation simulators. Commercial standalone virtual reality (VR) headsets could address this
need and provide additional flexibility for preparatory or refresher training. The value of
this approach for addressing skill fade issues has been highlighted by the recent pandemic,
where more than two-thirds of the world’s 22,000 mainline passenger airliners were
grounded at one point (Source: flightglobal.com). Consequently, new methods for refresher
training need to be developed and tested.

For commercial VR technologies to be effective in aviation training, they must support
sufficient transfer of learning from the VR environment to the real environment (see,
Barnett & Ceci, 2002). Indeed, the ultimate test of a VR training environment is not whether
it looks and feels authentic, but whether it generates improvements in real-world skilled
performance. Crucially, various outcomes that predict transfer of learning can be deter-
mined before a simulation is implemented. Harris and colleagues (Harris et al., 2020) have
recently outlined a conceptual framework to help guide such evidence-based testing,
through evaluating whether training is sufficiently realistic to drive ‘real-world’ skill
improvements. The present work adopts these recommendations to examine a novel VR
flight simulator, designed to (re)train flight competencies in commercial airline pilots.

Harris et al. (2020) outline fidelity and validity as key concepts for pre-implementation
testing of simulated environments. Fidelity refers to the realism of the simulator; in
particular, the similarity of the visual elements with the real environment, but also the
realism of the affective states, cognitions, or behaviors that the simulation elicits from its
users (Gray, 2019; Harris et al., 2020; Perfect et al., 2014). Hence fidelity contains many
subtypes, like physical, psychological, affective, and biomechanical fidelity. The most
important types of fidelity will depend on the goals of the training. In a medical context,
for instance, a VR exposure therapy tool which aims to desensitize the user to an aversive
stimulus (e.g., Botella et al., 2007) requires high affective fidelity (achieving realistic emo-
tional responses). However, realistic movements (biomechanical fidelity) will most likely be
peripheral to training success. One way of assessing the overall fidelity of an environment is
to measure users’ sense of presence, that is their experience of actually existing inside the
virtual environment (Bafios et al., 2004; Slater, 2009; Slater & Sanchez-Vives, 2016). If the
environment is not sufficiently realistic to immerse the user, then their sense of presence
will be limited. This is an approach that has previously been adopted when testing sporting
simulators (e.g., Harris, Buckingham, et al., 2020b; Le Noury et al., 2020).

Validity refers to whether a test, model, measurement, or simulation provides an
accurate representation of its real equivalent. Two key types of validity exist in the context
of VR training (see, Table 1): face validity, which is a user’s subjective view of how realistic
a simulation is, and construct validity, which is a more objective assessment of the
correspondence between the real and virtual tasks (Bright et al., 2012; Harris,
Buckingham et al., 2021; Wood et al., 2021). Face validity is closely related to aspects of

Table 1. Summary of VR terminology.

Term Definition

Face validity Users’ perceptions of whether the environment looks and feels realistic

Construct validity The extent to which the simulations provides and accurate representation of the real task
Fidelity The extent to which a simulation recreates the real-world system

Psychological fidelity The realism of the perceptual and cognitive responses elicited from the user

Presence The feeling of actually existing in the virtual world
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fidelity (particularly physical fidelity) but refers to the more subjective assessment by the
user of whether the technological features of the system, which constitute its fidelity, are
‘good enough’ to provide a compelling experience. Assessments of face validity often
depend on user feedback about the realism of a simulator, as is commonly performed for
surgical (Bright et al., 2012; Sankaranarayanan et al., 2016) and flight (Perfect et al., 2014)
simulators. Achieving good face validity is an initial step that is important to meet, as it may
be a barrier to users engaging with the training. However, it will not ensure that training is
actually effective (Dahlstrom et al., 2009). Construct validity, on the other hand, depends on
some level of functional correspondence between the real and VR tasks. Consequently,
a good indicator of construct validity is whether real-world expertise equates to expertise
in the simulator. If so, this indicates a functional correspondence between the real and VR
tasks that should support effective training (Harris et al., 2020). Comparisons of novice
versus expert performers in the simulation is, then, a good way to establish construct
validity (e.g., as in Bright et al., 2012; Harris et al., 2021; Wood et al., 2021).

In the present work we tested a novel aviation training tool (see, Figure 1), developed for
commercial VR platforms, which simulates key scenarios used in the process of commercial
Type Rating pilot certification. During the early stages of training, trainee pilots are
expected to quickly become familiar with the flight deck, control location, and orientation
(Adanov et al., 2020; Valenta, 2018). Traditionally, this is achieved using paper mock-up
flight decks and 2D computer learning. However, this approach fails to deliver on some of
the keys aspects of effective learning that support transfer of training, such as active and
exploratory practice (Freeman et al., 2014; Prince, 2004). The simulation described in this
work aims to provide active practice of core competency drills to allow pilots to refresh their
skills in a realistic way. Pilots can familiarize themselves with the flight deck and learn the
position and function of controls, as well as practicing fault responses and ‘flow check’
procedures.

The simulation that was developed was also embedded with eye tracking technology,
which is now a common feature of many commercial VR headsets. Eye tracking has been
widely used in the study of human performance, both as a way to index expertise (Brams
et al., 2019; Gegenfurtner et al., 2011; Janelle & Hatfield, 2008; Wilson et al., 2015) and as
a way to accelerate learning (Causer et al., 2011; Vine & Wilson, 2011). Although eye
movements are heavily context-dependent, experts generally show highly efficient gaze

Figure 1. View from within the simulation showing the cockpit and the pilot avatar.
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control and are able to extract the most important information from the environment when
performing skilled actions and decision-making operations. For instance, aeronautical
studies have shown that pilots’ visual scanning strategies develop with level of expertise
(Haslbeck et al., 2012; Haslbeck & Zhang, 2017; Yang et al., 2013; Ziv, 2016), and generally
reflect a move toward shorter and more frequent fixations indicative of more rapid scanning
of the instruments. Lounis et al. (2021) found shorter dwell times, and more complex
transition sequences as indexed by entropy and Lempel-Ziv complexity. Consequently, as
well as looking at the relationship between real-world expertise and simulator performance
(i.e., construct validity), we aimed to assess whether real-world experts showed different
gaze behaviors in the simulation. Eye movement differences would indicate that the
simulation had good psychological fidelity in that it was sufficiently realistic to elicit different
cognitions and visual behaviors between novices and experts, much as the real world would
(Gray, 2019; Harris, Bird, et al., 2020).

In summary, the objectives of this study were to perform a number of pre-
implementation assessments of the aircrew competency training simulation, guided by
a recent framework for testing simulated training environments (Harris et al., 2020).
Firstly, we assessed users’ sense of presence in the simulation to test fidelity and collected
expert reports on the face validity of the simulation as a training tool. We also aimed to
assess the relationship between real-world expertise and performance (expert ratings) to
establish construct validity. To further assess the construct validity and psychological
fidelity of the simulation, we next examined the relationship between real-world expertise
and eye movement indicators of expertise. It was predicted that if the simulation accurately
recreates the demands of the real skill there should be relationships between real-world
experience, performance in the simulation, and eye movement indicators of expertise. We
implemented a dimension reduction technique, known as Multidimensional Scaling, to
establish whether there was a clear clustering of eye gaze strategies (i.e., a signature of
expertise) for more and less experienced pilots. In addition, we collected descriptive
measures of workload to understand the cognitive and attentional demands placed on
users. Together, these pre-implementation assessments were designed to provide an early
indicator of whether the simulation will be an effective training tool.

Methods
Participants

Participants were all airline pilots, recruited through an opportunity sample of attendees at
the L3 Harris Airline Academy (Crawley, Gatwick, UK). Inclusion criteria required that these
individuals were familiar with A320 aircraft systems, but they did not have to be type rated or
have had any particular number of flight hours (real or simulated). Eighteen participants (17
male, 1 female) took part in the testing. Participants had a mean age of 39.2 years (SD = 14.3,
range = 22-62) and held a range of flight-related roles, including seven Captains, five cadets,
two first officers, and two Type Rating Instructors. They had an average of 2856.2 hours flying
experience on A320 series aircraft (SD = 2819.0, range = 0-7500). As we used an opportunity
sample to access this skilled population, no a priori power calculation was conducted, but in
order to understand the type of effects we were powered to detect we ran a sensitivity analysis
using G*Power (Faul et al., 2007). For the correlational analyses, 18 participants were
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sufficient to detect an effect of r = 0.67 with 90% power, r = .6 with 80% power, or r = 0.5 with
60% power, given a two tailed test and a = 0.05. Prior to data collection the study procedures
were reviewed by the departmental ethics review board at the University of Exeter and all
participants signed an informed consent form when attending testing.

Design

We adopted an observational design with all participants completing the same flight
scenarios, the order of which was counterbalanced across participants to account for any
practice effects.

Tasks and Materials

The VR environment was built using Unity (2019.4; Unity technologies, CA) and C# and
displayed using the Pico Neo 2 eye headset (Pico Interactive, San Francisco, CA, US). The
Pico Neo 2 headset is a 6-degrees-of-freedom standalone headset with a 101° degree field of
view and weighs 690 grams. The headset has inbuilt eye tracking which records pupil
position at 90 Hz, to a spatial accuracy of 0.5°. The eye tracking functionality was integrated
into the VR environment using the Pico SDK for Unity.

A total of seven flight scenarios were simulated, each of which form part of the Type
Rating certification process that is required for flying a commercial jet. During these
simulations, participants interacted with a virtual flight-deck environment (illustrated in
Figure 1) and performed a series of tasks using the Pico hand controllers. Three exercises
were ‘flow’” scenarios, where pilots conducted a predetermined sequence of actions that
confirm switch positions and control settings for a given stage of flight. Specifically, we
simulated the After Start Flow, Taxi Flow, and After Landing Flow procedures that are
specified for A320 aircraft operations (see, Table 2). Participants undertook the role of ‘Pilot
Flying’ for these customary safety routines and were informed that they must complete each
action in the correct, pre-specified order to progress through the task. Furthermore, four
‘fault’ exercises were also simulated, where pilots undertook the role of ‘Pilot Monitoring’
and were tasked with responding to common, unanticipated flight issues through inter-
active electronic display checks and simple procedural movements (see, Table 2 for an
overview). Participants were told that they could take short breaks and remove the headset
between scenarios, and that they could take the headset off at any time if they felt
uncomfortable. Some chose to take breaks out of the headset between scenarios while
others chose to remain in VR.

For assessment of psychological fidelity, analyses focused on gaze responses in
just the Rejected Take-Off and Blue System Hydraulics faults. In the former scenario,
pilots were required to perform a number of safety-critical visual checks and
monitoring operations upon receiving a number of consecutive safety alerts on the
runway. Such behaviors would be reflected in their dynamic gaze responses (e.g., in
their fixation patterns and scanning strategies, as in Haslbeck et al., 2012; Haslbeck
& Zhang, 2017; Yang et al., 2013). Conversely, the Blue System Hydraulics fault was
selected because it included an additional voice-over cue, where pilots were
informed about an ongoing safety issue within the cabin (see, Table 2).
Importantly, this additional safety alert did not require a response from the pilots;
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Table 2. Simulated aviation scenarios in the virtual-reality training tool.
Scenario Overview of Simulated Procedures

After Start Flow Once the engines are running, pilots are required to perform a series of checks and adjustments
to the ground spoilers, flap levers, trim settings, and electronic display systems before the
parking brake can be removed.

Taxi Flow After performing flight control checks, pilots are required to set radars and transponder settings
in preparation for take-off, in addition to performing a series of prescribed brake checks and
electronic display configurations.

After Landing Flow Having landed and stopped on the taxiway, pilots are required to check that a number of flight
deck switches are set to ‘off/standby/normal’ settings (e.g., Predictive Windshear Switch,
engine mode, flap levers). They can then start the Auxiliary Power Unit prior to main engine

shutdown.
Blue System Hydraulics A fault with the Blue System Hydraulics occurs when cruising at 35,000 ft. Pilots must resolve the
Fault issue through reducing system pressure, which causes a secondary failure. Both faults require

adjustments to be made on the overhead panels and electronic displays. Note: while dealing
with these successive tasks, pilots received an auditory alert about an Oven fire in the cabin.
This separate issue was resolved without any further actions.

Rejected Take-Off Fault Take-off procedures are initiated, however a windshear alert on the runway, causes the attempt
to be aborted. Pilots are required to monitor electronic display indicators and to perform
various standardized safety operations until the plane has stopped and the parking brakes
have been applied.

Engine 1 Control Fault ~ With the aircraft in cruise, indications for engine 1 are unexpectedly lost. Pilots must identify and
resolve the failure, through a series of actions on the electronic display systems. Changes to
the engine systems must then be monitored, in accordance with standardized aircraft
operating procedures.

Airpack System Pilots are alerted that the primary Airpack system has overheated. After switching to a secondary

Overheat Fault system, its temperature gradually returns to normal levels. Pilots can monitor these changes
on the electronic display panels and reinstate the primary system once the issue is resolved.
They must also monitor safety cues and evaluate potential emergency actions.

it simply served to ‘surprise’ participants in a manner that could be potentially
disruptive to their attentional control (e.g., see, Landman et al., 2017). Therefore,
analysis focused on the efficiency of gaze control during these heightened, poten-
tially-distracting task demands.

Measures

Expertise

To quantify flying expertise, participants self-reported the following information: total
number of flying hours accumulated on A320 aircrafts; command hours on Generation 3
or 4 commercial aircrafts'; and number of months since their last A320 flight.

Self-report
After undergoing all flight scenarios participants removed their headset and completed the
following self-report measures:

Presence. To understand the user experience and the fidelity of the environment, partici-
pants reported their experience of presence using a validated questionnaire (the Presence
Questionnaire; see, Slater et al., 1995). The Presence Questionnaire consists of six questions
(each on a scale of 1-7) about whether users felt as though they really existed in the VR
environment. Interpretation was based on the scale anchors, with scores above the mid-
point indicating that users felt more like they existed in the virtual world than the real world
(as in Usoh et al., 2000).
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Workload. The Simulation Task Load Index (SIM-TLX; Harris et al., 2019) was used
to assess the level of cognitive demand experienced during the simulation. The SIM-
TLX is an adaptation of the NASA-TLX (Hart & Staveland, 1988) for measuring
workload in VR. A 21-point scale is used to index the following nine bipolar
workload dimensions: mental demands; physical demands; temporal demands; frus-
tration; task complexity; situational stress; distractions; perceptual strain; and task
control. The participant is asked to rate the level of demand they felt during the
preceding task for each of the nine aspects of workload from ‘very low’ to ‘very
high.” This allows different aspects of workload to be assessed individually. The SIM-
TLX has been used previously for evaluating VR training environments (Harris,
Hardcastle et al., 2021; Sudiarno & Wahyuni, 2020).

Face Validity. We used a bespoke questionnaire to assess the face validity of the
simulation. On a scale of 1-10, participants were asked to indicate whether they
thought the environment and the movements were convincing, whether they would
be motivated to use the tool again, and whether they thought it would be a useful
training device (full questionnaire is available here: https://osf.io/c2tz9/). Values that
are above the mid-point on this scale (i.e., = 6) indicate support for these itemized
statements.

Performance

Task performance in the two fault scenarios was scored by an expert flight trainer. The behavior
of all the participants was saved in a custom binary file which enabled each of the scenarios to be
replayed by the research team. The expert trainer rated pilot’s performance in relation to the
following domains: knowledge; leadership and teamwork; problem solving; situational aware-
ness; workload management; application of knowledge, and communication. Scores were
aggregated to provide an overall performance metric. When some of the performance domains
could not be accurately assessed (e.g., if the recording temporarily froze), the performance score
was aggregated over the remaining dimensions.”

Eye Movements
The following metrics were used to index pilots’ strategy for scanning and monitoring the
displays during the fault scenarios.

Entropy. Entropy, as a concept from information theory (Shannon, 1948), describes uncer-
tainty about outcomes. When applied to eye tracking it indexes the level of randomness or
variability in eye movements and has been previously used in assessing aviation performance
(Allsop & Gray, 2014; Lounis et al., 2021; Vine et al., 2015) and can index whether a pilot is
performing a structured and systematic scanning pattern, or a highly variable and inefficient
one (Lounis et al., 2021). We adopted a simple measure of entropy described by Shannon and
Weaver (1949), sometimes referred to as Gaze Transition Entropy (Lounis et al., 2021) which
quantifies the complexity of the scan in ‘bits,” according to the formula:


https://osf.io/c2tz9/
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This formula describes the sum of the probabilities of fixating each area of interest (AOI),
conditional upon the previously fixated AOI, with i representing the “from” AOI and
j representing the “to” AOL If gaze location was strategic and directed at only important
sequences of locations, entropy would likely be low.

Inter-saccadic Angles (Spatial Anisotropy). The size of inter-saccadic angles can be used to
describe the pathway of successive saccades. Persistent saccades continue moving in
a similar direction while anti-persistent saccades return in the (approximately) opposite
direction. A higher proportion of antipersistent saccades may indicate that a search has
been terminated quickly, or that eye movements are moving back and forth across the
cockpit a lot. Following Amor et al. (2016), we first calculated the intersaccadic angle, that is
the change in angle between successive saccades and could then identify persistent and
antipersistent saccades. Intersaccadic angle (64) was defined as

. T(it+1). r(;
6, = arctan <M> — arctan (ﬁ>
T(i+1)x ") x
where r;, and r; , are the change in the x and y components of the i-th saccade such that 6/,
equates to the difference in angle between successive saccades. Persistent saccades were

operationalized as those continuing in the same direction (within 90° in either direction)
and antipersistent as those that changed direction (more than 90° change).

Fixation Rate and Search Rate. Fixation rate refers to the number of visual fixations made
per second. Search rate is a development of fixation rate and is calculated from the number
of fixations divided by duration, and indexes whether pilots are using a visual strategy of
a few long fixations or dwells (low search rate) or more frequent and shorter fixations (high
search rate) to attend to more locations more quickly. Search rate has previously been used
as a metric to characterize visual search behavior (Harris, Buckingham et al., 2021; Janelle,
2002; Williams et al., 1994) and index expertise (Janelle & Hatfield, 2008; Williams,
A. Mann et al., 2007).

Saccade Amplitude. The distance between the initiation location and the termination of
each saccade (in degrees of visual angle) was calculated to capture whether pilots were
making large shifts in their gaze location, or smaller movements to nearby areas.

Data Analysis

Participants’ combined binocular gaze vector, head position and rotation (x,y,z; pitch,
yaw, roll), and gaze intersection points (i.e., where the gaze vector collided with the
virtual world) were recorded from the virtual environment and analyzed using an



THE INTERNATIONAL JOURNAL OF AEROSPACE PSYCHOLOGY e 9

automated approach in MATLAB (Mathworks, MA, US). Eye-tracking data were first
resampled to a consistent 60 Hz and then denoised using a dual-pass, zero-phase
Butterworth filter at 30-Hz (Fooken & Spering, 2019). Gaze fixations - periods in
which the eye was stable on a location — were detected using a spatial dispersion
algorithm (Krassanakis et al,, 2014). Fixation events were operationally defined as
clusters of successive gaze point records that fell within 1° of visual angle for >100 ms
(Salvucci & Goldberg, 2000). Saccades were operationalized as portions of data where
gaze acceleration (°/s*) exceeded five times the median acceleration (as in D. L. Mann
et al., 2019). Saccade onset and offset times were identified from acceleration minima
and maxima (Fooken & Spering, 2020). Gaze analysis code is available online: https://
osf.io/c2tz9/.

Statistical analysis was conducted using JASP v0.15 (JASP Team, 2021). Univariate
outliers (p < .001) for gaze and kinematic variables were identified and Windsorised by
changing the outlying values to 1% larger (or smaller) than the next most extreme score
(Tabachnick & Fidell, 1996). This was only required for one fixation duration value. The
demographic data for one participant was missing, so they were excluded from all analyses
that required demographic data (i.e., correlations with expertise). A series of Pearson’s
correlations (or Spearman’s where data deviated substantially from normality) were used to
examine relationships between eye movement and expertise related variables. Bayes factors
(BFyp), using a default Cauchy prior, were also calculated to further provide further
evidence for the alternative over the null. We adopt the convention that BF,, > 3 indicates
moderate support for the alternative model and BF;, > 10 indicates strong support (Van
Doorn et al., 2019). All anonymized data is freely available and can be accessed from the
Open Science Framework (https://osf.io/c2tz9/).

Results
Self-report

Face Validity

The results of the face validity questions indicated that users felt as though both the
environment (mean = 6.4, SD = 1.7, on a 1-10 scale) and the movements (mean = 5.9,
SD = 1.7) were convincing. There were a broader range of responses to the question
‘how eager are you to have another go?’ (see, Figure 2a), but again the mean value was
above the mid-point of the scale (mean = 5.6, SD = 2.9). The responses to the question
‘how useful do you think this is as a training device? were also clustered in the high range
(mean = 7.0, SD = 1.9). Overall, these results suggested a largely positive response from
the pilots, that supported the fidelity of the environment and its potential utility for
training.

Presence

Results in Figure 2b show that presence scores clustered around and just above the mid-
point of the scale (with a mean of 25.4, SD = 4.2), which ranged from 6 to 42. Users generally
thought that the training tasks were believable and felt as though they really existed in the
virtual environment, although four individuals did report lower scores. These scores suggest
that most participants were immersed in the simulation.


https://osf.io/c2tz9/
https://osf.io/c2tz9/
https://osf.io/c2tz9/
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Figure 2. (a) Box and violin plot and raw data points of face validity questionnaire. Questions were: How
convincing was the virtual environment? (Convincing); How convincing were the movements? (Movements);
How eager are you to have another go? (Use again); How useful do you think this is as a training device?
(Useful). (b) Box and violin plot of self-reported presence in the simulation. Graph axes extend to show
the extremes of the scales and the dotted line shows the mid-point of the scale. (c) Box plot of workload
dimensions scores on the SIM-TLX.

Workload

The results of the workload measures (see, Figure 2c) shows that physical demands and
stress were low in the simulation, and that users did not find the task overly complex, which
was as expected given the expertise of the participant group. The largest sources of workload
were the perceptual strain felt by the users and some reported difficulty in controlling the
simulation. However, in the context of the overall scale these scores were still low, suggest-
ing that these factors would not have added too much extraneous load which could disrupt
learning (Sweller, 1988).
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Performance Scores

Relationship with Expertise

To understand whether performance was related to pilot experience (i.e., construct validity)
we examined correlations between performance scores (trainer ratings) and A320 flight
hours, command hours, and time since last A320 flight using Spearman’s correlations, but
no significant relationships were present (see, Table 3).

Relationship with Eye Movement Metrics

Next, we explored relationships between performance and eye movement metrics using
Spearman’s correlations, but only entropy approached significance (p = .053) in the blue
reservoir fault. There were no other significant relationships (see, Table 4).

Relationships between Eye Movement Metrics and Expertise

To assess the construct validity of the simulations we assessed the relationship between
flying experience and eye movement indices of expertise (correlations between the eye
movement metrics are shown in Figure 5). If the simulation is a sufficiently accurate
representation of the real skill then some differences between more and less skilled pilots
should be detectable in the simulation. All expertise metrics were skewed so Spearman’s
correlations were used.

Rejected take-off Fault
A320 hours were weakly correlated with antipersistent saccades [r = -0.22, p = .39,
BFo = 0.49], saccade amplitude [r = -0.23, p = .38, BF;, = 0.46] and fixation rate
[r = -0.22, p = .39, BF;, = 0.46]. But there was a moderate correlation with search rate
[r = -0.32, p = .10, BF;¢ = 1.30], and a strong and significant correlation with entropy
[r = —0.53, p = .03, BF;q = 2.79], indicating that more flight hours were related to
more structured search behaviors (see, Figure 3a).

Command time showed a weak correlation with antipersistent saccades [r = —0.19,
p = .48, BF} = 0.50]. However there were strong and significant correlations with fixation
rate [r = —0.55, p = .03, BF;y = 2.94], saccade amplitude [r = —0.52, p = .04, BF;, = 2.42],
search rate [r = —0.67, p = .004, BF;, = 9.01], and entropy [r = —0.52, p = .04, BF;, = 1.67],
which indicated that more command time corresponded to a slower (i.e., more efficient)
visual search with smaller saccades, and less sporadic scan paths.

Table 3. Results of correlations between performance scores and experience.
A320 hours Command hours Last A320 flight
Performance r=.33,p=.20 r=-37,p=.21 r=.04,p=.89

Table 4. Results of correlations between performance scores and eye movement metrics.

Antipersistent
Saccade amplitude  saccades (%) Fixation rate (per second) Search rate Entropy (bits)
Rejected take off r=.16,p=.53 r=-11,p=.67 r=.20,p=.43 r=-03,p=.92 r=.24p=.33
Blue reservoir r=-40,p=.12 r=-24,p=.35 r=.16,p = .54 r=.04p=.87 r=.48p=.05
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Figure 3. Scatterplots with regression line and 95%Cls for relationships between expertise and entropy
(a and b) and search rate (c and d) for the rejected take off fault, all showing significant relationships that
suggest more experienced pilots exhibited more efficient search patterns in the simulation.

Greater time (months) since last A320 flight showed weak relationships with fixation rate
r=-0.10, p = .75, BF;y = 0.39], search rate [r = —0.30, p = .30, BF;, = 0.61], and entropy
r=-0.29, p = .31, BF;( = 0.72], but was strongly correlated with reduced saccade amplitude
[r = —0.58, p = .03, BF;q = 3.60] and fewer antipersistent saccades [r = —0.61, p = .02,
BF o = 4.87]. These results suggest that pilots with less recent flight experience required
prolonged visual searches to find specified target cues.

[
[

Blue Reservoir Fault. A320 hours showed moderate but non-significant correlations with
saccade amplitude [r = —0.41, p = .10, BF; = 1.00], and antipersistent saccades [r = —0.46,
p = .06, BF}y, = 0.89], but significant correlations with fixation rate [r = —-0.52, p = .03,
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Figure 4. Scatterplots with regression line and 95%Cls for relationships between A320 flying hours and
entropy (a), search rate (b), and fixation rate (c), and between command hours and entropy (d),
percentage of antipersistent saccades (e), and fixation rate (f).

BF,o = 4.00], search rate [r = —0.49, p = .046, BF, = 2.79], and entropy [r = —0.62, p = .008,
BF;o = 5.76] (see, Figure 4a-c). More time on A320 planes was related to slower, more
efficient, and less random search patterns.

Command time showed moderate relationships with saccade amplitude [r = —0.33,
p = .21, BF;y = 0.55], and search rate [r = -0.38, p = .15, BF;, = 0.90], moderate and
marginally significant relationships with antipersistent saccades [r = —0.48, p = .06,

BF,o = 1.41], and fixation rate [r = —0.48, p = .06, BF = 1.41], and a strong relationship
with entropy [r = —0.77, p < .001, BF}, = 34.35] (see, Figure 4d-f).

Time since last A320 flight was not significantly related to saccade amplitude [r = —0.11,
p =.71, BF;y = 0.37], antipersistent saccades [r = —0.44, p = .12, BF;, = 1.04], fixation rate
[r = -0.49, p = .08, BF;, = 1.28], or search rate [r = —0.25, p = .39, BF;, = 0.53], but was
significantly related to entropy [r = —0.58, p = .03, BF;, = 3.60].

Individualized Eye Movement Strategies

Visual search expertise may not just be indexed by singular metrics, like entropy or search
rate, but rather how they cluster together to form strategies. To further understand the
scanning strategies of the pilots, we used Multidimensional Scaling (MDS) to analyze and
visualize the differences and similarities between overall visual scanning strategies. MDS is
a dimension reduction analysis technique, similar to Principal Components analysis,” that
has been widely applied for visualizing the similarities/ differences between data sets (Borg
& Groenen, 2005). See, Stowiniski et al. (2016), Stowinski et al. (2019) for applications to
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Figure 5. Correlation heat plots between workload dimensions and eye movement metrics. Darker colors
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showed some moderate relationships with workload dimensions across both scenarios.
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Figure 6. Results of the Multidimensional Scaling. Panel C visualizes the first two MDS dimensions, where
data points represent individual participants plotted in geometric space, so that dots closer to each other
had more similar scanning strategies. Panel B shows the eigenvalues corresponding to the MDS
dimensions, where the first two dimensions accounted for 86.67% of the variance. The correlation plot
(Panel D) shows the relationship between the two principal MDS dimensions and our experience and
performance metrics.

human movement analysis. By using MDS we can represent the visual strategy of each
participant as a point in an abstract geometric space (where individuals who employ similar
search rates, saccade amplitudes, etc, will cluster) and identify principal dimensions that
best explain the relationships between these strategies. As is common when using MDS, we
present the first two (i.e., most significant) dimensions of this abstract space for visualiza-
tion purposes.

The results of the MDS analysis are presented in Figure 6. The identification of
the principal dimensions that explain variance in visual search strategy means that
pilots with similar search rates, entropy, saccade sizes, etc, will cluster together in
geometric space, allowing us to observe which individuals had similar overall
strategies. This is visualized in Figure 6 Panel C, where participants were color
coded based on splitting them into ‘more’ and ‘less’ experienced, based on A320
flight hours. Visual inspection of the flight hours distribution (see, Figure 6 Panel A)
indicated a distinct grouping of those above and below 4000 hours, so this cutoff
was used to dichotomize the experience data for the plot. The ellipses show 95% of
the bivariate normal distribution of the more and less experienced pilots. There is
a clear grouping of the more experienced pilots, showing that they used similar
strategies. Meanwhile the less experienced pilots used, for the most part, alternative
strategies.

Correlations between the two principal MDS dimensions showed that MDS1 had
a strong negative relationship with experience (both flight and command hours), and
small to moderate negative relationship with trainer rated performance
(Figure 6 Panel D). Conversely, MDS2 had a moderate but positive relationship
with experience, and negative relationship with performance. These correlations
further illustrate that the overall strategies identified by MDS captured important
dimensions indicative of experience and performance.
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Discussion

In the present work we examined the fidelity and validity of an aircrew competency training
simulation. VR offers many benefits for human factors training, including both pedagogical
and practical advantages over physical training. However, it also has potential limitations in
terms of realism and the likelihood of transfer of training. Consequently, VR training
applications need to be developed and tested using evidence-based methods (Gray, 2019).
We adopted a published framework for testing and evaluating simulated environments to
explore whether the flight simulation met appropriate fidelity and validity criteria that
would allow it to be an effective training tool (Harris, Bird, et al., 2020).

We firstly used self-report measures to assess the face validity of the simulation and
whether users felt a sense of presence in the environment. Results (displayed in Figure 2)
indicated that users felt the simulation was realistic and could potentially be a useful
training device. In addition, users reported feeling a sense of presence in the simulation,
suggesting that it was of sufficient fidelity to create an immersive experience. Although
these assessments certainly do not guarantee that the simulation will be effective for
training, a failure to create a tool that has face validity would likely be a barrier to
engagement from users. Nevertheless, expert assessments of fidelity and face validity are
an important method for testing flight simulators (Perfect et al., 2014) and the data
suggested that this was achieved.

Next, we aimed to test the construct validity of the simulation by 1) examining the
relationship between eye movement behaviors and real-world expertise and 2) by examin-
ing the relationship between performance in the simulator tasks and real-world expertise. If
the simulation is an accurate representation of the real task, then the differences between
more and less skilled performers that are present in the real-world should also be present in
the simulated environment. Previous research has shown that more experienced pilots show
different visual search behaviors compared to their more novice counterparts (Haslbeck
et al., 2012; Haslbeck & Zhang, 2017; Yang et al., 2013; Ziv, 2016). Eye movement
differences were also detected here, with the search behaviors of more experienced pilots
typically characterized by a reduced search rate and a more predictable pattern of visual
fixations, quantified by lower gaze transition entropy. Indeed, entropy showed strong
relationships with expertise in both training scenarios. Results from MDS analysis
(Figure 6¢) further supported that more experienced pilots used similar overall strategies,
which, as the correlation analysis showed, was made up of a lower entropy scan path and
fewer antipersistent saccades, plus fewer fixations and a reduced search rate. Crucially, the
MDS dimensions were related to both experience and performance. These results suggests
that more experienced pilots performed a more efficient search of the cockpit, driven by
their greater domain-specific knowledge, and were able to use their gaze in a more strategic
fashion to locate areas of interest more easily.

Our second method of assessing construct validity provided no additional evidence to
support the validity of the environment, as prior flight experience was not correlated
with trainer ratings of performance. However, this may reflect a lack of sensitivity in the
manual scoring system, rather than a lack of validity of the overall environment. Given
that the environment was sensitive to eye movement differences in expertise it seems
likely that the scoring system was just not sensitive to these differences. Indeed, the
accompanying lack of a relationship between the performance scores and the separate
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eye movement variables (Table 4) seems to indicate this. An additional limitation of this
approach was the use of a single expert rater, so future work could use multiple raters to
ensure consistency and triangulate scores. Consequently, it will be important to further
develop this performance scoring system in future iterations of the simulation. The lack
of real-world performance data in the study could be considered a limitation, and future
work should look to also compare real-world performance assessments, not just mea-
sures of experience.

Conclusions

VR training is being rapidly adopted in many high performance environments (Bird, 2019;
Gray, 2019; Hagita et al., 2020; Lele, 2013; Mathew et al., 2021), but methods of assessing
and validating the effectiveness of these environments are lagging behind technology
uptake. By adopting and implementing the recommendations of a recent framework for
simulation testing (Harris et al., 2020) we aimed to 1) test an aircrew training simulation
and 2) demonstrate some of the methods for conducting evidence-based testing of VR
training. The results indicated that expert pilots generally thought the simulation was
realistic and potentially useful for training. The construct validity and psychological fidelity
of the simulation was also supported as differences in visual expertise were clearly detect-
able. Importantly, the performance assessment criteria were not sufficiently sensitive to
real-world expertise, indicating that further work is required to develop this aspect of the
simulation. Future work may look to adopt some of these approaches in testing other VR
training applications.

Notes

1. Generation 3 commercial aircraft refers to those introduced since the early 1980s which
took advantage of digital technologies to introduce glass cockpits with flight management
systems and navigation displays. Generation 4 aircraft are those that entered service since
1988, such as the Airbus A320, and use fly-by-wire technology with flight envelope
protection functions.

2. This occurred for five participants on either of the two fault scenarios.

3. Indeed, for the current case which used Euclidean distances between individuals, MDS is
equivalent to Principal Components Analysis.
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