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ABSTRACT

The use of flight simulators in flying training has become increasingly prevalent due to advances in technology and
the benefits that they offer. Advances have led to high levels of fidelity in terms of flight dynamics and systems
representation. In relative contrast, little attention has been directed towards the psychological fidelity of simulators,
which often means that core aspects of airmanship (e.g., communication, decision-making, situational awareness) are
not currently adequately fostered by their use. Simulated Air Traffic Control Environment (SATCE) solutions offer
an under-examined method to partially address these shortfalls.

To examine this, a virtual reality based commercial-off-the-shelf flight simulator was coupled with SATCE software.
The software injected representative airborne entities into the simulator and provided interactive Air Traffic Control
(ATC) via natural language processing. Eighteen participants completed two flight tasks: a normal circuits task, and
a general handling task. These tasks were completed in several conditions which were randomised across participants:
(1) sterile control conditions, where the SATCE was not enabled, (2) ATC alone enabled, (3) both ATC and entities
enabled. Workload, situational awareness, presence, instructor ratings of flight performance, and system voice
recognition accuracy were measured.

Results showed that overall workload only increased when both ATC and airborne entities were injected into the
simulator. The results from the situational awareness measure, suggest that this was due to the increased attentional
demands inherent within this condition. Certain ratings of presence increased in the ATC alone condition. Voice
recognition accuracy was acceptable but could have been improved through more regional-specific amendments to
the speech recognition engine. In conclusion, a SATCE offers a promising method to increase the workload and
attentional demands placed on aviators in simulators. Further work is required to test SATCE solutions, in an
experimentally controlled manner, during actual flying training pipelines.

ABOUT THE AUTHORS

Jonathan Allsop, PhD is a chartered psychologist who works within the Royal Air Force’s (RAF) Central Flying
School (CFS) as a Research & Development Psychologist. Jon has a range of research interests, but with a background
predominantly examining the effects of acute psychological stressors on performance, and skill acquisition. Over the
past 6 years in his role, Jon has conducted research into various novel technologies and techniques that have the
potential to enhance aircrew instruction. This includes multiple studies investigating the effectiveness of XR
technologies for aircrew training. Jon also supports several human performance initiatives that aim to enhance trainee
and instructor performance.

Richard Keeling, BA is an A2 Qualified Flying Instructor within the RAF CFS. Flt Lt Keeling has amassed over
4500 hours on the C130, Hawk T1 and Tucano T1 which includes 2500 instructional hours. In his current capacity,
he delivers courses to new Flying Instructors, provides Performance Coaching to instructors and trainees and works
as part of the Research and Development section of the Development and Delivery wing, CFS.

I/ITSEC 2023 Paper No. 23166 Page 1 of 13



2023 Interservice/Industry Training, Simulation, and Education Conference (I/ITSEC)

On Approach to Reality: The Impact of a Simulated Air Traffic Control
Environment (SATCE) on Workload and Situational Awareness in Military
Aviators

Jonathan Allsop, Richard Keeling
RAF Central Flying School
Sleaford, Lincolnshire, UK
Jonathan.Allsop102@mod.gov.uk, Richard.Keeling926 @mod.gov.uk

INTRODUCTION

Flight simulators are having an increasingly prominent role in the training of aircrew within military flying training
contexts, a trajectory that is likely to continue given strategic and environmental imperatives (e.g., Royal Air Force
Strategy, 2022). The potential advantages that flight simulators offer have been recognised for decades (e.g., Orlansky
& String, 1977), with simulators having the potential to offer a safe, effective, and resource efficient setting to train a
variety of skills, ranging from fundamental procedural skills (Jacobs, Prince, Hays & Salas, 1990) to complex combat
skills (e.g., Schreiber, Schroeder & Bennett, 2011). This increased utilisation has been particularly enabled through
the wide variety of technological advances that have taken place over a similar time frame, including for example,
large advances in computer processing power and simulation visual systems. Indeed, there are still clear opportunities
to further leverage and utilise flight simulators within military flying training, by embracing even the most recent
advances in simulation technologies. For example, recent rapid advancements in virtual reality (VR) and mixed reality
(MR) technologies have been stated to offer several potential advantages (e.g., smaller simulator footprint, reduced
cost, ease of reconfiguration) when compared to established flight simulation technologies, while maintaining training
effectiveness (McCoy-Fisher et al., 2019), with recent evaluations providing initial support for these assertions (e.g.,
Mishler et al., 2022). While flight simulators offer a number of benefits, and there is the potential for increased
utilisation, there are also a number of barriers to increased adoption, with one such barrier relating to simulation
fidelity.

Simulation fidelity can be defined as the extent to which a simulation replicates the actual environment (Alessi, 1988;
Gross et al., 1999). It has been suggested to be a composite term that consists of various forms of fidelity, however,
these mainly fall within two sub-categories: physical fidelity and psychological-cognitive fidelity (Liu, Macchiarella
& Vincenzi, 2008). Liu et al., (2008) describe the physical fidelity category as being concerned with the extent to
which the simulation looks, feels, and sounds like the real-world equivalent. This category includes: visual-audio
fidelity, the extent to which visual-audio stimuli are replicated; equipment fidelity, the extent to which hardware and
software capabilities are replicated; and motion fidelity, the extent to which motion cues are replicated. The second
sub-category, psychological-cognitive fidelity (termed psychological fidelity from this point), refers to the extent to
which the simulation fosters the same psychological and cognitive processes that the actual equipment and
environment would engender. For example, do both the simulation and the real-world invoke similar levels of anxiety,
or similar decision-making processes.

Within military flying training, aspects related to physical fidelity are often the focus of much attention, both from
aircrew and industry. Over time this has contributed to the increased availability and adoption of flight simulators with
high levels of physical fidelity, where for instance, the flight and systems modelling can be almost indistinguishable
from the real aircraft. However, psychological fidelity has received relatively less attention, despite its significant
contribution to achieving successful training transfer (e.g., Kozlowski & DeShon, 2004). The relative lack of focus
on psychological fidelity could, arguably, be entirely appropriate for the type of training that is currently being
conducted, or the extent to which flight simulators are being employed at present. However, if simulation’s role within
military flying training is to be expanded, a greater focus is required on the psychological aspects of the simulated
experience, in order to help ensure that airmanship is adequately fostered during training.
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Proficient aircrew flying performance is acknowledged to rely on a combination of both airmanship and motor skills,
to operate and fly the aircraft (Kern, 2010). A pilot with strong airmanship, for example, would adeptly manage
unforeseen events, complex weather conditions, and external communication while competently handling the aircraft.
Airmanship has however been formally defined in a variety of ways (e.g., Federal Aviation Administration [FAA],
2021; Heycock & Brown, 2000; Kern, 2010; Mane, 1981; Negard, 2014), with a commonality being the implicit
agreement that it is a multidimensional, higher-order construct, that consists of at least several cognitive skills.
Following definition and measurement development work led by aircrew subject matter experts (SMEs) within the
Royal Air Force (RAF), Heycock & Brown (2000) proposed that airmanship comprises the following constructs:
situational awareness, mental capacity, communication, decision making and resource management. The extent to
which each of these airmanship constructs is fostered during simulated training is determined by multiple factors
related to a simulator’s psychological fidelity. In relation to the present study, situational awareness, mental capacity,
and communication are of most importance, therefore, the relationship between each of these three airmanship
constructs and psychological fidelity will be explored below.

Situational awareness (SA) is one of the most important constructs related to airmanship, with the generation and
maintenance of SA being acknowledged as a critical requirement for successful performance in aviation settings (e.g.,
Endsley, 1995). At a high-level, SA is defined as a state of knowledge about a dynamic environment, and it
incorporates “the perception of elements in the environment within a volume of time and space, the comprehension
of their meaning, and the projection of their status in the near future” (Endsley, 1995, p. 36). Aircrew with good SA
use this knowledge to make appropriate decisions, and support optimal performance (Endsley, 1995). Multiple
cognitive processes interact to generate and maintain SA (Endsley, 2015), including: perception, attention, memory,
and mental models. In relation to psychological fidelity, it has been previously noted, “to give this phenomenon [SA]
a chance to occur, it is necessary to stage complex dynamic situations that require resources comparable to high-
fidelity full-mission simulations” (Sarter & Woods, 1991, p. 53), this staging would concomitantly assist in fostering
the underlying cognitive processes. However, currently within military flying training, aircrew often perform
simulator sorties in sterile simulated environments, where no other air traffic is present. On the occasions where (often
minimal) traffic is present, it commonly exhibits simplistic behaviours that have little impact on the aircrew’s goals
for the sortie, thus requiring minimal attentional resources. Similarly, weather is often pre-set and fixed, again
requiring minimal attention resources and decision making throughout the sortie. These specific examples of relatively
low psychological fidelity give an indication of the types of factors that must be improved if SA is to be better fostered
within simulated training. Mental capacity is a second airmanship construct that could be better fostered within
military flying training via a greater emphasis on psychological fidelity in simulator sorties.

Mental capacity is an airmanship construct operationalised for use within military aircrew training and assessment, in
the psychological literature it is most closely linked to working memory and mental workload (RAF CFS, 2014).
Workload consists of multiple dimensions, with mental workload referring to the cognitive and perceptual processing
costs associated with completing a task (Estes, 2015, Hart & Staveland, 1988). This processing involves the attentional
system supporting the storage, maintenance, manipulation and retrieval of information from within limited working
memory resources and long-term memory (Estes, 2015). The magnitude of workload emerges from an interaction
between task requirements, the circumstances under which the task is performed, and the skills, behaviours and
perceptions of the operator (Hart & Staveland, 1988). In relation to psychological fidelity, the task requirements and
performance circumstances often differ significantly between simulated training and real-world training. While the
primary sensorimotor components of the task can now be very similar, as noted previously, the complexity and
variability of the environment (e.g., ATC, weather, other aircraft) that the task is performed in is often currently
dissimilar. This can lead to a relative lack of multitasking demands, a key influence on perceived workload (e.g., Yeh
& Wickens, 1988). As a consequence, the simulation may not engender the same attentional processes, and workload-
management strategies (e.g., task prioritisation, task shedding, communication, resource usage etc.) that are required
in the airborne environment. In relation to the present study, communication is the remaining airmanship construct
that could be better fostered within military flying training via a greater emphasis on psychological fidelity.

Proficient airmanship also requires effective communication skills, with their development and application being
important for effective performance (e.g., Foushee & Manos, 1981; Helmreich, Merritt & Wilhelm, 1999; O’Neil &
Andrews, 2000). Aircrew are required to communicate both within aircraft or formations, and with external agencies
(e.g., ATC), they are also required to communicate in at least two distinct language types (Kim, 2018): plain language
and phraseology (e.g., Civil Aviation Authority, 2020). The utilisation of correct phraseology is critical for flight
safety and requires continual training and assessment. In training conducted within military flight simulators,
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communication with external agencies is conducted, although not always. When it is conducted, the instructor or
evaluator will often role-play as the ATC agencies or other entities (Bell, Billington, Bennett, Billington & Ryder,
2010). However, this practice has been shown to unrealistically lower pilot communication load compared to actual
airborne training, undermining training effectiveness (Burki-Cohen et al., 2000). Aircrew also anecdotally describe
the practice of playing recordings of real-world ATC communications during simulated training. However, these
recordings provide little, if any, relevant contextual information to the aircrew, and are obviously not matched to any
visible entities in the simulator. Therefore, this practice almost certainly does not foster the same cognitive processes
that are required in the real-world environment. These examples are illustrative of psychological fidelity challenges
related to the development of communication skills in simulated training. While there are multiple possible ways to
enhance the psychological fidelity in simulated training (Kozlowski & DeShon, 2004), this study focuses on
investigating the initial potential of a simulated air traffic control environment (SATCE).

A SATCE system consists of two components: an air traffic management or ATC component, and a traffic generator
component (Papadopoli, 2017). The ATC component is made up of speech recognition, speech synthesis and ATC
behaviour systems. These work together to enable a pilot to interact with the system over voice, in a relatively natural
manner. The traffic generator component injects other representative aircraft visuals, radio calls and behaviours into
the simulator environment. These components work together to produce a SATCE that can result in a more dynamic
and representative simulator environment. However, despite their potential, there is a dearth of studies that have
experimentally examined SATCE systems. Therefore, this initial study aims to address this research gap by
investigating the effects of a SATCE on key aspects of military aviators’ airmanship - workload and situational
awareness. The study also conducted an initial examination of the recognition accuracy of a SATCE system to provide
an impression of a SATCE system’s adequacy for fostering communication skills, and to inform potential follow-on
work.

METHODS
Equipment

A commercial-off-the-shelf flight simulator coupled with a virtual reality headset was used as the testbed for the study.
Specifically, Prepar3D Version 4.5 (Lockheed Martin) was used in conjunction with a Reverb G2 (Hewlett-Packard)
Virtual Reality (VR) Head Mounted Display, and a Thrustmaster Warthog Stick and Throttle (Guillemot, Montreal,
Canada). A geo-specific UK terrain database was used (OrbX) along with a representative version of RAF Cranwell
airfield (UK2000 Scenery). All participants flew a Grob Tutor T.1 aircraft model (Iris Simulations) which was chosen
due to its familiarity and simplicity of use for participants, and its active service within the RAF. For ease of interaction
while in VR, radio frequencies were pre-set and changed by the experimenter. All other push-to-talk, aircraft controls,
and services were operated by the participant from the Hands-on Throttle and Stick (HOTAS).

The SATCE system employed was the Simulated Environment for Realistic Air Traffic Control (SERA; Advanced
Simulation Technologies inc.) software package. This was run locally on a separate machine and connected to
Prepar3D over a LAN. The SATCE software injected other aircraft entities into Prepar3D via a Distributed Interactive
Simulation (DIS) interface and provided interactive ATC through voice recognition and natural language processing.
It is worth noting that the SATCE system had not been extensively tailored to UK military phraseology or procedures
for this initial study.

Participants

Eighteen participants (17 Male, 1 Female; Average age = 29.8, SD = 7.8) voluntarily took part in the study and
provided informed consent. All participants were military aviators who had completed at least UK Military Elementary
Flying Training (self-reported flying hours average = 776.4 hours, SD = 1536.1). Thirteen participants had experience
of VR in an aviation context (self-reported VR flying hours average = 44.9, SD = 118.3).

Tasks

Circuits Task: This task involved a representative version of the RAF Cranwell visual circuit using runway 26L and
a circuit height of 800ft above ground level (AGL). Conditions were Ceiling and Visibility OK (CAVOK) and the
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surface wind was 260° at 8 kts. The task required participants to complete a short taxy, take off and complete 2 visual
circuits - the first one being either a successful touch and go or go around, then followed by a landing (no taxy).

Practice Area Task: This task was again performed using the same runway and environmental conditions as the
circuits task, except for scattered cloud at 2000ft. It involved a short taxy, take off, Visual Flight Rules (VFR) departure
and turn to a height of 3000ft. At 3000ft, participants entered a general handling sector and were then required to
perform a level turn through 360° using 30° angle of bank. When the turn was complete, a VFR recovery via the initial
point for runway 26L.

Research Design

A within-subjects design was employed, with the ordering of conditions and tasks being randomised across
participants. The circuits task was completed in 3 experimental conditions (Sterile, ATC, and ATC + entities), whereas
the practice area task was completed in 2 experimental conditions (Sterile, and ATC + entities) due to time constraints
related to the availability of participants. For the sterile condition, the SATCE system was not activated at all; for the
ATC condition, only the air traffic agencies were activated; for the ATC + entities condition, ATC was again activated
but with other aircraft entities also being injected into the simulator. The maximum density of other aircraft entities
was such that there could be a maximum of four aircraft in the circuit, with the exact number and their behaviours
being randomly determined by the SATCE system for each task attempt.

Measures

Workload: Workload was measured using the NASA Task Load Index (NASA TLX; Hart & Staveland, 1988), which
assesses participants’ perceptions (possible scores ranging from 0 to 100) of various workload domains, including:
mental, physical, temporal, effort and frustration. An unweighted administration procedure was followed due to its
relative ease of employment and high correlation with the original weighted procedure (see Moroney et al., 1992).

Situational Awareness: The Situational Awareness Rating Technique (SART; Taylor, 1990) was used to quantify
participants’ perceptions of SA. This scale consists of ten questions (possible range from 1 to 7) grouped into three
dimensions: attentional demands, attentional supply, and understanding. Only the demand and resources subscales
were employed in the present study. Mean ratings were calculated for the demand and resources dimensions (Endsley,
Sollenberger, Nakata, & Stein, 2000) and are presented independently (e.g., Nuamah et al., 2020).

Presence: Two items from Witmer & Singer’s (1998) presence questionnaire were used to assess participants’
perceptions of: the degree of similarity between the simulated experience and the real world (possible range from 1 =
not at all, to 7 = very consistent with the real word), and their degree of involvement within the simulated experience
(possible range from 1 = not involved, to 7 = completely engrossed).

Flight Task Performance: A Qualified Flying Instructor (QFI) with significant operational and instructional
experience (self-reported approximate flying hours = 4500, instructional hours = 2500), evaluated the performance of
each flight task using the standard assessment criteria and instructor mark sheet used in normal flying training.
Performance is rated on a scale of 1 to 5, with the mark sheet consisting of items related to both the behavioural aspects
of task performance (e.g., the mechanics of competing a finals turn), and airmanship (e.g., decision making, lookout).
An overall flight task performance score was obtained for each task iteration by averaging across all assessment
criteria.

SATCE Recognition Accuracy: Audio files for all radio calls (n = 1128) were manually transcribed by a military
aviation SME. Relatedly, text files for all radio calls were extracted from the SATCE system, these contained the
SATCE system’s recognised version of the radio call. Each radio call was then rated by the SME as either:
e Correctly Accepted (CA) — an aviator’s correct radio call was correctly recognised and actioned by the
system.
e Correctly Rejected (CR) — an aviator’s incorrect radio call (e.g., wrong frequency read-back, wrong callsign
etc.) was correctly rejected by the system.
e Incorrectly Accepted (IA) — an aviator’s incorrect radio call was incorrectly accepted by the system (e.g.,
aviator vocalises cleared for take-off instead of line-up and wait, and it is accepted by the system).
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o Incorrectly Rejected (IR) —an aviator’s correct radio call was incorrectly rejected by the system (e.g., correct
frequency vocalised, but the system recognised it incorrectly).

The examples provided are illustrative for explanation purposes and are not necessarily representative of common
errors made by the SATCE system. A second SME independently rated a proportion (25%) of the radio calls, with
interrater reliability then being calculated using the interobserver agreement method (Thomas & Nelson, 2001), this
analysis revealed an acceptable level of agreement (92.9 %). Overall recognition accuracy was then calculated for all
applicable experimental conditions using equation one below (Cucchiarini, Neri & Strik, 2009):

CA+CR
CA+CR+IA+1IR

Recognition Accuracy = < ) x 100 1)

Procedure

Participants first read an information pack containing details about the study, the flight tasks, and phraseology
differences related to the SATCE system. This information was supported by an in-person follow-up brief which also
covered information on the HOTAS controls, VR headset, and simulated aircraft. Participants then provided informed
consent and completed a demographics questionnaire. To minimise the potential for cybersickness, and to ensure
familiarity with the system, participants were provided with a familiarisation flight for approximately 10 minutes.
This involved taking off, climbing to 2000ft and conducting general handling exercises. Upon completion, participants
were familiarised with the psychological measures. Participants were then asked to complete the flight tasks in the
experimental conditions detailed above, in a random order. Following each iteration of the task, participants removed
the VR headset and completed the psychological measures. Upon completion of the study, participants were debriefed
and thanked for their participation.

RESULTS
Workload

Circuits task

Workload data for the circuits task is shown in Figure 1, for all figures throughout this paper error bars represent
standard error of the mean. Repeated measures ANOVAs (RM-ANOVA) revealed a significant effect of experimental
condition on all components of workload; Mental (F(2,34) = 29.6, p < .001), Physical (F(2,34) = 3.9, p = .029),
Temporal (F(2,34) = 19.0, p <.001), Performance (F(2,34) =5.2, p =.01), Effort (F(2,34) = 10.1, p <.001), Frustration
(F(2,34) = 9.4, p < .001) and Average workload scores (F(2,34) = 23.1, p < .001). Follow-up tests revealed that
workload scores incrementally increased between all three conditions for mental workload only (p’s < .02). For all
other components of workload, except physical and performance, scores were significantly higher (p’s <.05) between
the ATC & Entities conditions when compared to the sterile and ATC alone conditions. Follow-up tests did not
indicate where differences in physical workload occurred.

Practice area task

Workload data for the practice area task is shown in Figure 2. Paired-samples t-tests revealed that workload scores
were significantly higher in the ATC & Entities condition than the Sterile condition, for all components of workload
and overall average workload; Mental (t(17) = 6.9, p <.001), Physical (t(17) = 3.7, p < .01), Temporal (t(17) =5.4, p
<.001), Performance (t(17) = 2.3, p < .037), Effort (t[17] = 3.9, p <.001), Frustration (t[17] = 3.4, p <.01) and overall
average workload (t[17] = 5.51, p <.001).
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Figure 1. Average NASA TLX workload scores for the Circuits task.
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Figure 2. Average NASA TLX workload scores for the Practice Area task.

SART

Circuits task
SART data for the circ
experimental condition

uits task is shown in Figure 3. RM-ANOVAs on these data revealed a significant effect of
on both attentional supply (F(2,34) = 11.7, p <.001) and attentional demands (F(2,34) = 98.1,

p <.001). For attentional supply, follow-up tests revealed a significant increase between the Sterile condition and both
the ATC, and ATC & entities conditions. For attentional demands, follow-up tests revealed no difference between the

Sterile and ATC conditi

ons, but a significant difference between the Sterile and ATC & Entities conditions (p <.001).
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Figure 3. Average attentional supply and attentional demand from the SART in the Circuits Task.

Practice area task

The SART data for the practice area task is shown in Figure 4. Paired-samples t-tests revealed that both attentional
supply (t(17) =5.3, p <.001) and attentional demand (t(17) = 8.7, p < .001) were significantly higher in the ATC &
Entities condition than the Sterile condition.
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Figure 4. Average attentional supply and attentional demand from the SART in the Practice Area Task.

Flight Task Performance

Instructor ratings of flight task performance results are shown in Table 1. Experimental condition had a significant
effect on instructor ratings of flight task performance for the circuits task (F(2, 34) = 4.2, p = .02). Follow up tests
suggested that this was most likely due to a decrease in flight task performance for the ATC & Entities condition when
compared to the Sterile condition. For the practice area task, there was no significant difference in flight task
performance between the sterile condition and the ATC + entities condition (t(17) = 1.3, p < .22).

Presence

Results for the presence questions are shown in Table 1. For the circuits task, RM-ANOVAs showed a significant
effect of condition on perceptions of real world similarity (F(2, 34) = 4.1, p =.03) and involvement (F(2, 34) = 4.95,
p = .01). For the circuits task, post-hoc tests revealed a significant difference for perceptions of real-world similarity
between the sterile and ATC conditions only. Similarly, for perceptions of involvement, differences approached
significance between the sterile and ATC conditions only. For the practice area task, dependent samples t-tests
revealed that perceptions of real world similarity (t(17) = 2.9, p < .05) and involvement (t(17) = 3.6, p < .05) were
significantly higher in the ATC & Entities condition, than the Sterile condition.

Recognition Accuracy
Results for the overall recognition accuracy of radio calls by the SATCE system are shown in Table 2. For the circuits

task, a dependent samples t-test revealed no significant difference in recognition accuracy between the ATC and ATC
& entities conditions (t(17) = -0.19, p = .84).
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Table 1. Average flight task performance and presence, in the circuits and practice area tasks

Experimental Condition
Sterile ATC ATC + Entities
Mean (Std Dev) Mean (Std Dev) Mean (Std Dev)

Circuits Task

Flight Task Performance 4.80 (0.20) 4.77 (0.29) 4.55 (0.46)

Presence: Real world similarity 4.14 (1.41) 5.08 (1.31) 4.89 (1.36)

Presence: Involvement 5.03 (1.36) 5.67 (0.79) 5.78 (0.60)
Practice Area Task

Flight Task Performance 4.78 (0.32) - 4.67 (0.36)

Presence: Real world similarity 4.14 (1.43) - 5.19 (1.21)

Presence: Involvement 4.83 (1.32) - 5.75(0.72)

Table 2. Average recognition accuracy of radio calls by the SATCE system in the circuits and practice area
tasks

Experimental Condition

ATC ATC + Entities
Mean (Std Dev) Mean (Std Dev)
Circuits Task 81.9% (7.8) 81.5% (6.7)
Practice Area Task - 80% (9.5)

DISCUSSION

The aim of this study was to investigate the effects of a SATCE system on military aviators’ workload and situational
awareness. The study also aimed to conduct an initial examination of the recognition accuracy of the system in order
to provide an impression of a SATCE system’s utility in fostering communication skills. Across two flight tasks, the
results converged on the conclusion that a SATCE system has the potential to impact military aviator’s workload. The
results from the circuits task illustrate this point. When compared to sterile simulator conditions, the combined
integration of both air traffic control and other representative aircraft entities resulted in mental workload scores, and
overall average workload scores, being 109% and 81% higher, respectively. The inclusion of both these components
of the SATCE system seems to be crucial in producing workload increases across a variety of workload dimensions.
Specifically, an incremental increase between the conditions was only found for mental workload. Almost all other
workload domains, and overall average workload, required the addition of both components, not just ATC on its own,
for workload to statistically increase. The instructor-rated task performance also lends support for the importance of
both SATCE components, with performance only declining in these conditions. This suggests that workload had
increased to the point that task execution was negatively impacted. These findings are in-line with previous workload
studies of a similar nature (e.g., Morris & Leung, 2006; Raby & Wickens, 1994). For instance, in a simplified aviation
task with trainee pilots, Morris and Leung (2006) found that across three levels of workload, increases in workload
and auditory inputs led to both declines in performance, and prioritisation errors, where handling performance was
deprioritised instead of more suitable aspects of the task (e.g., radio, mental arithmetic). Interestingly however, for the
practice area task, workload increased but instructor-rated performance did not deteriorate. This was most likely due
to workload only being high for specific phases of the practice area task (i.e., departure and arrival), whereas workload
would have been comparatively high for the totality of the circuits task. Therefore, differences in performance may
have been difficult to detect when averaging across all of the task. The findings related to situational awareness offer
additional insights into these workload and performance findings.
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The SART results indicated an incremental increase in attentional supply across the experimental conditions in the
circuits task, suggesting that aircrew devoted more attention to the task as more SATCE system components were
activated. However, it was only when both ATC and other aircraft were activated that attentional demands saw an
increase. This was most likely due to this experimental condition requiring aircrew to continuously orient their
attention to the location of other aircraft in the environment, both overtly through gaze behavior, and covertly through
the maintenance of an internal representation of other aircrafts’ current and future positions. The attentional demands
dimension of the SART includes elements such as situation instability, variability, and complexity. This highlights a
key aspect of the employed SATCE system. Specifically, the behaviors of the other aircraft injected by the SATCE
system were not scripted. Instead, the aircraft were initiated into appropriate locations (e.g., holding short of the
runway, about to join the circuit etc.) in a random manner upon activation, with appropriate aviation procedures, rules
and guidance being followed to make their behaviors representative. More complex, variable, multi-ship interactions
and situations then emerged naturally — a key hallmark of psychological fidelity (Kozlowski & DeShon, 2004), and a
key factor in fostering situational awareness (Sarter & Woods, 1991). In contrast, it is likely that more scripted entity
behaviour, or having more foreknowledge of their likely behaviour, would have resulted in less attentional demands.
It is worth noting that the changes in attentional demands across experimental conditions were comparable to the
overall workload results, therefore future research could statistically investigate whether changes to attentional
processes served as a mediator behind the workload effects. An individual’s sense of presence can also impact how
they react psychologically and behaviourally to a simulated environment, therefore attention is now turned to these
results.

Perceptions of presence increased between the sterile and ATC conditions for the circuits task, with no statistically
significant change in presence being found when both ATC and other aircraft entities were activated. However, for
the practice area task, increases in presence were found when both ATC and other entities were activated. The
perceived realism of other aircraft entities’ behaviour may offer an explanation for this pattern of results. Specifically,
the rules and maneuver patterns of the injected aircraft entities were not fully adapted to the military and regional-
specific procedures that the participants were accustomed to. This could have led to a discrepancy between actual and
expected entity behaviour, and therefore led to reduced perceptions of presence. This may have been most noticeable
during the circuits task where it is relatively more important to have continuous awareness of other aircrafts’
behaviours. As an alternative explanation, it has previously been shown that perceptions of presence can plateau when
workload increases past a certain magnitude (Sepich, Jasper, Fieffer, Gilbert, Dorneich & Kelly, 2022). This may have
been the case in the present study, with the observed increases in workload in the ATC and other entities condition
being at least partially reflective of a re-direction of cognitive resources away from processing environmental cues
that contribute to a sense of presence (e.g., visual features of the terrain, aircraft cockpit details, weather etc.), and
instead allocating them towards successful task completion. Voice recognition accuracy of the SATCE system is
another factor that could have influenced presence. However, in the present study, recognition accuracy was
approximately 81% in all conditions, with no differences between conditions. Therefore, it is argued that recognition
accuracy was not responsible for the pattern of presence results. While investigating voice recognition accuracy was
not the primary objective for the current study, it is still a key factor that is worthy of note and future investigation,
especially when considering the likely importance of recognition accuracy in ensuring user acceptance in military
aviation contexts. In the present study, the voice recognition aspects of the SATCE system were not fully trained or
adapted to regional accents, or military-specific procedures or phraseology, this led to specific phrases or “problem
words” (c.f., Barbato, 1998) being most responsible for recognition inaccuracies. Therefore, while overall voice
recognition accuracy was likely below desired levels for actual system deployment, future work should ensure these
adaptions are conducted in order for recognition accuracy to be evaluated most appropriately.

In conclusion, the present study showed that a SATCE system can both increase workload, and influence aspects of
situational awareness, in military aviators. In particular, increased attentional demands seemed critical in achieving
these effects. From a wider point of view, if the use of simulation continues to expand within military flying training,
focusing on creating sufficiently unstable, variable, and complex simulated scenarios may support the development
of such key airmanship constructs, regardless of the method employed to achieve these scenario properties. For
example, Mishler et al., (2022) investigated the use of networked simulators, coupled with human air traffic
controllers, to achieve similar aims. Future research should investigate the use of fully regionally adapted SATCE
systems, in actual flying training pipelines, across a wider variety of tasks. Research should also aim to determine the
optimal employment of a SATCE system within simulated flying training syllabi and sorties, to best support various
stages of skill acquisition.
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