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ABSTRACT

The future fighter aircraft, such as the Next Generation Fighter central to the Future
Combat Air System, are being developed in response to evolving Multi-Domain
conflicts. Al-based onboard systems will be limited in their tasks for technical and
ethical reasons, leaving some tasks to be managed by the aircrew. This increases the
cognitive load on pilots. Assessing this cognitive cost can help identify particularly
costly tasks and develop better training and human-system interfaces. This study
aims to validate a method for evaluating cognitive cost using the complex span task
protocol on basic aeronautical tasks performed by novices. The protocol involves
alternating between memorization and processing during flight simulations. Results
indicate that the high difficulty phase is more cognitively costly than the low difficulty
phase. Evaluating performance using this method during simulated flights provides
an objective indicator of cognitive cost and can be extended to more complex tasks,
offering a time-efficient and non-invasive alternative to physiological measurements.
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INTRODUCTION

The context of conflicts is evolving towards what is called the Multi-Domain,
involving increased management of data such as communications and asset
positions. In response, it is necessary to develop new types of aircraft, such as
the Next Generation Fighter (NGF) in the European project Future Combat
Air System (FCAS). With the integration of Artificial Intelligence (Al) systems
on board, interactions between humans and systems are becoming more
complex. Al-based onboard systems will be limited in their tasks for technical
and/or ethical reasons, thus leaving some tasks to be managed by the aircrew.
Alongside these tasks is the overall management of the onboard system,
further increasing an already high cognitive cost. Assessing this cognitive
cost would help identify particularly costly tasks and develop training and
human-system interfaces accordingly. This study aims to validate an objective
methodology for evaluating the cognitive cost of aeronautical tasks.

The present study is part of a broader project dedicated to the
comprehensive assessment of the most cognitively demanding aeronautical
tasks for ab initio pilots in real flight, with the overarching objective of
developing ground training to remediate these difficulties. Aviation, as a
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dynamic and intricate system, exposes pilots to discrete and simultaneous
activities right from the outset of their training. These activities cover
tasks such as retaining navigation information in working memory while
concurrently monitoring the sky or engaging in mental calculations (e.g.,
drifts, fuel). For novices, these multitasking situations impose a cognitive
cost (Wickens, 2002), potentially compromising both aviation safety and skill
acquisition. While a unanimous definition of cognitive cost remains elusive
(Longo et al., 2022), this study considers this cost to represent the portion
of an individual’s cognitive resources mobilized when performing a task. In
ecological settings, working memory plays an essential role in task execution
(Baddeley, 1996, 2000; Cowan, 1999), making working memory models apt
for assessing the cognitive cost of tasks. Notably, an overload of working
memory has been associated with less effective learning (Sweller, 1994) and,
in extreme cases, the inability to perceive potential dangers (e.g., inattentional
blindness risk; Kreitz et al., 2016).

Various approaches already exist to assess cognitive cost, each with its
merits and drawbacks (Hancock & Matthews, 2019; Longo et al., 2022).
In addition to subjective measures (e.g., NASA TLX; Hart & Staveland,
1988), numerous technological tools have been developed for the objective
assessment of cognitive cost (e.g., nIRS, EEG; Dehais et al., 2020). However,
constraints associated with these tools, such as navigability and cabin space,
hinder their application in real-world activities. Thus, finding an objective,
non-invasive and operational-friendly method to evaluate cognitive cost is
essential.

The method employed is adapted from the approach used by real-
flight instructors with novice pilots. Traditionally, instructors ask students
questions during specific flight phases, and an inability to answer signifies
cognitive overload. However, this method lacks standardization and does
not permit a quantifiable measurement of cognitive cost. To address this, a
method adapted from the Time-Based Resource Sharing (TBRS) model by
Barrouillet and Camos (2007) is proposed. This model enables an objective
measurement of the cognitive cost of a task by assessing a complex span
of working memory. In our study, the complex span involved a processing
task inserted between each item presentation (see Figure 1), resembling
the method employed by instructors. According to the TBRS model, the
complex span is influenced by two factors: the time interval between item
presentations (longer intervals result in lower span) and the cognitive cost
of the processing task (higher cost leads to lower span). By controlling the
duration between item presentations, only the cognitive cost of the processing
task varies the span.

Item 1 Processing Item 2 Itemn Processing Recall
1 1 1 L\ 1 1 1

1 1 1 1 N 1 1 -
2s 6s 2s 2s 6s 30s

Figure 1: Complex span task evaluation procedure. The individual is asked to memorize
a list of items presented sequentially. A processing task is inserted between the items.
After the last item, the individual must recall the list of items in the order they were
presented.
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The experiment of this study aimed to evaluate an objective measurement
method for cognitive cost that overcomes constraints of the existing methods
of cognitive cost evaluation. In this study cognitive cost of aeronautical tasks
on basic aeronautical tasks performed by novices early in their training was
evaluated. As mentioned, the complex span task protocol involves alternating
between memorization and processing. Here, processing tasks correspond
to navigation task including two flight phases: a low difficulty phase (i.e.,
following a navigation leg) and a high difficulty phase (i.e., turning points
with many actions to do). The cost is measured by asking participants to
perform a letter memorization task in a flight simulator during these flight
phases. The number of letters recalled in the correct order determines the
participants’ complex span in each experimental condition (i.e., the higher
the number of letters, the better the complex span, the lower the cognitive
cost), interpreted as an indicator of the current task’s cognitive cost.

To validate the method an effect of cognitive load should be observed on
the complex span (in this experiment, the number of letters recalled). A large
complex span is then expected in the control group (group performing only
the memorization task). A smaller complex span than the control group on
average is expected for the experimental group: more precisely, the number
of letters recalled in low cognitive load is expected to be higher than in high
cognitive load.

METHOD
Participants

29 individuals participated split in two groups: 15 undergraduates
constituted the control group, and 14 pilot trainees constituted the
experimental group. The average age of participants was 23 years (SD = 2.5).
All participants had normal or corrected vision.

Stimuli and Apparatus

Navigation Task

The experimental group performed the memorization task while carrying out
a navigation task in a flight simulator used for pilot training (see Figure 2).
Participants are seated in a reproduction cockpit of a Cirrus SR20 (side-by-
side seats, screens with all aircraft parameters, stick and throttle to control
aircraft attitude). Images of the flight environment were projected onto 3
large 2*2-meter white screens.

Memorization Task

In the memory task, participants verbally recalled items captured by the
computer’s microphone. Each item was listed by the experimenter, each 10
seconds.
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Figure 2: Simulator display used for navigation task.

PROTOCOL

Navigation Task

The experimental group performed the memorization task while carrying out
a navigation task in a flight simulator. Participants had to do a navigation
task, which required them to maintain aircraft attitude (altitude, speed),
follow flight routes (heading) and manage radio communications to ensure
safety in the air environment. Two moments were identified as requiring
low and high cognitive load, respectively: “‘transit phases’*, during which
the individual follows a straight trajectory, and o«

113

turning point phases’,
in which several actions have to be performed (e.g. radio communications,
taking information from the cockpit) (see Figure 3).

Navigation task consisted of 5 legs composed of transit phases intersected
by turning point phases. As such, each participant of the experimental group
did 5 low cognitive load phases and 5 high cognitive load phases. Five of the
ten lists were presented during the low cognitive load phases and the other
five were presented during the high cognitive load phases.

\ Navigation leg

v start of memorytask in
tow cognitive load

v start of memorytask in
high cognitive load

Figure 3: Diagram of the navigation followed by participants in the experimental group.
After a take-off and stabilization phase, the experiment began at the black cross. All
participants performed the same navigation. A letter sequence was presented at each
green (low cognitive load) and red (high cognitive load) plot. The experiment ended
after the landing phase.
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Memorization Task

Participants heard a list of 10 consonants. Each consonant was listed once
every 10 seconds. After hearing the 10 consonants, participants had 20
seconds to recall the list in the same order (Figure 4). Each group were
exposed to 10 lists of 10 consonants in the memory task.

1st 2nd 3rd 10th

Recall End of try
consonant consonant consonant consonant
L L J J
T T Y T
10s 10s 10s 20s
_—
Time

Figure 4: Sequence of memory task: 10 consonants and recall phase.

Participants in the control group performed only the memorization task.
Each participant performed the task in an isolated room to avoid all sources
of disturbance and carried out the task as described in Figure 4.

To compare the performance of the experimental group during the high
and low phases with that of the control group, the lists projected during
these phases are identified in the same way for the control group (i.e. 5 lists
for the high phases and $ lists for the low phases). This distinction was not
made explicit to the participants and is only used in data processing (low vs.

high).

RESULTS

Participants’ responses were recorded using a microphone and corrected by
the experimenters. The number of consonants recalled was counted. A large
number of consonants recalled indicates a high span, conversely, a small
number of consonants recalled indicates a low span. Thus, the lower the
span, the greater the cognitive load. A large complex span is then expected
in the control group (group performing only the memorization task). A
smaller complex span than the control group on average is expected for the
experimental group: more precisely, the number of letters recalled in low
cognitive load is expected to be higher than in high cognitive load.

A repeated-measures ANOVA was performed on the participants’ complex
spans, with the inter-group factor Group with two modalities, Control
and Experimental, and the intra-group factor Cognitive Load with two
modalities, High and Low (see Figure 5). A significant effect of the Group
variable is observed, F(1, 27) = 42.088, p<.001. A significant effect of the
Cognitive Load variable was observed, F(1,27) = 29.9, p<.001. A significant
interaction effect is observed between the variables Group and Cognitive
Load, F(1, 27) = 16.299, p<.001. Tukey’s post-hoc tests were performed,
with the following significant results: Experimental High (M = 6; SD = 1.5)
vs Control High (M = 9; SD = 0.7), p<.001; Experimental Low (M = 8;
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SD = 0.9) vs Control Low (M = 9; SD = 0.7), p<.01; Experimental High
vs Experimental Low, p<.001; Experimental High vs Control Low, p<.001;
Control High vs Experimental Low, p<.0S5.
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o

O = N W h OO0 N © ©
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Control Experimental

High OLow

Figure 5: Graph showing complex spans for each group as a function of high (hatched)
vs. low (white) cognitive cost.

No effect of the Cognitive Load variable is observed in the Control group,
only in the Experimental group. A significant difference is therefore observed
between the Control and Experimental groups (for both modalities of the
Cognitive Load variable). In addition, the span of the Experimental group in
the high cognitive load condition is smaller than the span of the Experimental
group in the low cognitive load condition. These results are discussed in the
following section.

DISCUSSION

The aim of this study was to evaluate an objective measurement method for
cognitive cost, specifically of aeronautical tasks on basic aeronautical tasks
performed by novices early in their training. Participants had to fly a plane
in a flight simulator while retaining a list of letters. A control group only had
to memorize the list of letters. Cognitive cost in each experimental condition
corresponded to the complex span (i.e., number of letters correctly recalled).

First it was expected that the complex span would be higher for the
control group than the experimental group. It was also expected that the
complex span would be higher for the experimental group in low cognitive
cost than for high cognitive cost. The results support both hypotheses.
Therefore, the cognitive cost of the processing task varied the span. These
results are consistent with other findings (Froger, 2021; Froger et al., 2018)
suggesting the feasibility of diagnosing the cognitive cost of tasks by adapting
a protocol commonly used in the laboratory to an environment mimicking
an aeronautical context, and the sensitivity of the method to distinguish
cognitive cost between relatively similar tasks. Indeed, even in the transit
phase (low-cost) the cognitive cost is measured as higher than with the least-
costing task : items to be memorized are better recalled if no other task is



1294 Jarry et al.

performed than if at least one other task is performed, even with a low
cognitive cost task. The number of items recalled seems to be a good indicator
of the cognitive cost of the task performed simultaneously. Taken together,
these results thus indicate that the method can be tested in an ecological
environment such as real flight.

This study was limited to assessing cognitive cost by measuring the
complex span of a memory task in a single-task situation (control group) or
in a double-task situation with varying cognitive costs (experimental group).
The possible evolution of cognitive cost as a function of the individual’s
expertise on specific tasks was not measured in detail. Indeed, regular
practice of an activity (set of tasks) calls on different processes to lead to
expertise. For example, as novices, pilots in training are confronted with
several discrete tasks that will be integrated into a single supertask when
they become experts. According to Sweller (1994), this supertask cognitive
structure is described by several names, including schema, chunk or template.
Task performance begins with preparation, which can be described as the
adoption of a task-specific cognitive configuration that manages the rules
for solving the task (Rogers & Monsell, 1995). The process of adopting and
maintaining a cognitive configuration relies on executive functions (Miyake
et al., 2000; Monsell, 2015), and is modelled within the central executive
processor (Baddeley, 2000). In a multitasking situation, the cognitive cost
is mainly related to the impossibility of simultaneously activating the rules
for solving two discrete tasks (Pashler, 1994; Liepelt et al., 2011). This cost
is present until sufficiently repeated exposure to a multitasking situation
benefits from the integration mechanism consisting in the creation of a
supertask encompassing the solving rules of all tasks within a single rule. As
long as this supertask has not been acquired, multitasking situations generate
a higher cognitive cost. Acquiring expertise therefore involves training for
specific tasks, which calls for the development of specific training programs
that include assessment of the cognitive cost of specific tasks, enabling
this cost to be reduced through sufficient practice, and finally transferring
expertise to the operational environment. This study contributes to the effort
to develop and validate a non-invasive, operational method for assessing
cognitive cost. Such a method could be made available to flight instructors
to monitor a pilot’s progress more objectively in ecology (in-flight) training.

Furthermore, this study is part of a process of anticipating the development
of increasingly complex on-board systems such as FCAS developed in
response to Multi-Domain context. Indeed, being able to measure the
cognitive cost of a task and its evolution would make it possible to assess
the cognitive impact of each task on the individual (in this case the pilot)
and propose remedial solutions. These solutions would make it possible to
reduce the cognitive cost of a task and thus limit its cognitive impact on
the individual in an operational environment. The aim is not to replace
current training courses, but to supplement them. Another aim is to anticipate
the cognitive impact of future Human-System Interactions within the Multi-
Domain context.
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