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ABSTRACT

Managing complex aircraft control and military tasks simultaneously in flight missions
places substantial cognitive demands on pilots. To handle this challenge within the
constraints of limited cognitive resources, pilots often employ cockpit task manage-
ment strategies, such as task prioritization. Cognitive control plays a pivotal role in this
process, as it entails directing attention towards relevant tasks while simultaneously
filtering out distractions without missing safety-relevant information. The present
paper relates these requirements to the stability-flexibility-dilemma of cognitive con-
trol. Different performance-related advantages and disadvantages are associated with
the stability-flexibility dilemma in multitasking scenarios. On the one hand, cognitive
stability is related to improved goal shielding, which in turn is associated with aggra-
vated task switches. On the other hand, cognitive flexibility is linked to facilitated task
switching but is also correlated with an increased likelihood of distraction by irrele-
vant cues. While the stability-flexibility-dilemma has already been investigated via task
prioritization in a low-fidelity flight simulator, it remains to be explored in a more real-
world flight environment. The presented study simulates a reconnaissance mission
with eleven participants in a virtual-reality flight environment. Environmental factors
such as weather conditions (non-windy or windy) and hostility levels (low or high)
are systematically varied to manipulate task prioritization behavior. The effects of this
manipulation on flight performance, workload, and eye-tracking metrics are statisti-
cally analyzed with a Bayesian repeated measures ANOVA. Results provide insight
into how weather and hostility influence the cognitive control mode via task prioriti-
zation in near-realistic flight missions. Implications for the design of future studies are
discussed.
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MULTITASKING, TASK PRIOTIRIZATION AND COGNITIVE CONTROL
IN FLIGHT MISSIONS

Flight missions are a cognitively challenging field in the domain of aviation.
The main reason is that, in addition to the complex control of the aircraft,
military tasks have to be concurrently performed in a dynamic task environ-
ment. Even minor errors and moments of inattention can potentially lead to
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fatal consequences (Lyu, Xiao & Zhou, 2018). However, cognitive resources
are limited in time and modality and can quickly reach their capacity lim-
its in multitasking scenarios. Therefore, pilots must adopt task management
strategies to ensure adequate performance in the cockpit. Cockpit Task man-
agement (CTM) describes the process of initiating, monitoring, prioritizing,
and terminating multiple concurrent tasks (Funk, 1991). Chou, Madha-
van and Funk (1996) investigated the prevalence of CTM errors in flight
accidents. Errors that played a significant role in aviation accidents were
divided into three categories: The most frequent errors were attributed to
task initiation (46%), followed by task prioritization (28%) and task termi-
nation (32%). The first category, task initiation, included errors like early
descent, late configurations, and failures to tune navigation and communica-
tion radios. With these examples in mind, it is possible that the pilots might
have been in a cognitive control state of high stability. The fact that new tasks
were not properly started could be due to the fact that task-relevant cues as
sensory input were not processed in sensory memory and/or working mem-
ory. Concerning task prioritization errors, the authors included distractions
from weather and traffic watches. This type of error also suggests that the
pilots might have been in a state of high cognitive flexibility, which might
have impeded focused attention on the critical tasks. Distractions from irrel-
evant tasks might not have been filtered out efficiently. Finally, the task
termination category included early autopilot disengagements, altitude over-
shoots, and improperly continued landing under unsafe conditions. This error
type could be similar to errors of task initiation associated with increased cog-
nitive stability. Cues indicating the termination of the current task might not
have been processed in sensory memory and/or working memory.

In this context, the role of cognitive control is highly relevant because it
involves the direction of attention to the most important tasks while irrele-
vant tasks must simultaneously be suppressed. Cognitive control, also known
as executive control or cognitive regulation, refers to the flexible coordi-
nation of sensory, emotional, and motor processes to achieve higher-order
goals (Botvinick & Cohen, 2014; Miller & Cohen, 2001). However, cog-
nitive control is also subject to the stability-flexibility-dilemma (Braem &
Egner, 2018; Goschke & Bolte, 2014). This dilemma describes the antago-
nistic demands of cognitive control and relates to the respective advantages
and disadvantages of cognitive stability and cognitive flexibility. On the one
hand, cognitive stability allows for the efficient shielding of interfering influ-
ences in the environment. On the other hand, cognitive stability is associated
with a disproportionate attentional focus, leading to a diminished ability to
switch to new tasks. Similarly, cognitive flexibility is also associated with rel-
evant advantages and disadvantages.While this state facilitates task switches,
it can also lead to irrelevant task distractions.

While the incorrect prioritization of tasks may have safety-critical con-
sequences, correct prioritization of tasks is also considered an effective
strategy for dealing with limited cognitive resources (Hoover, 2008). Kern
(1998) strengthened the necessity of managing attention to have the necessary
attention available to complete mandatory processes. The ANC (aviate-
nagivate-communicate) axiom is one way to effectively prioritize the most
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critical tasks in the cockpit. While implications for the design of pilot train-
ing have already been elaborated (Hoover & Russ-Eft, 2005; Bishara &
Funk, 2002), studies investigating the stability-flexibility-dilemma of cog-
nitive control in flight environments are rather lacking. Stasch and Mack
(2023a) successfully conducted a low-fidelity flight simulator study manipu-
lating the cognitive control mode using task prioritization. The authors could
demonstrate the effects of either control mode on performance, mental work-
load, and different eye-tracking metrics. However, the investigation of the
stability-flexibility-dilemma in a more realistic flight environment remains
unexplored.

CURRENT STUDY

To investigate how the stability-flexibility-dilemma can be manipulated via
task prioritization in a more realistic flight environment, a pilot study with
eleven participants was conducted. While the study conducted by Stasch and
Mack (2023a) involved explicit task prioritization through instruction and
a gamification method (Stasch & Mack, 2023b), the current study aims at
manipulating environmental factors to guide the subject’s attention in a more
subtle and realistic way.

Method

A 2*2 design involving the factors wind speed (not windy = 0 mph or
windy = 80 mph) and the number of unknown, hostile objects (low = 15%
or high = 47%) was employed, resulting in four different mission scenar-
ios. The order of conditions was balanced out between participants using a
Latin Square design. Eye-tracking data was recorded at 200 Hz using the
Head-Mounted Display (HMD) Varjo Aero (see Figure. 1a). Prior to the
experimental start, participants gave their written consent to participating
in the pilot study. Participants who had neurological diseases or a history of
motion sickness were excluded from the study. Hypotheses about the influ-
ence of the manipulated factors on the intended task prioritization and the
dependent variables are shown in Table 1.

Table 1. Hypotheses.

Independent
variable

Intended Prioritization Dependent variable

Weather ↑ windy= ↑ difficulty and focus on
flight tasks (altitude, speed,
navigation)

↓in performance
↑ number and duration of fixations
on flight instruments (HUD & FMS)

Hostility ↑ hostility = ↑ difficulty and focus
on identification task

↓ in performance
↑ number and duration of fixations
(radar & out-of-cockpit)
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Experimental Procedure

Participants filled out a demographic questionnaire at the start of the experi-
ment. After that, they received instructions on how to fly the aircraft and with
which schema the unknown objects could be identified. This was followed by
the calibration procedure of the eye-tracker and a training mission to prac-
tice the experimental tasks. The aim of the experiment was to control the
aircraft in a virtual reality flight environment by flying along a marked route
and identifying unknown objects (see Figure 1b). There were three different
unknown objects: hostile submarines and hostile aid units, as well as neu-
tral ships, that acted as distractors. The identification process was achieved
by observing the radar and by direct visual inspection by looking out of the
cockpit. The participants had to report the number of unknown objects after
reaching the end of themarked route. Additionally, they had tomark the posi-
tion of the hostile tracks on a virtual map. Every mission was followed by a
questionnaire measuring the subjective workload using the NASA-TLX (Hart
& Staveland, 1988) and task difficulty of each subtask on a point-7-likert
scale.

Figure 1: (a) Experimental set-up, including a HOTAS system and Head-Mounted
Display (HMD), (b) Flight route with the position of unknown objects.

Participants

Eleven students (MAge = 24.90, SDAge = 4.16) from the University of the
Bundeswehr Munich participated in the study. 36% of participants identi-
fied as female, 64% of participants identified as male. Moreover, 54% of
participants indicated that they play video games at least once a month.
Additionally, 54% of participants indicated to have flight experience with
an average of 54.33 flight hours (SDFlight Hours = 105.48). Participants rated
their feeling of presence within the simulation on average with 4.22 on a
7-point Likert Scale (SDPresence = 1.86).
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DATA ANALYSIS AND RESULTS

A 2*2 Bayesian repeated-measures ANOVA (rmANOVA) was calculated for
each dependent variable using JASP (JASP Team, 2023). All values were
averaged across missions and all models were compared to the null model
(BF10 = 1.00).

Flight Performance

Flight performance during the mission was operationalized by taking the
deviations from the instructed altitude (2000 ft) and speed (250 kts) param-
eters as well as from the route deviation connecting the waypoints (in
mi). Results indicate that neither the model including the hostility term
(BF10 = 0.37), nor the model including the weather term (BF10 = 0.54), nor
the model including both terms including the interaction effect (BF10 = 0.13)
explain the altitude deviations better than the null model. Similarly, devia-
tions from the flight route are neither better explained by the model including
the weather term (BF10 = 0.67), nor by the hostility term (BF10 = 0.45) or
the interaction term (BF10 = 0.13) compared to the null model. Regarding
speed deviations, there is anecdotal evidence that the model including the
weather condition (BF10 = 1.63) suits the data better than the null model.

Identification Performance

The number of correctly marked hostile objects was normalized by the total
number of hostile tracks in each mission. The proportion of correctly iden-
tified objects enables a cross-comparison across the mission’s despite of a
different total number of hostile tracks. The best model explaining the correct
positioning of unknown objects on the map (see Fig. 1b) is the model includ-
ing the hostility term and weather term (BF10 = 1923.76), with BFincl =
1.97 for hostility and BFincl = 828.39 for weather. Adding the hostility term
to the null model still makes a model improvement (BF10 = 907.14; see
Fig. 2a). The proportion of correctly counted submarines is best explained

Figure 2: (a) Proportion of correctly marked objects on the map. (b) Proportion of cor-
rectly counted objects (submarines). (c) Proportion of correctly counted objects (aid
units). All values were normed by the total number of available objects.
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by the model including the hostility term (BF10 = 4.88) with substantial evi-
dence in comparison to the null model (see Fig. 2b). The interaction model
including weather, hostility and the interaction between both terms explains
the correctly counted aid units the best (BF10 = 4.27), with BFincl = 16.02
for the hostility term, BFincl = 1.47 for the weather term and BFincl = 4.92
for the interaction term between hostility and weather (see Fig. 2c). After the
addition of the hostility term to the null model, results indicate anecdotal evi-
dence against the inclusion of the weather term to the model (BF10 = 0.44).
However, the addition of the interaction term between hostility and weather
improves the model without the interaction term with substantial evidence
(BF10 = 4.43).

Task Difficulty

The perceived difficulty of keeping the instructed speed was best explained
by the interaction model including weather and hostility with anecdotal evi-
dence (BF10 = 1.81). Adding the weather and the hostility term to the null
model shows anecdotal evidence for improvement of the interaction model
(BF10 = 2.04). Regarding the perceived difficulty of keeping the instructed
altitude, there is anecdotal evidence that the model including the weather
term explains the data best (BF10 = 2.04). Regarding the navigation, neither
the weather model (BF10 = 0.38), nor the hostility model (BF10 = 0.36) or the
model including the interaction term (BF10 = 0.06) explained the data better
than the null model. For the task of counting the number of hostile objects,
the model including the hostility term explained the data best (BF10 = 6.60).

Figure 3: Perceived difficulty of the four experimental tasks on a 7-point Likert scale.
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Workload

Results indicate that the model best explaining mental demand includes only
the hostility term (BF10 =14.22) with strong evidence. Regarding physi-
cal demand, neither the model including hostility (BF10 = 0.57), nor the
model including weather (BF10 = 0.41) or an additional interaction term
(BF10 = 0.09) explains the data better than the null model. Temporal demand
is best explained by the model including hostility (BF10 = 3.59) with sub-
stantial evidence. Concerning effort, the model including hostility explains
the data best (BF10 = 2.66) with anecdotal evidence. Self-rated perfor-
mance is best explained by the model including hostility (BF10 = 13.73) with
strong evidence. The model including hostility explains frustration best with
substantial evidence (BF10 = 4.23).

Figure 4: Mental workload measured with the NASA-TLX (Hart & Staveland, 1988).

Area of Interest (AOI) Specific Metrics

Regarding the fixation duration, the model best explaining the data only
includes the AOI term (BF10 = 1150.78) with very strong evidence. Simi-
larly, the number of fixations per minute is best explained by the AOI term
with very strong evidence (BF10 = 2.32*10+12).
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Figure 5: Fixation duration [in ms] and the number of fixations per condition and AOI.
HUD = Head-Up-Display, FMS = Flight Management System, OFC = Out-Of-Cockpit.

DISCUSSION

Contrary to expectations (see Table 1), no evidence was found that the
number of hostile tracks or different weather conditions influenced flight
performance. Together with the fact that flight tasks (keeping speed, keeping
altitude, and navigation) were perceived as relatively easy (see Figure 3) and
were not influenced by the manipulated factors with substantial evidence,
this finding might be attributed to a ceiling effect in performance. It could be
that subjects assigned the highest priority to the flight tasks in each condition
because most of their attention was on the HUD. Furthermore, it is likely that
the flight tasks were designed as too simplistic, also because physical demand
as one dimension of mental workload was unaffected by both factors (see
Figure 4). Since the flight tasks were performed manually by adjusting throt-
tle and stick, a higher cognitive demand should have been reflected in either
performance or physical demand. Thus, it can be concluded that the influence
of weather could not be proven in this experiment.

However, the influence of hostility can be discerned in the identifica-
tion performance of the hostile objects. Participants proportionally counted
more hostile tracks in the low hostile environment correctly compared to the
high hostile environment (see Figure 2). Together with the fact that hostility
influenced the perceived difficulty of the identification task, the result demon-
strates that hostility influences multitasking behavior in flight missions and
possibly leads to an increase in required cognitive resources. It is noticeable
that participants marked the position of hostile tracks often more correctly
in the high hostile environment compared to the low hostile environment.
In fact, the probability of correctly marking the position by chance is higher
when there are more hostile tracks in total, even if values were normalized.
For this reason, this result should not be overinterpreted.

The question now arises to what extent hostility influenced task prioritiza-
tion and the cognitive control mode in the experiment. Visual attention and
eye-tracking metrics have a close relationship in the cockpit (Ghaderi et al.,
2023; Ziv, 2016). However, no influence of hostility or weather was found
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in the eye-tracking results. One possible explanation for this lack of evidence
lies in the analysis method of the eye-tracking metrics. When the unknown
objects are in the field of view of the HUD, it is technically difficult to distin-
guish whether a flight parameter was monitored or if the participant looked
at an object. Thus, it would be quite possible that the subjects looked at
the objects and this behavior was not detected. However, this shift in behav-
ior should have been manifested by longer and more frequent fixations on
the radar, which indicate the position of the unknown objects. In general,
though, the subjects looked least at the radar and most often at the HUD (see
Figure 5). This result also demonstrates that the radar was not used as fre-
quently as presumed. In summary, no influence of weather or hostility could
be proven on attentional distribution. Therefore, no conclusive answer can
be given as to what extent the cognitive control mode was altered by both
factors.

The sample size of eleven participants in this pilot study restricts the gener-
alizability of the results. Moreover, participants formed a mixed sample with
varying flight experience, contributing to the restricted interpretation of the
flight performance. Furthermore, subjects scored in the middle range of the
presence score, which constrains the transfer of results to experiments in a
high-fidelity flight simulator. The way the mission was set up occurs rarely in
real flight missions. Nevertheless, an experimental investigation is necessary
to statistically identify the effects of factors influencing multitasking behav-
ior. The fact that the option to use an autopilot was not given only occurs in
realistic flight missions when this system fails.

Future studies should therefore investigate which other factors are likely
to lead to a modified prioritization of flight tasks. Further increasing the
windspeed in the weather condition could provide the missing evidence of
an influence of windspeed on flight performance. Positioning the unknown
objects in a way that they do not fall in the visual field of the HUDwould help
to further explore how task prioritization influences eye-tracking metrics.
Visual occlusions, such as clouds, could rather force participants to use the
radar systems, making task switches technically easier to identify. The use of
headphones can help to further increase the feeling of presence in the virtual
environment.

A better understanding of how the distribution of attentional and cognitive
resources is altered in flight missions will help to further reduce CTM errors.
Possibly, adaptive assistance systems could take into account the pilot’s cur-
rent cognitive control mode and adjust the task distribution between pilot
and automation to prevent performance declines.

CONCLUSION

The present pilot study investigated how task prioritization, as one way to
manipulate the cognitive control mode, influences performance, workload,
and eye-tracking metrics in a virtual flight environment. The task in the
simulated flight environment was to identify hostile objects in an unknown
environment (identification task) by flying off waypoints (aviate task). Task
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prioritization was intended to be manipulated by the weather and the num-
ber of hostile objects. Results indicate that the degree of hostility influences
performance in the identification task and mental workload. An influence
of weather or hostility on flight performance and eye-tracking metrics could
not be proven. Future studies, including a larger sample size and a modified
simulation, could help to make these results more profound. Ultimately, stud-
ies of this type can contribute to a better understanding of multitasking and
cockpit task management in flight missions.
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