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Abstract

This work focuses on the analysis of pilots’ performance during manual flight operations in different stages of training and
their influence on gaze strategy. The secure and safe operation of air traffic is highly dependent on the individual perfor-
mances of the pilots. Before becoming a pilot, he/she has to acquire a broad set of skills by training to pass all the necessary
qualification and licensing standards. A basic skill for every pilot is manual control operations, which is a closed-loop control
process with several cross-coupled variables. Even with increased automation in the cockpit, the manual control operations
are essential for every pilot as a last resort in the event of automation failure. A key element in the analysis of manual flight
operations is the development over time in relation to performance and visual perception. An experiment with 28 participants
(including 11 certified pilots) was conducted in a Boeing 737 simulator. For defined flight phases, the dynamic time warping
method was applied to evaluate the performance for selected criteria, and eye-tracking methodology was utilized to analyze
the gaze-pattern development. The manipulation of workload and individual experience influences the performance and the
gaze pattern at the same time. Findings suggest that the increase of workload has an increased influence on pilots depending
on the flight phase. Gaze patterns from experienced pilots provide insights into the training requirements of both novices
and experts. The connection between workload, performance and gaze pattern is complex and needs to be analyzed under as
many differing conditions. The results imply the necessity to evaluate manual flight operations with respect to more flight
phases and a detailed selection of performance indications.

Keywords Task load - Pilot performance - Gaze pattern - Eye tracking - Pilot versus novices

1 Introduction flying skills seems to be decreasing. However, in the case
of malfunctions or total failure of the automation, the pilot
is expected to perform manual control operations as a last

resort (Landry 2014). Field and Harris (1998) describe man-

Becoming a pilot is a dream that many people pursue within
their life time. The reasons for this are endless and include

career opportunities, curiosity towards technical systems and
flying as a recreational activity. Training, qualification, and
licensing standards for pilots flying aircraft under the full
range of operations require the demonstration of a broad set
of skills. Currently, automation plays an important role in
the operation of an aircraft and the importance of manual
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ual control operations as a closed-loop control process with
cross-coupled variables: pitch, roll, and yaw of the aircraft
and altitude, lateral, and longitudinal change of the flight
path. These variables have to be monitored and adjusted
continuously while flying the aircraft.

Studies focusing on manual control operations with dif-
ferent stages of skill acquisition during normal and abnormal
scenarios are limited. Research in this area is necessary to
understand the development of manual control operations
and to provide input for today’s training of aircraft pilots.
To support this research, we specify and elaborate the fol-
lowing research questions (RQ). Firstly, how does the level
of training affect performance during manual flight opera-
tions in different task-load situations? Secondly, how does
the level of training affect gaze strategies for manual flight
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operations in high and low task-load situations? And thirdly,
is there a connection between workload, performance, and
gaze strategies?

1.1 Influences on manual flight and performance

Manual control of aircraft is defined by the Federal Aviation
Administration (2017) as “managing the flight path through
manual control of pitch, bank, yaw and/or thrust. Manual
flight operations may be conducted with or without a flight
director and require foundational knowledge and skill profi-
ciency”. Childs and Spears (1986) state that response execu-
tion, perception, and cognitive workload are considered as
an information basis when analyzing the manual control of
an aircraft. Cognitive workload is subject to the impact of
stressors, e.g., complexity or time pressure, on the person,
depending on their individual constitution, resources, ability,
etc. (Edwards 2013). As external equivalent, task load is the
demand by the task or the system. Childs and Spears (1986)
also state that the training for physically manipulating the
primary flight controls requires complex psychomotor and
cognitive skills. Pilots need to acquire these skills before
being introduced to automation (Billings 1997). Evidently,
the overuse of automation results in manual flying skill
degeneration (Landry 2014) and a negative complacency
effect (Parasuraman and Manzey 2010).

With the beginning of increased cockpit automation in
the early 1980s, the demand on the crew was altered and
several studies have focused on the exposure of pilots to this
changed environment (Parasuraman and Riley 1997; Rigner
and Dekker 2000). Other research has focused on the skill
sets required to operate the new technologies, and issues
accompanying the increase in automation (e.g., Billings
1997; Wiener et al. 1999). Only a few studies have looked
at different stages of manual operation of aircraft in relation
to performance.

Veillette (1995) used a one-factor experiment with con-
ventional flight deck pilots and automated flight deck pilots.
The participants were classified based on the degree of auto-
mation that their typical aircraft possessed. Performance was
measured as deviation of the instantaneous pitch-and-bank
angle during a time interval. The results revealed that pilots
flying more-automated aircraft showed statistically signifi-
cant differences in manual control in comparison to pilots
flying less-automated aircraft, especially in abnormal opera-
tions. Veillette (1995) also raised the issue that pilots who
start their training in a highly automated flight deck might
not even have the chance to develop extensive manual flying
skills (see also Billings 1997; Ebbatson 2009).

Furthermore, the following studies concentrated only
on the performance as a main indicator for pilot behavior.
Ebbatson et al. (2008) analyzed performance increase in
manual flight with training. Seventeen male cadet pilots
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repeated a scenario in a fixed-base JAA-approved flight
training device simulating a Boeing 737NG series aircraft.
Performance was measured by analyzing the deviation from
the optimum flight path while flying an instrument land-
ing system (ILS) approach. Even though no significant per-
formance differences between normal and single-engine
approaches could be identified, control input frequency
measures revealed different control strategies in pitch and
yaw axis. The results demonstrated the need to fully evaluate
pilots’ behavior during each flight phase.

Haslbeck et al. (2014) assessed raw-data-based flight per-
formance of airline pilots with different levels of experience
in a 45-min ILS approach scenario where the participants’
performance was measured as deviation from the ideal glide
slope and localizer. The results showed that in accordance
with other previous research (e.g.,Taylor et al. 2007; Tsang
2003), a significant influence of practice and training levels
confounded with the pilots’ age and experience on manual
flight operations was observed, necessitating the need for
further studies with the inclusion of medium-level groups
(Haslbeck et al. 2014). The studies above focused on manual
aircraft control by analyzing the performance in terms of
how the pilots responded in execution. Following Childs and
Spears (1986), this should be supported by the analysis of
the cognitive system to gain a more comprehensive under-
standing of the manual task performance.

1.2 Cognitive systems and gaze pattern

“A complex socio-technical system such as an airliner cock-
pit, accordingly, is a joint cognitive system that consists of
several component cognitive systems (pilot, copilot, autopi-
lot)” (Blomberg 2011). A common way to study cognitive
systems is via eye movements, e.g., by means of so-called
scanpaths. A scanpath is the description of glances with
geometric vectors (Kang and Landry 2015) in relation to
the task environment. By assigning each possible source
of information a single Area of Interest (Aol), the order in
which the information is gathered is described as a scanpath
with symbol representation (Holmqvist et al. 2011) or gaze
pattern (Dorr et al. 2010). When dealing with their analysis,
the issue of connecting gaze patterns to specific cognitive
processes is still unresolved (Holmgqvist et al. 2011). Several
studies have failed to identify a cognitive process and its
direct mapping to a scanpath or gaze pattern (Goldberg and
Kotval 1999; Salvucci 1999). Even though defining a direct
relationship between a cognitive process and a gaze pattern
seems unlikely, using an experimental design and a well-
defined task environment can reduce the error in interpreting
the scanpath.

In the task environment of the cockpit, an efficient gaze
pattern is essential to keep the pilot updated about the sys-
tem’s states, which is the basis for safe and efficient control
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of the aircraft. The main source of information for manual
control operations is the primary flight display (PFD) that
contains the attitude indicator (PFD_ATT), altitude tape
(PFD-ALT), heading indicator (PFD_HDG), airspeed tape
(PFD_AIS), and vertical speed indicator (PFD_VES). The
Federal Aviation Administration (2012) describes the radial
cross-checking technique as a visual scanning strategy for
covering the PFD adequately. The radial cross-check starts
at the PFD_ATT and returns to it after checking one other
source of information. In parallel, the pilot performs con-
trol inputs and uses the checks to monitor their effect (Fed-
eral Aviation Administration 2012). Continuous monitor-
ing provides input in a top-down process (Holmqvist et al.
2011; Papenfuss and Friedrich 2016; Schiitz et al. 2011) in
contrast to bottom-up or event-driven monitoring (Schiitz
et al. 2011). Casner e al. (2014) found that participants’
instrument scanning and manual control skills were mostly
intact even when the participants reported that they were
infrequently practiced with increased automation within the
cockpit. However, when the participants were asked to man-
ually perform the cognitive tasks needed for manual flight
with decreased automation (e.g., tracking the aircraft’s posi-
tion without the use of a map display), more frequent and
significant problems were observed.

Haslbeck and Zhang (2017) argue that gaze-based met-
rics (e.g., percentage time on Aol or frequency on Aol) are
inadequate for understanding pilots’ scanning behavior and
how the information-gathering process is performed under
different circumstances. They prefer a comparison of gaze-
pattern sequences, even though the process is challenging
(Foulsham et al. 2012), especially with increasing length
of sequences (Kang and Landry 2015). Simon et al. (1993)
propose a reduction of complexity by breaking the length
of the gaze pattern before analysis. Methods for comparing
different scanpaths can also be used to compare different
gaze patterns, e.g., generating an average scanpath (Hem-
brooke et al. 2006; Hol§anova 2008) or analyzing the most
frequent gaze patterns for each participant (Haslbeck and
Zhang 2017).

However, an underrepresented issue in the literature
is the comparison between different groups (Feusner and
Lukoff 2008) and the interpretation of the results without
any additional information. The frequency of gaze patterns
in which the same information is acquired can differ between
single individuals and also between groups. Therefore, the
selection of a gaze pattern that is worthwhile for the task
could provide utility as a baseline comparator. In the driv-
ing domain, Underwood et al. (2003) defined a gaze pattern
with the length of three information sources as the shortest
length of a scanning strategy and compared experts against
novices for the driving task. Within the expert group, better
scanning strategies that focused more on the traffic far view
were identified and therefore allowed for better planning.

Haslbeck and Zhang (2017) analyzed the scanning strat-
egies for manual flight operations of commercial airline
pilots by accounting for their level of practice in relation
to their normal flight operations (short-haul or long-haul).
Each participant flew an approximately 8-minute manual
approach that can be categorized as a high workload situa-
tion (see e.g., Lee and Liu 2003). The autopilot, flight direc-
tor and auto throttle were disabled. The short-haul pilots
accomplished the manual flight with less deviation from the
expected glide slope. An analysis of the gaze patterns identi-
fied four main gaze strategies that were used by both groups
but with unequal distribution. Long-haul participants tended
to adhere longer to the PFD_ATT, which is the main source
of information if the flight director is enabled. The results
indicate that the total number of flight hours as an indication
of expertise correlates insufficiently with practice or skill.

The above cited literature shows that research on manual
flight operations has a long history with a relatively small
number of new publications per year. This is due to fact that
are almost no updates on the concept of manual control and
that there are high costs for a realistic simulator and with
licensed airline pilots. This will probably continue beyond
the point of full automation, and makes this publication even
more necessary.

The existing research on experts performing manual
flight operations and their skill degeneration with increased
automation is a well-established part of the literature, as are
the consequences for safety due to degraded performance
(Haslbeck and Hoermann 2016; Landry 2014). However, the
question remains as to whether this behavior can be observed
in comparison to novices as shown in other domains, e.g.,
driving (Underwood et al. 2003) and in relation to percep-
tion, task load, and response execution. An answer to this
question would allow insights into the general skill acquisi-
tion and transferable knowledge that could be provided early
in the teaching process.

2 Objectives of this paper

Current research on manual flight operations indicates
a strong connection between performance, perception
(Haslbeck and Zhang 2017), and task load. To help explain
the connections, Fig. 1 presents the model for manual flight
operation by Wickens (1999) extended with perception and
the influence of workload (adapted from McRuer 1982). As
mentioned above, PFD_ATT, PFD-ALT, PFD_HDG, PFD_
AIS, and PFD_VES are the essential sources of information
for the task of manual flight operations. Pilot perception is
connected to gaze strategy that assesses the order in which
those areas are attended to. The gathered information influ-
ences the pilot’s actions in keeping the aircraft on the flight
path and is then transformed into attitude commands. The
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Fig. 1 The model of manual flight operation in relation to perception and workload (adapted from McRuer 1982; Wickens 1999)

task load is derived from the system performance and addi-
tional tasks. This influences the workload of the pilot who
has to maintain the path and input commands.

Using Fig. 1 as an initial step for analyzing manual
flight operations with a perspective on performance, per-
ception, and task load allows for a first approach to a
comprehensive view on the interactions between these
factors. The connections in Fig. 1 can help to answer
important research questions addressed in this paper.
In the previous sections, we identified two gaps in the
existing research on manual flight operations. The first
gap concerns different stages of training in combination
with performance, perception, and the interconnectivity
between these factors in dependence of high workload
phases such as landing or takeoff. The second gap also
relates to different stages of training but with a focus on
gaze strategies for the task itself and their development
throughout training. Therefore, we focus on the analysis
of (1) pilots’ performance during manual flight opera-
tions in different stages of training and situations and (2)
examine the influence of training on gaze strategy.

The development of future cockpits and training strat-
egies depends on validated models describing the con-
nection between workload, performance, and perception.
To support the model in Fig. 1, we address the cogni-
tive system of the airline pilot. As Hollnagel (1993) and
other cognitive scientists repeatedly point out, cognition
can only be studied in a realistic scenario; this study
was therefore performed using a real-time simulation as
experimental technique. This allows for a realistic manual
control of an aircraft by airline pilots with different levels
of training in normal and abnormal scenarios.

3 Methods
3.1 Sample

The sample consists of a total of 28 participants. These
were recruited in three groups based on their level of train-
ing—novices, experts, and pilots. The novices (N) were first-
semester Bachelor of Aviation students from the University
of Southern Queensland with a minimum flight experience
of 10 h, either in a simulator or on aircraft. The experts (E)
were third-semester students with a minimum flight experi-
ence of 160 h, either in a simulator or on aircraft, but who
did not yet have a commercial pilot’s license. The require-
ments for pilots (P) were a valid pilot’s license, a type rating
for the Boeing aircraft family, and active flying for an airline
either as first officer or captain.

Table 1 presents the demographic data for each group
separately. Experience of the participants was evaluated by
means of the self-rated question “How would you rate your
experience in flying an aircraft on a scale from 1 (Novices)
to 10 (Expert)?” The participants obtained no monetary
compensation or travel expenses. This research complied
with the National Statement on Ethical Conduct in Human
Research (2007) and was approved by the Institutional
Review Board at the University of Southern Queensland.
Informed consent was obtained from each participant.

3.2 Design

For this study, the manual flight operation task for a Boe-
ing 737 was simulated in a high-fidelity setting using a

Table 1 Demographic data for

o ’ Group Number Age (M/SD/Min/Max) Gender (F/M) Self-rated experience 1—novice
participants to 10—expert (M/SD/Min/Max)
Novices (N) 10 24.3/4.8/19/33 3/7 2.4/1.5/1/5
Experts (E) 7 24.4/3.4/18/29 1/6 6.9/1.1/5/8
Pilots (P) 11 33.7/9.6/23/56 3/9 8.1/1.2/6/10
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Table 2 Steps within each scenario for the participant, with changes to altitude and heading

Step ID Step description Altitude (feet) Heading Flight phases
(degree)
0 Start of the experiment at initial position and altitude 1500 017
1 Climb to 2500 ft at 500 feet per minute Climbing 017 Climb
2 Once established in the climb, right turn heading 090 Climbing 017 Climb; Change-Course- 1
3 Once levelled off at 2500 ft, left turn heading 020 2500 090 Change-Course-2
4 Fly straight ahead for 90 s 2500 020 Straight ahead
5 After 90 s, turn left heading 290 2500 020 Change-Course-3
6 Three miles before centerline, turn left heading 230 for 2500 290 Change-Course-4
localizer interception

7 Localizer alive, turn left heading 196 2500 230 Change-Course-5
8 Glideslope alive Descending 196 Landing

Leave auto throttle on for landing (non-standard) and select Descending 196 Landing

reverse thrust after landing

between-subject design 3 X2 with repeated measures with
the first factor investigating the dependent variables perfor-
mance, gaze strategy, and workload and the second factor
regarding (a) varying manual flight operations (straight
ahead, change altitude, change heading) and (b) different
task-load conditions (high vs. low task load). The scenario
was divided into abnormal and normal scenarios. The vary-
ing of manual flight operations was equal for both scenarios.
In the abnormal scenario, the alert for an incorrect flaps
position was played throughout the scenario in an infinite
loop to increase the task load.

The scenarios used in this study represent an approach
to Brisbane airport and end with touchdown on the run-
way. Both scenarios are equal in the order of steps each
participant had to complete (Table 2). They start at the
same initial position (Lat S27.39.01; Lon E153.16.8) and
altitude (1500ft) with heading 017. The planned duration
for each scenario was approximately 13 min. As the focus
of this study was on manual flight operations, auto throttle
and flight director were engaged throughout the scenarios.
Additionally, inputs to speed, flaps, landing gear, and flight
management system were performed by the experimenter.

The flight phases (Table 2) were designed to cover a wide
range of possible situations for manual flight operations and
to influence each other as little as possible within a realistic
setting. Figure 2 presents the vertical profile of the simulator
flying the scenario with the autopilot engaged. Except for
Climb and Change-Course-1, all flight phases do not overlap
in time. The scenarios were previously tested for feasibility
and realism by a domain expert.

3.3 Apparatus
Figure 3 shows the experimental setup, a fixed-base, fully

enclosed Flight Training Device at the University of South-
ern Queensland Springfield campus. The Flight Training

2500~

2000~

1500~

Altitude

1000~

Straight-Ahead

500~

\

1400 1600 1800 2000 2200
SimTime

Fig.2 The vertical profile (black line) of the autopilot flying the
scenario in simulation time (SimTime in seconds). The evaluated
flight phases are marked by the boxes. The data used for analysis are
marked with a dashed line

=Overhead_panel

Fig.3 Cockpit of the 737, PS4.5 flight simulator with the defined
Areas of Interest
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Device PS4.5 was produced by Pacific Simulators. The
participants were seated in the left cockpit seat, wearing
eye-tracking glasses. The simulator has realistic flight con-
trols, rudder pedals, steering tillers, and a flight manage-
ment system. Manual control operations were performed
with the yokes with stick shakers. Radio communication
was not necessary.

3.3.1 Workload

In this study, the NASA-TLX (Hart and Staveland 1988)
was used as subjective offline workload measurement. The
NASA-TLX is a well-established tool with a high reliability
(retest reliability 0.52—0.75) and validity, widely accepted
in the research community and often applied by Eurocon-
trol (EUROCONTROL 2012). The NASA-TLX consists of
six dimensions: mental demand, physical demand, tempo-
ral demand, performance, effort, and frustration level. The
relation between the dimensions is evaluated in a pre-run
evaluation and used in all runs for the calculation of the
NASA-TLX score.

3.3.2 Performance measurements.

The performance of the participants was evaluated in con-
nection to the recorded aircraft flight condition. According
to Fig. 1, the deviation between planned and flown flight
path within each flight phase was interpreted as performance
measurement. The planned flight path or baseline was the
path of the autopilot (Fig. 2) flying the scenario defined in
Table 2. For a realistic baseline of the optimal flight con-
ditions within the flight phases, the autopilot was used to
control the aircraft instead of a linear description of the
expected values. The aircraft flight condition recorded dur-
ing the autopilot run was used to determine the performance
of each participant.

Table 3 presents the aircraft flight parameters selected
as a measurement to describe the flight path. The measure-
ments were recorded with 1 Hz by the simulator. Based
on the assumption that the baseline represents the optimal
flight path, the deviations from each of the measurements
in Table 3 are interpreted as an indication of performance.

Table 3 Measurements of aircraft flight parameters recorded by the
simulator

Measurement Description

Airspeed_indicated
Altitude
Vertical_speed

The indicated airspeed of the aircraft
The altitude of the aircraft
The vertical speed of the aircraft

@ Springer

3.3.3 Eyetracking

The SMI Eye-Tracking Glasses 2 Wireless (SensoMotoric
Instruments, Germany) were used to collect eye-tracking
data. This is a head-mounted system with a sampling rate of
60 Hz that collects eye direction, gaze, and head position and
calculates a position on an Aol (Fig. 3) in a pre-defined envi-
ronment. The accuracy within the gaze-tracking range of 60°
vertical and 80° horizontal is 0.5°. The iView System uses a
one-point calibration to ensure the correctness of the eye-track-
ing process. The eye data and the simulator data were recorded
with a synchronized time stamp and analyzed with the DLR
software EyeTrackingAnalyser (Friedrich et al. 2016). The
gaze on a source of information was defined as raw eye data
within a defined Aol. The Aols are defined for the complete
cockpit, to measure as much gaze as possible. The Aols rel-
evant for the task were all on the PFD. The order in which the
sources of information were attended to is interpreted as gaze
strategy and set in relation to performance and workload.

3.4 Procedure

The experiment had a total runtime of approximately 1 h.
Upon arrival, the participants were briefed on the procedure
of the experiment and it was emphasized that they could
leave at any given moment. All participants signed written
informed consent for the use of their data. The participants
were advised to perform the task of the pilot flying and use
only manual flight operations. They were instructed that
all clearances had already been given by ATC. The partici-
pants completed a demographic questionnaire and the width
subscale questionnaire of the NASA-TLX. The participants
signed a consent form in which the anonymity of data col-
lection and analysis was guaranteed. The participants then
had a training session of 15 min to familiarize themselves
with the simulator. Each participant was allowed to finish
the training early and only one used the full amount of time.

After training, the eye-tracking glasses were calibrated
with a one-point method and the first scenario run was
started. The order of scenarios, first normal and second
abnormal or the other way around, was randomly assigned
to each participant. After the first run, the participants had to
complete the NASA-TLX followed by a 5-min break. After
the break, the second scenario run was started and finished
with the second completion of the NASA-TLX. At the end,
the participants were debriefed.

4 Results

To increase comparability in total duration between the
manual flight phases, the data used for analysis starts with
the first climb maneuver and ends when the altitude drops



Cognition, Technology & Work (2021) 23:715-730

721

below 500ft (see dashed line in Fig. 2). Therefore, the touch-
down is not included in the data analysis. The duration of
the selected maneuvers is comparable to each other; this
means that the scenario was comparable in total for each
participant.

Due to the fixed sequence of flight phases throughout the
scenarios, the initial analysis focused on their comparabil-
ity. All participants performed manual flight operations fol-
lowing the flight director’s instruction during the complete
scenario and therefore also throughout the defined flight
phases. Figure 4 shows boxplots per N, E, and P groups
and flight phase, separated into normal (left) and abnormal
(right) scenario. Except for minor outliers, none of the flight
phases in each scenario showed a significant difference in
average duration between the groups. The sequence effect
of the scenarios was accounted for in each analysis in the
following sections.

4.1 Effects on workload

The average NASA-TLX score increases between the normal
(M =17.6; SD=2.77) and the abnormal condition (M =9.48;
SD=3.1). Figure 5 presents the results for the NASA-TLX
scores for each individual group. The inference analysis of
the workload for each group showed a significant increase
for the N group (F (1.26) =14.612, p <0.001). The post hoc
analysis was performed with the Tukey range test. There-
fore, besides a general increase in workload, the results
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150 =
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=
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S . B o ° .
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o o o qla 9 g £ 3
w w w w w .- -c
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=) =) o0 o0 o0 =
= = = = = S
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= = = = = »n
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Flight Phases

show a significant increase in workload for the lower level
of training.

4.2 Performance

The performance analysis concentrated on the deviation
between the recorded aircraft flight parameters (Table 3) of
the baseline (autopilot) and the participant. Each partici-
pant completed each run with a landing on the runway. For
each flight phase, the selected measurements were compared
against the baseline of that flight phase. Because of the dura-
tion difference between the baseline and the participants,
the dynamic time warping (DTW) (Salvador and Chan
2007) method was used to calculate the minimal distance
between two time series independent from their duration.

)

Group

KN o
@ E
T *

Abnormal

Nasa-TLX score (from 1 to 15)

- I1

6-
Normal
Conditions

Fig.5 NASA-TLX scores separated per group and condition. The
error bars represent the standard error
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=EN=EsP
200
- 150 é? )
S
St
= 100
: a [
ol é#i .
i T P .
L] . LI § $¥+
- o e <t w = = =
d < < < d g = 3
4 g £ 4 £ 5 T =
s 2 2 2 B = T
Q Q Q Q Q = =
< < @ 9 < =P
=) ) ) =) =) =
= = = = = S
< « « ] ] b
= = = = = 2]
Q Q Q Q Q
Flight Phases

Fig.4 Boxplots of the duration of each flight phase for the normal (left) and the abnormal (right) scenario
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The minimal distance represents a sum of absolute differ-
ences between the analyzed time series and was used as an
indicator of how equal both time series are.

Figure 6 presents the results of the DTW for the param-
eter altitude during the Change-Course-2 flight phase. The
path between them represents the minimal mapping of a
time series with unequal duration. During Change-Course-2,
the altitude is set to 2500ft and the task is to change head-
ing from 017 to 090. The triangles represent the baseline
performance of the autopilot which is a realistic estimation
of the aircraft flight condition within this flight phase. The

2490
2480
2470

2460

Altitude (feet)

2450

2440 \"‘ z

—&— Baseline

—@— Participant
2430

0 10 20 30 40
Duration (seconds)

Fig.6 Example of the DTW analysis for the parameter altitude dur-
ing a Change-Course-2 performed by participant 13, with the path
between them

circles represent the pilot performance (participant 13, nor-
mal condition, novice group) in the same flight phase. For
the example in Fig. 6, the deviation from the baseline (DFB)
is 1262.22. The DFB represents an indicator of performance
differences between participants, where a greater DFB can
be considered as lower performance. The DTW method was
used to calculate the DFB for all measurements in Table 3
separately for each flight phase and participant.

For the following results, the DFB depending on the
defined parameters for the N, E, and P groups were ana-
lyzed separately for flight phases and scenarios. Due to their
similarity in altitude, the DFB results for Change-Course-2,
Change-Course-3, Change-Course-4, and Change-Course-5
were summarized to Change-Course-2-5 for the following
analysis. Table 4 presents the average DFB for each group in
relation to the scenario for each flight phase and parameter.
The DFB for each flight phase is represented by the param-
eters Airspeed, Altitude, Vertical_speed.

Table 5 presents the results of a multiple-factor ANOVA.
The results are separated by main effects for group (N, E,
and P) and condition (Normal, Abnormal). The column post
hoc indicates which DFB is significantly high between the
groups or conditions. All p values marked with a star are
statistically significant at the p <0.05 significance level. No
interaction effects between group and condition were statisti-
cally significant. The post hoc analysis was performed with
the Tukey range test.

An analysis of the results in Table 4 shows that inde-
pendent from the scenario, the pilot group always has
the lowest DFB, except for the parameter Altitude during

Table 4 The average mean DFB for each group per flight phase, separated by scenario

Flight Phase Parameter Condition
Normal Abnormal
novices (M/SD) Experts (M/SD)  Pilots (M/SD)  Novices (M/SD) Experts (M/SD) Pilots (M/SD)
Change-Course-1  Airspeed 34.1/14.6 32.7/15.4 26.4/20.4 39.1/20.9 35/14.9 17.8/12.2
Altitude 2646.3/2176.0  5037.1/3204.8 1599.4/1362.1  6306.6/6822.0  1339.1/723.9 3847.7/5095.8
Vertical_speed 6927/3699.7 9197.7/7524.3 6288.2/3713.1  10,796.3/7494.7 8862.7/3341.8  4104.5/2212.6
Change- Airspeed 64.77/34.61 55.47/33 2 34.12/16.5 64 5/33.77 42.71/11.6 33.11/11.54
Course-2-5 Altitude 1575.6/1265.29 2106.1/3581.36  879.29/643.18  1889.7/1589.89 1038.94/4317  701.88/470.62
Vertical_speed 7448.4/2393 6106.3/4335.6 3686.6/2071.3  7400.4/2100.1  6095.9/1598.3 3437.4/1522
Climb Airspeed 70.6/32 74.4/28.8 56.7/18.7 74.6/64.2 63.1/12.6 45.2/13.8
Altitude 354.7/105.3 455.2/159 329.2/51.4 444/226.7 347.8/42.1 314.2/63.5
Vertical_speed 15,508.6/7018  20,289/11,507.6  12,945.7/5344.9 20,086/12,157.7 16,351.9/4731 10,848.8/5422
Landing Airspeed 164.9/64.8 233.6/183.6 153.3/50.6 207/172.4 513.4/802.7 144.2/68.3
Altitude 576.8/54.2 645.6/171.7 562.1/52.0 585.0/123.5 587.8/85.5 577.5/51.3
Vertical_speed 19,080.1/8809.6 30,248.9/23,333.7 15,588.5/5664.1 22,550/16,287.6 19,282./10,672.6 16,042/8430.4
Straight-Ahead Airspeed 95.2/ 60.5 131.2/ 68.8 86.1/38.9 104.6/59.4 87.9/42.6 83.0/54.7
Altitude 3920.2/3729.3  3306.1/1911.5 2268.5/1272.4  3892.0/3051.9  2896.9/2573.6 1860.4/1076.3
Vertical 12,606.3/7541.3 14,629.3/5805.0  11,907.4/5265.9 12,781.3/7781.5 11,586.9/7030.7 9541.8/5163.4
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Table 5 T}}e F Test results Flight phase Parameter Group
for the deviation between
participant and baseline F tests with p value Condition separated Post
separated by Group (N, E, and hoc
P) and Condition (Normal,
Abnormal) extended with the Normal Abnormal
post hoc analysis Change-course-1 Airspeed F(2,52)=5.34, p=0.007* E>P
N>P
Altitude F(2,52)=1.38, p=0.25
Vertical F(2, 52)=6.50, p=0.003* N>P
_speed
Change-course-2-5 Airspeed F(2,222)=12.03, p<0.001* N>P N>P
Altitude F(2,222)=10.32, p<0.001* N>P
Vertical F(2,222)=35,19, p<0.001* E>P E>P
_speed N>P N>P
Climb Airspeed F(2,52)=5.94, p=0.004* ! !
Altitude F(2,52)=2.60, p=0.08 E>P
Vertical F(2,52)=4.47,p=0.017* (N>P)?
_speed
Landing Airspeed F(2,52)=1.24,p=0.29
Altitude F(2,52)=0.48, p=0.61
Vertical F(2,52)=1.64, p=0.20
_speed
Straight-ahead Airspeed F(2,52)=0.791, p=0.458
Altitude F(2,52)=3.52, p=0.036* ! !
Vertical F(2,52)=0.983, p=0.38
_speed

"None of the post hoc tests revealed significant differences; The p value was above 0.05

Change-Course-1. The expert group is, on average, better
than the novice group in 4 cases for the normal scenario and
in 13 cases for the abnormal scenario. The results in Table 5
show that the scenarios have no effect on the DFB between
groups. The post hoc test that was separated for each sce-
nario revealed a significant difference between novice and
pilot groups in two cases for the normal and in six cases for
the abnormal scenario. All significant effects showed that
the pilot group performed better than the novice group that
the pilot group performed better than the expert group, or
both. No significant difference between expert and novice
groups was identified.

4.3 Effects on gaze strategy

The identification of the gaze strategy was based on the
order in which the sources of information were attended to
by the participant’s eye movement. A valid eye movement
is defined as a gaze vector that is inside of a defined Aol
(Fig. 3). The percentage of a valid eye movement is cal-
culated by the amount of valid eye movements divided by
the total number of recorded eye movements that included,
e.g., blinks, measurement problems, and gaze vectors out-
side of an Aol. The average of valid eye movements reached
M=92.2% (SD=5.9), after removing one novice and three

runs from two pilots due to their percentage of valid eye
movement below 75%. These three participants wore glasses
together with the eye-tracking device, which resulted in a
decrease in the quality of the recorded data. As for the per-
formance analysis, the results for the flight phase Change-
Course-2 to Change-Course-5 were combined.

As a first indicator for gaze strategies, an analysis of the
average dwell times was conducted to identify Aols with
increased attention. Figure 7 shows all dwell times in per-
centage separated by group and condition averaged for the
complete run. The summarized percentage for the Aols
MCP, Annunciator_Panel, MCDU, and Overhead_panel
was below 0.5 percent and therefore combined to others.
Independent from group and scenario and in accordance
with the expected behavior of the manual flight operations,
participants never spent less than 67 percent on average of
their dwell times on the PFD_ATT. The pilot group in the
abnormal condition even reached an average of M =84.26
(SD=8.45).

The second part of the gaze-strategy analysis concen-
trated on the differences in dwell-time percentages for each
flight phase. Table 6 presents the results of the F Test regard-
ing the deviations in dwell times per Aol and flight phase.
The results show that no significant differences were identi-
fied for Change-Course-1 and only p values between 0.1
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Fig.7 Dwell time (percentage) per group (N, E, P) and condition (Normal, Abnormal) for all Aols averaged across the complete runs. The Aols
are ordered depending on their average duration. The error bars represent the standard error

and 0.05 were identified for Change-Course-2-5 and Climb.
None of the post hoc tests showed a significant result for
Straight-Ahead. Significant results in the landing phase are
only found for the abnormal condition. Considering that the
10 Aols represent all available sources of information, the
influence on the dwell time by group and condition is low
and non-existent for the normal condition. The results show
that group N has increased interest in the Nav_Display, even
though it was not task relevant.

The third part of the gaze analysis is focused on triple
pairs of eye movements and their dwell time per flight phase.
One triple is defined as three Aols that are attended to con-
secutively. Triples consisting of only two Aols in different
orders were summarized. Because of the different duration

of each flight phase, the dwell duration percentages were
calculated. In accordance with the analyses of dwell-time
percentages per phase and to identify the change in gaze
strategy, the analysis is separated per condition and flight
phase. To measure development, the P group is used as a
baseline for gaze strategy, by selecting the five triples with
the highest percentage in dwell duration (see Fig. 8) and
comparing them against the N and E groups.

The dwell-time percentage for the P group in Fig. 8 shows
that independent from the flight phase, the same gaze pattern
reached the highest position under both conditions except
for Straight-Ahead. Considering the essential Aols for the
manual control operations task, the pilot group uses them
more often than the E or N groups. This represents a stable

Table 6 The F-Test results for
the dwell times separated by
Group (N, E, P) and Condition

Flight phase Aol

Group

F tests with p value Condition separated Post

(Normal, Abnormal), extended hoc
with the post hoc analysis
Normal Abnormal
Change-Course-2—5 Nav_Display F(2,23)=2.59, p=0.08 (N>P)?
Climb Nav_Display F(2,23)=2.57,p=0.08 (N>P)?
Straight-Ahead Nav_Display F(2,23)=2.94, p=0.072 ! !
Others F(2,23)=2.52, p=0.09 ! !
Landing Nav_Display F(2,23)=5.64, p=0.01 N>P
PFD_VES F(2,23)=7.12, p=0.003 E>N
E>P
Others F(2,23)=2.7, p=0.08 (E>P)?

"None of the post hoc tests revealed significant differences; The p value was above 0.05 and below 0.1
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gaze-pattern behavior independent from the task load for
the pilot group. The Aol PDF_ATT is represented in each of
the highest gaze patterns for the pilot group. Gaze patterns
involving only PFD-ATT and PFD-VES always reached the
highest position in the P group, with the exception of the
abnormal condition during Straight-Ahead and both con-
ditions during Landing. When comparing gaze patterns
involving only PFD-ATT and PFD-ALT versus gaze patterns
involving only PFD-ATT and PFD-VES, it can be shown
that the N group is using the first gaze pattern as often as E
or P in contrast to the second gaze pattern that is never or
rarely used by the N group. The N group used gaze patterns
involving PFD-ATT and Nav Display with a higher dwell-
time percentage than the E and P groups in all cases.

In comparison to the highest-ranked gaze pattern for the
P group (Fig. 8), Table 7 presents the highest-ranked gaze
patterns for the N group. By ignoring the order, the first two
gaze patterns for all five flight phases are equal for normal
and abnormal conditions. Four flight phases have the same
gaze pattern in the first position for normal and abnormal
conditions. A difference between normal and abnormal con-
ditions is the increase in percentage of the first gaze pattern.

5 Discussion

The study presents interesting indications with respect to the
influence of task load on manual flight operations with dif-
ferent stages of pilot training. Even though the sample size
of each group is relatively low, the insights from the group
comparison present a valuable method for identifying dif-
ferent stages of training. The increased task load influenced
performance and gaze strategy in different flight phases and
therefore presents feedback for their interconnection. Perfor-
mance (DTW) and perception (eye tracking) were measured
with objective methods. Within this study only workload
(NASA-TLX) was measured with a subjective method. In
comparison to state-of-the-art indicators for task load, as e.g.
heart rate (Vanderhaegen et al. 2020), the NASA-TLX was
selected as a simple and well established method in the avia-
tion community to measure workload in different scenarios.

Inducing different levels of task-loads is complex because
manual flight operations require visual and manual atten-
tion. Due to the eye-tracking measurement and the realistic
task environment, we decided to use noise as an additional
audio input (Van Gemmert and Van Galen 1997) instead of a
secondary task (Knowles 1963) to increase the task load. On
the other hand, the complexity of the task had to be reduced
by engaging auto throttle and flight director throughout the
experimental runs to generate a task all groups could per-
form and therefore allow for comparability between them.
However, all participants were able to land the aircraft even

in the abnormal condition; the increase in task load did not
overload any participant and did not impair the results.

As presented in the model by McRuer (1982); (extended
with Wickens 1999 in Fig. 1), the workload influences
manual flight operations on the flight path and on the atti-
tude actions performed by the pilot. The NASA-TLX results
indicate that the effect of increased workload was higher on
the groups with less experience. This is also supported by
the fact that the performance difference between the groups
is increased in the abnormal scenario. A reason could be
that group N simply does not look at task specific Aols.
However, the results on dwell time percentage per scenario
indicate a tendency of group N to focus within the abnormal
scenario even more on Aols, similar to the ones group P
is looking at. The analysis of the gaze pattern then reveals
(for details see RQ three) that even with similar dwell time
percentage, the N group uses different gaze patterns, and
especially incorporates the Nav_Display. Considering that
the flight path did have a minor role in the experimental
condition, the influence of the gaze pattern on performance
indicates a direct connection between gaze strategy and atti-
tude action in the model.

The experimental focus was set on the three RQ con-
cerning level of training, effects on gaze strategy, and their
relation to task load. The results concerning the first RQ
on the influence of the level of training on performance in
high and low task-load situations differ depending on the
flight phase. There is almost no significant influence of task
load on performance during the flight phases climb, straight-
ahead, and landing. These results stand in contrast to the
flight phases Change-Course 1 to 5 that show a significant
decrease in performance for the abnormal condition. There-
fore, in accordance with previous research (e.g., Haslbeck
et al. 2014; Taylor et al. 2007), we could show that the level
of training affects performance in different ways and is
dependent on the flight phase. Age differences between the
N and P groups cannot explain the decrease in performance
between the groups, because there was no age difference
between the N and E groups in our sample.

The second RQ concerns the level of training in connec-
tion to the gaze strategy during manual flight operations.
The general gaze pattern in the pilot group indicates that the
radial cross-checking technique (Federal Aviation Admin-
istration 2012) was selected, with PFD_ATT as center due
to its high importance for the task (Harris and Christhilf
1980). As no event-driven (Schiitz et al. 2011) monitoring
was induced, task-related gazes away from the PFD were
only necessary in the landing phase. In extension to the pro-
posed analysis (Foulsham et al. 2012; Haslbeck and Zhang
2017), we compared the most frequent gaze patterns within
the P group to the other groups. Similarly to the driving task
(Underwood et al. 2003), the results show that the P group is
focusing more on Aols related to the task and the expected
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Fig.8 The five highest gaze-
strategy patterns for the P group
dwell times in percentage, sepa-
rated by condition and flight
phase. The error bars represent
the standard error
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Table 7 The five highest gaze patterns for novices (N), dwell times in percentage, separated by condition and flight phase
Flight phase Condition

Normal Abnormal

Gaze pattern Mean (SD) Gaze pattern Mean (SD)

Change-Course-1 PFD_ATT-Nav_Display-PFD_ATT

PFD_ATT-PFD_ALT-PFD_ATT

37.96 (31.84)
14.72 (14.13)

PFD_ATT-Nav_Display-PFD_ATT
PFD_ATT-PFD_ALT-PFD_ATT

61.34 (36.83)
29.45 (41.16)

PFD_ALT-PFD_ATT-Nav_Display 7.08 (5.61) Nav_Display-PFD_ATT-PFD_ALT 4.49 (3.47)
PFD_VES-PFD_ALT-PFD_ATT 6.46 (6.56) PFD_ALT-PFD_ATT-Nav_Display 4.2 (3.17)
PFD_ATT-PFD_AIS-PFD_ATT 6.28 (2.79) PFD_ATT-Nav_Display-PFD_ALT 2.88 (1.56)
Change-Course-2-5 PFD_ATT-Nav_Display-PFD_ATT 37.22 (19.05) PFD_ATT-Nav_Display-PFD_ATT 43.58 (28.51)
PFD_ATT-PFD_ALT-PFD_ATT 19.39 (20.16) PFD_ATT-PFD_ALT-PFD_ATT 18.39 (24.86)
PFD_ATT-PFD_HDG-PFD_ATT 7.22 (8.21) PFD_ATT-Windows-PFD_ATT 12.88 (16.59)
PFD_ATT-PFD_ALT-PFD_VES 6.62 (6.13) PFD_ATT-PFD_VES-PFD_ATT 6.86 (6.47)
PFD_ATT-PFD_AIS-PFD_ATT 6.27 (8.86) PFD_ATT-PFD_HDG-PFD_ATT 6.65 (8.36)
Climb PFD_ATT-Nav_Display-PFD_ATT 32.3(2841) PFD_ATT-PFD_ALT-PFD_ATT 40.75 (39.43)
PFD_ATT-PFD_ALT-PFD_ATT 26.07 (27.37) PFD_ATT-Nav_Display-PFD_ATT 37.12 (24.61)
PFD_ALT-PFD_ATT-PFD_ALT 21.76 (30.15) PFD_ALT-PFD_VES-PFD_ALT 8.09 (8.01)
PFD_ATT-PFD_VES-PFD_ATT 11.58 (11.24) PFD_ALT-PFD_ATT-PFD_VES 7.81 (9.4)
PFD_ALT-PFD_VES-PFD_ALT 6.08 (8.2) PFD_ALT-PFD_ATT-Nav_Display 5.45 (5.68)
Straight-Ahead PFD_ATT-PFD_ALT-PFD_ATT 28.72 (26.03) PFD_ATT-PFD_ALT-PFD_ATT 60.89 (27.68)
PFD_ATT-PFD_HDG-PFD_ATT 18.37 (2.06) PFD_ATT-PFD_HDG-PFD_ATT 27.25 (29.02)
PFD_ATT-Nav_Display-PFD_ATT 17.98 (11.7) PFD_ATT-PFD_VES-PFD_ATT 21.9 (22.26)
PFD_ATT-PFD_VES-PFD_ATT 17.83 (20.68) PFD_ATT-Nav_Display-PFD_ATT 17.51 (13.18)
PFD_ATT-PFD_AIS-PFD_ATT 10.77 (9.82) PFD_ALT-PFD_ATT-PFD_ALT 13.3 (17.01)
Landing PFD_ATT-PFD_ALT-PFD_ATT 20.9 (12.66) PFD_ATT-PFD_ALT-PFD_ATT 28.08 (30.92)
PFD_ATT-Windows-PFD_ATT 16.06 (9.1) PFD_ATT-Windows-PFD_ATT 17.28 (18.13)
PFD_ATT-PFD_VES-PFD_ATT 10.96 (15.97) PFD_ATT-Nav_Display-PFD_ATT 12.61 (7.88)
PFD_ATT-PFD_HDG-PFD_ATT 6.39 (9.31) PFD_ALT-PFD_ATT-Windows 4.34 (4.22)
PFD_ATT-Nav_Display-PFD_ATT 4.7 (4.44) PFD_ATT-PFD_HDG-PFD_ATT 4.03 (3.4)

aircraft behavior, e.g., interest in PFD_VES increased when
flying a Change-Course due to the expectation of a decline
at the end of this flight phase. The task load-increasing noise
did not have any effect on the gaze pattern of group P.

The third RQ tackles the relationship between task load,
performance, and gaze pattern. The connection between
workload and performance shows that the influence of
workload on performance is stronger if the level of train-
ing or task-related experience is low. This is in line with
results from other domains (e.g., De Waard 1996; Volpe
et al. 1996). In connection to that, gaze pattern analysis
shows that all groups used the radial cross-check technique
(Federal Aviation Administration 2017) with PED_ATT as
the center. The most important cross check for the P group
was PFD_ATT PFD_VES PFD_ATT, except for the land-
ing phase where PFD_ATT PFD_ALT PFD_ATT becomes
more important. The P group seems to use the vertical
speed and incorporates it into their attitude actions, to hold
the requested altitude. This shows a shift in the cogni-
tion of the P group when switching the input information.

In contrast to the P group, the N group paid additional
attention to the Nav_Display, especially during Change-
Course flight phases, and almost non to the PFD_VES. In
the abnormal condition, the N group’s dwell duration on
the PFD_ATT increased and significant increases for the
gaze pattern PFD_ATT PFD_ALT PFD_ATT were found.
The increase could indicate a focus on the task relevant
information within the abnormal condition that should also
improve performance (Cox-Fuenzalida 2007; Drory 1985;
Naveh-Benjamin et al. 2005). This was, however, not the
case. The distribution of gaze patterns shows that the N
group did not look on PFD_VES with the same frequency
as the other groups and therefore could not incorporate
the information into their attitude actions. This leads to
the assumption that with an increased task load, the N
group did not have the adequate task knowledge, which
led to a decreased performance compared to the P group.
We believe that the change in information gathering is
connected to the level of training and can be used as one
marker for the early improvement of pilot training.
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After the discussion on the RQ, we look at the evaluation
of the DTW against the autopilot in the context of manual
flight operation performance assessment. Different perfor-
mance measurement techniques have been proposed and
applied throughout the years (e.g., Baron and Levison 1975;
Ebbatson et al. 2010; Hubbard 1987). The literature reveals
two main methods to measure performance: comparisons
with an optimal track (e.g., Ebbatson et al. 2008) and the
selection of behavioral or environmental markers (e.g., Faul-
haber 2019). The DTW of participant performance against
autopilot is associated with the comparison of tracks. We
propose two adaptations to the measurement based on the
results by Ebbatson et al. (2008) claiming highly different
control strategies by pilots in the pitch and yaw axes. Firstly,
we propose the selection of aircraft parameters (e.g., air-
speed, altitude, vertical speed) rather than pilot inputs, due
to a variety of pilot inputs that could lead to the same flight
behavior. Secondly, we suggest the selection of the autopilot
behavior as the optimal track to evaluate pilot performance.
Even though the autopilot might not be considered as opti-
mal behavior for each flight phase, it represents a realistic
and standardized behavior of all aircraft states throughout
the scenario. We therefore believe that the performance
results are reliable and valid, which is more important than
the ongoing discussion about the optimal flight track.

6 Conclusion

Even with the small group sizes, some important indica-
tions were found, confirming the connection between work-
load, performance, and gaze pattern. During the experiment,
workload was manipulated via noise for three groups with
different experience. Regarding performance and workload
between the runs, the relevant factor had to be the gaze pat-
tern and the amount of attention spent on selected Aols. The
task of manual flight operations is relatively straightforward
in keeping the aircraft in the respective corridor of each sce-
nario by gathering information only from the Aols on the
PFD. The differences between the groups show a different
focus on some Aols in connection to the flight phases, which
can be of special importance for optimizing pilot training.

The results show a necessity to evaluate manual flight
operations with respect to more flight phases. Takeoff,
approach, and landing are, of course, the most important
phases of flight, but considering the unpredictable situations
in air traffic, we need to take more flight phases into account.
The results also showed that DTW can be used to determine
the deviation for each aircraft from the baseline and is there-
fore a promising measurement for performance.

Further research building upon these results should focus
on the performance-shaping factors and their interaction. A
next step would be to validate the model presented in this

@ Springer

paper with more experimental research and to review the
results dependent on the flight phases. The different flight
phases should be evaluated in relation to their general influ-
ence on workload and how this influence can be considered
for analyzing the results. In terms of external validity, the
higher workload should be induced by tasks the participants
have to perform, such as communication with air traffic con-
trol. For the DTW method of performance analysis a broader
basis for determining a suiting optimum should be evalu-
ated. In relation to the ceiling effect, the workload should
also be systematically increased until the performance of
the manual flight operations shows a strong decrease for the
novice group, assuming that the experts and pilots can still
perform at this level.
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