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Abstract: Most accidents and serious incidents of commercial air transport helicopters occur during
standard flight phases, whereby a main cause is pilots” situational awareness. Enabling pilots to
better assess their situational awareness can make an important contribution in reducing the risk
of fatal accidents. One approach is to examine a pilot’s gaze behavior with the help of eye tracking.
This paper reports the results of a case study with eye tracking measurements during real flight
and simulator studies of a standard mission profile. The general gaze behavior is characterized by
a dominant, external view, and the airspeed and altitude indicator as the most important flight
instruments. A real-world applicability of gaze data obtained in the simulator could be shown.

Keywords: helicopter; eye tracking; real-world application; simulator; fixed-based; motion; flight
performance data; workload; questionnaire

1. Introduction

More than a quarter of all accidents and serious incidents involving helicopters are
associated with Human Factors (HF) and Human Performance (HP) issues, labeled as
personnel occurrences in the European Co-ordination Centre for Accident and Incident
Reporting Systems (ECCAIRS) taxonomy. A total of 44% of the issues are related to situa-
tional awareness and sensory events, which indicates the helicopter pilot as an important
factor in preventing those undesired events [1]. Research is dealing with the optimization
of pilot assistance, e.g., head-mounted display [2] or tactile cueing [3], to provide a better
support to pilots.

Accidents and serious incidents of commercial air transport helicopters mainly occur
during standard flight phases especially during the en-route and approach/landing phase,
where over 50% of all incidents happen. This includes offshore operations and Helicopter
Emergency Medical Service (HEMS) operations [1]. In order to efficiently achieve an im-
provement in reducing HF- and HP-related accidents and serious incidents, it is important
to investigate the human—machine interaction during standard flight phases, e.g., by an-
alyzing helicopter pilots’ gaze behavior. The knowledge of when the pilot needs which
specific information is the basis for designing pilot assistance systems. Furthermore, it
is necessary to enable the pilot to assess her/his own gaze behavior in order to improve
her/his situational awareness and reduce the risk of serious incidents.

Eye tracking is already performed in a wide variety of domains, e.g., automotive [4-6],
trains [7,8], or cockpits [9-12]. However, it is surprising that analyzing gaze movements
is not yet state-of-the-art in helicopter pilot assistance systems research. Due to a clear
implementation of the experimental design, the majority of eye tracking studies are per-
formed in artificial environments, e.g., simulations. Performing eye tracking in aircraft
or helicopter cockpits has a long history. Glaholt [13], for example, analyzes 78 studies
between 1949 and 2013. A total of 64 of these studies were performed in a cockpit training
device or high fidelity simulator. According to Glaholt [13], a high fidelity simulator allows
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the implementation of different scenarios with the same visual cues for each participant
without unexpected disturbances that influence the visual attention. Additionally, the high
fidelity simulator has the advantage of the same lighting during the experiment, which
is an influential factor for eye tracking glasses. A total of 78 studies are connected to eye
tracking in the cockpit. Helicopter cockpits are represented with only 5 studies. Later
on, Ziv [14] came to the same conclusion that there is a gap in knowledge because many
studies investigated fixed-wing pilots’ gaze behavior, whereas only a few studies dealt
with helicopter pilots’ gaze movements. Until today, mostly eye tracking results during
simulated flights are known [9-12,14].

In an earlier simulator study, take-off and landing maneuvers were conducted in [12]
on a terrain (easy task) and a ship deck at sea (difficult task). Expert pilots looked more
Out-the-Window (OTW) than Inside-the-Cockpit (ITC) during the easy task, whereas they
looked more ITC than OTW while performing the difficult task. In comparison with novice
pilots, this gaze behavior was more pronounced. The author suggested that expert pilots
rely more on their flight instruments once the environment provides little or poor visual
cues. Even if this should be a standard operating procedure, this has not yet been proven
by eye tracking data. During a low-altitude flight task between 100 ft and 300 ft, expert
pilots looked more ITC to better maintain the required Altitude (ALT) than novice pilots [9].
Rainieri et al. [10] compared mental workload and visual scanning techniques of novice
and expert pilots during a ship deck landing task with different environmental conditions
(e.g., weather, sea state). The ITC/OTW distributions were in line with the results of earlier
studies. The environmental conditions had an influence on pilots” performance and the
fixation duration. Results of pilots” questionnaire showed a mismatch between a pilot’s
self-awareness and measured gaze movements [10,12].

The German Aerospace Center (DLR) is dealing with the integration of eye tracking
into the Air Vehicle Simulator (AVES) (see Figure 1) and the research helicopter Active
Control Technology/Flying Helicopter Simulator (ACT/FHS) [15]. First, flight tests in a
real-world environment with DLR’s research helicopter BO105 were already conducted
and demonstrated the successful measurement of eye movements during a real helicopter
flight [16]. The results indicate a strong pilot and maneuver depending on gaze movement
behavior. However, with the combination of gaze distribution and flight performance,
it was still possible to allocate a suitable gaze movement strategy for the investigated
maneuver. The results also show that it is not sufficient to describe the pilot experience
only by flight hours. The authors recommend extending the database with different
standard maneuvers and a replication of real helicopter flights in a simulator environment
to investigate a real-world applicability of earlier simulator studies [9,10,12].

Figure 1. Experimental setup with Eye Tracking in a simulated environment during a final approach
in a maritime scenario.
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This paper, which has already been presented in a similar form in [17], presents the
results of eye tracking measurements during real and simulated flight tests based on a
standard mission profile. The aim of this case study is to provide initial approaches to
describe the general gaze behavior of helicopter pilots during standard flight phases. In the
long term, this case study should help to get a better insight into the pilot’s information
demand and to provide a better support in the future by means of different pilot assistance
systems. The results of real flight tests and fixed-based/motion simulator studies are
used to evaluate a real-world applicability of gaze data obtained in the simulator. It
is also going to be investigated whether there are differences between fixed-based and
motion simulation in the pilot’s information gathering process. Previous studies indicated
a mismatch between the pilots’ self-awareness and measured gaze movements. To further
substantiate these findings about gaze distribution, workload, and demographic questions,
pilots’ questionnaires are going to be distributed that are going to be related to the measured
gaze movements and flight performances. During the simulator studies, different workload
scales were used in an online and tailor-made questionnaire to evaluate the suitability of
the workload scales for use during real flight tests.

This paper has the following structure: First, a theoretical background is given before
the applied methodology is going to be presented. This includes details about the partici-
pating pilots, a maneuver description, a presentation of the used eye tracker, helicopter and
simulator facility, and the procedure of the test series. Afterwards, the results are going to
be outlined briefly and discussed later on. Finally, conclusions are going to be drawn, and
an outlook for future work is given.

2. Theoretical Background

Eye tracking methodology combines the measurement of the eye motion and the
source of information that the eye is focused on [18]. Duchowski [19] describes the process
of calculating the eye’s gaze vector and combining it with the environment in order to
analyze the process of information gathering. The result is an accurate estimation of the
visual attention that an operator has while interacting with an environment. In addition to
the environment, eye tracking is typically combined with a specific task that the operator
has to perform. Then, the eye tracking analysis provides visual attention or the order of
information gathering during the operator’s interaction with the environment [20].

Recording gaze movements can be performed in several ways, e.g., by recording
the operator’s eyes via cameras and estimating the operator’s view, so-called gaze point.
If gaze points are close together in time and space, it is assumed that they represent a
place of the operator’s visual attention, so-called fixation. The phases of movements be-
tween two fixations are called saccades. Furthermore, gaze points can be classified as
smooth pursuits, microsaccades, or blinks [21], which are not considered in this paper.
To identify fixations and saccades, different algorithms can be used, e.g., velocity-, area-,
or dispersion-based [22]. Afterwards, the fixations are linked to Areas of Interest (AOIs),
where each AQl is characterized by a specific information. The environment can be sub-
divided coarsely or finely for this purpose as desired, e.g., ITC/OTW, the Primary Flight
Display (PFD), or the Vertical Speed Indicator (VSI). This process of classifying gaze points
and linking them to AQOIs is important to describe the information gathering and extraction
process of an operator. In this context, the eye-mind assumption by [23] presumed that
there is no lag between the information by a fixated object and what has been cognitively
processed. Although fixations and visual attention are coupled as well as saccades and the
change of visual attention, shifting attention already starts before fixation ends [24]. Thus,
the eye-mind assumption has to be questioned because visual attention and fixation are
not perfectly coupled. Because of the different cognitive processes that could take place
during a fixation, it is advisable to divide fixations according to their duration. Galley et al.
[25] divided fixations into four different categories: short, express, cognitive, and very long
fixations. Short and express fixations, where only simple cognitive processes take place, are
characterized by a duration below 150 ms. Between 150 ms and 900 ms, cognitive processes
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are knowingly carried out. Above 900 ms, more than one fixation can be detected. The
fixation duration distribution is normally highly left-shifted. For a comparison between
different data sets, the authors recommend using the modal value, which is about 190 ms
for adults.

The application of eye measurement in a high fidelity simulator is classified as an
objective measurement of visual attention. As support of the objective measurement and the
interpretation of the results, additional measures fitting to the experimental setting should
be selected. Therefore, eye tracking measurement in the helicopter simulator includes
the pilot handling of the aircraft, the influence of motion, and the perceived workload
during the task [16]. The established handling quality rating by Cooper and Harper [26]
is a 10-point rating scale built as a decision tree. The participant starts in the bottom-left
corner and is led into the specific branches through answering questions, which coarsely
divides the scale into four different levels. Afterwards, each rating is combined with a
statement that the pilot has to compare with his/her impression to give a numerical rating.
The Cooper-Harper Scale built the basis for several rating scales. Since its development,
the scale was adapted to be used in multiple similar task environments, e.g., UAV control
[27,28] or air traffic control [29,30]. Hodge et al. [31] adapted the Cooper—Harper Scale to
evaluate a pilot’s perception of motion cues. Workload can be determined online (while
the participant is performing the task) or offline (after the participant has completed the
task). Common representatives to measure workload [32] are for online: Instant Self
Assessment (ISA) [33] or NASA-TLX [34]. ISA is a questionnaire with a 5-point Likert scale
from 1 (underutilized) and 3 (comfortable) to 5 (excessive) [33]. As an offline workload
questionnaire, the Bedford Workload Rating (BWR) Scale [35], which is also based on the
Cooper-Harper Scale and NASA-TLX, can be used.

3. Methodology

The case study presented in this paper contains three test series. The developed
maneuver was repeated in a real flight test and in the simulator with and without motion.
In this section, the participating pilots, the maneuver, and the procedure are going to be
described in detail.

3.1. Participants

During the study, four different pilots participated (see Table 1). At least three pilots
participated in each test series. Pilot A is a well-trained experimental test pilot and very
familiar with BO105 and EC135 (flight hours above 1000 h). Pilot B, who participated in
the simulator test series with and without motion, holds the pilot license only for a short
time and has no experience with EC135 or any turbo-shaft-driven helicopter. Pilot C is a
retired professional pilot and also very familiar with BO105 and EC135 (flight hours above
1000 h). However, he is not used to research flight tests. Pilot A and C participated in every
test series of this study. Pilot D, who only performed the real flight tests, is familiar with
research flight tests and with BO105 and EC135 (flight hours below 1000 h).

Table 1. Pilot experience.

Pilot A B C D
Pilot license (years) 43 0.5 42 14
Test pilot (y/n) y n n n
Flight hours, total 6930 72 8750 1300
Flight hours, BO105 3200 0 1780 750
Flight hours, EC135 1330 0 2700 300
Familiar with Research Flight Tests? (y/n) y n n y

3.2. Maneuver

A simplified standard mission profile was developed, which is most representative
for a typical helicopter flight. According to Figure 2, it was divided into Take-off (TA),
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Departure (DE), En-Route (ER), Approach (AP), and Landing (LA), which covers the most
dangerous flight phases [1]. The transition point between TA and DE, respectively, AP
and LA, was defined as Take-off-Decision-Point (TDP) and Landing-Decision-Point (LDP),
which can be found in the flight manual [36,37]. Table 2 shows the definition of TDP
and LDP for a normal procedure of a BO105 and an EC135. The flight phase ER can be
abstracted as a stationary forward flight outside an obstacle-containing environment. A
similar one applies for the flight phases DE and AP that can be described as stationary
climb and descent outside an obstacle-containing environment. To transfer the selected
mission profile into an experimental setup that is repeatable and feasible in a real-world
environment and in the simulator, Figure 3 shows a top—down view of the flight path of
the study at Braunschweig Airport (EDVE). The flight phases are labeled, and the flight
phase ER is defined as the route between the control points WHISKEY 2 and NOVEMBER
1 on the way out of the control zone. The pilots’ flight task was to perform a Standard CAT
A landing and take-off at runway 26. Afterwards, the pilots should climb until an ALT
of about 1500 ft Above Sea Level (ASL) was reached and accelerate to a 100 kt Indicated
Airspeed (IAS).

SN

= LDP
TDP |
1Al DE ER AP | LA

Figure 2. Simplified mission profile consisting of the flight phases Take-Off (TA), Departure (DE),
En-Route (ER), Approach (AP), and Landing (LA).

 « NOVEMBER 1

WHISKEY 2=

Figure 3. Flight Route, modified map based on [38].

Table 2. TDP/LDP definition according to Normal Procedure [36,37].

IAS ALT AGL
TDP, BO105 40 20
TDP, EC135 30 20
LDP, BO105 40 100
LDP, EC135 40 80

3.3. Apparatus

The gaze movements were recorded with the wearable eye tracker Pro Glasses 3 by
Tobii and is shown in Figure 4. It consists of a man-borne recording unit, which is not
depicted, and the glasses itself. For the eye movement recording, Tobii uses an improved
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Pupil Centre Corneal Reflection (PCCR) [39] eye tracking technique. The pilot’s eyes are
illuminated by 16 infrared illuminators and recorded by 4 infrared cameras in a stereo
geometry, dark pupil tracking process. In combination with the scene camera, the glasses
cover a Field-of-View (FoV) of about 106° diagonal and 95° horizontal with a sampling
rate of 50 Hz and an accuracy of 0.6° according to general information of the manufacturer
[40]. After recording the eye movements, raw data were processed with the Tobii Pro
Lab Software, Version 1.181.37603 (x64) to merge the data with the video and to detect
fixations and saccades. It therefore uses a velocity threshold filter [41] with a threshold
value of 100° /s that discards all fixations below 60 ms and merges two fixations within a
timespan of 75 ms and a maximum angle below 0.5°. Afterwards, each identified fixation
was manually reviewed and corrected if necessary.

Scene
Camera

Infrared
Camera

Infrared Illuminator

Figure 4. Tobii Pro Glasses 3.

The real flight tests were conducted with DLR’s research helicopter BO105 (D-HDDP)
(Messerschmitt-Bolkow-Blohm (MBB), Ottobrunn, Germany). This helicopter is a very agile,
light utility helicopter from the early 1960s and equipped with the electronic flight display
Garmin G500H TXi (Garmin Ltd., Olathe, KS, USA), which is unique for this helicopter
type. However, BO105 is not equipped with a flight test data recording system; that is why
a hybrid data acquisition setup was realized. In post-flight analysis, the low-frequency,
high-accuracy data from the electronic flight display were fused with the high-frequency,
low-accuracy data of a smartphone via an Unscented Kalman Filter (UKF). The Commercial
off-the-Shelf (COTS) mid- to high-end smartphone of the type Samsung Galaxy S20 FE was
used for data recording and was temporarily installed on top of the backseat. This low-cost
approach of a flight test data recording system is further described in [16].

The test series in the simulator were conducted at AVES with and without motion,
which is DLR’s research flight simulation facility in Braunschweig [42]. The simulator
offers a fixed-based platform or a full-sized six-degrees-of-freedom electro-pneumatic
hexapod motion platform, also called Stewart-Gough platform, which was introduced
by [43]. The AVES motion platform limits are shown in [44]. The cockpits, which are
replicas of, e.g., A320 ATRA, EC135 ACT/FHS, or a generic single-aisle passenger cabin,
are interchangeable via a roll-on/roll-off system. For the ACT/FHS replica, the FoV is
about —53° to 40° vertically and 240° horizontally. The total resolution was measured to
be at least 4.9 arc-min/OLP with a resolution per projector of about 2560 x 1600 px. In
total, nine projectors of the type Barco FL40 MKII (Barco, Kortrijk, Belgium) were installed,
which will also allow a 4K resolution in the future. The brightness of the projection system
is about 35cd/m?, and the contrast ratio is about 9:1. According to the requirements for
helicopter full flight simulators by [45], a Level-D certification of AVES would be possible.
Especially the FoV is far above the certification requirements of 176° horizontally and 56°
vertically.
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The helicopter cockpit at AVES, which was used for the simulator test series, is a
replica of DLR’s research helicopter ACT/FHS and is further described in [46]. It is a
highly modified EC135 that features a full-authority fly-by-wire/fly-by-light flight control
system, which offers the opportunity for in-flight simulation. All flight test data are stored
at the experimental system that is duplicated at AVES. During the simulator test series, the
real-time non-linear helicopter model HeliWorX was used to calculate the helicopter flight
dynamics. It is based on the helicopter model SIMH [47] and has been adapted to represent
the ACT/FHS that is further described in [48].

3.4. Procedure

The flight tests with BO105 in a real-world environment were conducted in October
2021, and the flight tests in the fixed-based and motion simulator were conducted in
May until December 2022. The fixed-based study with Pilot D was conducted in July 2023.
During real flight tests, all pilots faced comparable weather conditions as the Meteorological
Aerodrome Report (METAR) in Table 3 indicated. The wind direction and velocity were
within the range of 30° and 3 kt. The cloud layer was above 2000 ft Above Ground Level
(AGL) or did not cover more than 1/8 or 2/8 if it was below. The ground visibility was
always above 10 km. Those weather conditions build the basis for the simulator studies
conducted afterwards. However, the stationary wind was not replicated. Because Tobii
Pro Glasses 3 use an infrared-based eye recording technology, the pilots used the helmet’s
infrared visor in order to dim sunlight emissions and increase the recording quality.

Table 3. Weather conditions during the flight tests.

Pilot METAR

A EDVE 260920Z 24009KT 9999 FEW012 12/09 Q1019

C EDVE 271020Z 23011KT 9999 OVC026 14/10 Q1023

D EDVE 261150Z 26012KT 220V290 9999 SCT022 BKN025 14/08 Q1019

The maneuver was repeated three times to receive a representative gaze behavior
by the pilots and account for possible outlier events. During real flight tests, the pilots
were not always able to fly within the limits that were set in the maneuver description
because of ongoing traffic in an active flight control zone. Especially for the flight phase ER
during real flight, the originally set limits were withdrawn. Nevertheless, all pilots were
able to complete the maneuver successfully. The collected data were supposed to reflect
the representative gaze behavior of the pilots because the pilots were very familiar with
the chosen standard mission profile. Figure 5 shows a comparison of the runway during
real-world and simulated flight tests. All pilots commented that the visual scenery at AVES
offered sufficient visual references to complete the flight task successfully.
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(a) (b)
Figure 5. Pilot’s view during LA: (a) Pilot C, real; (b) Pilot C, simulator.

The measurement procedure throughout the different experimental flight tests were
kept almost equal in order to increase the comparability and minimize the influence on the
result. At the beginning of all flight tests, the participant had to complete a demographic
questionnaire. They then completed the experimental flight with an eye tracking measure-
ment. After the simulator studies, the tailor-made questionnaire was completed by the
pilots, which included the BWR for the workload assessment of each flight phase and a
self-assessment of the subjectively perceived gaze distribution that asked for the percentage
between different AOlIs, like e.g., PFD, center console, co-pilot’s flight instruments, and
OTW. The tailor-made questionnaire after the motion simulator study was extended by the
Hodge Motion Rating (HMR) to evaluate the pilot’s motion perception. The experimental
procedures of the motion simulated flight test was extended by the ISA questionnaire [33]
(as online questioning) to account for influential factors.

4. Results

In this section, the results of this case study are going to be presented. For this, hot
runs were selected based on the flight performance from the recorded data and the pilots’
comments. Usually, the last of the three runs was chosen as long as there were no outliers.
During evaluation, only the fixations are considered to determine the pilot’s gaze behavior.

4.1. Data Comparability

The ratio of the sum of all fixation durations and the complete recording time is shown
in Table 4. The results of the hot runs are compared between all pilots and real flight,
fixed-based and motion simulation. Note that a ratio of 100% is not achievable because, in
spite of corrupted data, also blinks and saccades lead to a smaller ratio. During a real flight,
the fixation over time is generally smaller than in the simulator. This indicates a lower data
quality. However, the influence of changing light conditions could be minimized by using
the infrared visor. Because of no disturbing sunlight emissions in the simulator, the data
quality increased during the simulator studies, as the ratio of fixation over time indicates.
All in all, the mean values of each pilot are above 87%.
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Table 4. Fixation over time.
Pilot Real, % Fixed, % Motion, % Mean, %
A 924 98.6 97.2 96.1
B - 95.5 98.7 97.1
C 75.9 93.1 92.0 87.0
D 88.8 91.5 - 90.2

As for the eye tracking, only the hot runs questionnaires are evaluated and analyzed.
The results for the BWR scale are presented for the fixed-based in Figure 6a and for the
motion based simulator in Figure 6b. In general, 30 out of 35 answers for the fixed-based
(16 out of 20) and motion simulation (14 out of 15) are equal to or below 3, which indicates
a satisfactory workload without reductions in performance. The 4 answers above 3 in the
fixed-based simulation are not higher than 5 and, therefore, indicate a tolerable workload.
Participant B reported the highest workload during LA in the motion setting and reported
deficiencies of the helicopter flight model. All in all, the pilots reported comparable
workloads, which is why the flight performance and the gaze behavior should not be
influenced by too high or too different workload levels. In combination with the sufficient
gaze data quality, the comparability of the recorded data between the pilots is ensured.

In the simulator, a cockpit replica of BO105 was not available. The different cockpit
layout, as shown in Figure 5, and the different helicopter dynamics of BO105 and ACT/FHS
could lead to differences in the eye tracking measurements. However, neither Pilot A, Pilot
C, nor Pilot D could name any differences in visual perception and own gaze behavior
between the different helicopter types when asked. Nevertheless, this should definitely be
taken into account when evaluating the results.
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Figure 6. BWR scale from 1 (workload insignificant) to 10 (task abandoned): (a) fixed-based;
(b) motion.
4.2. Real Flight

The pilots’ flight performance is described by the ALT AGL and the True Airspeed
(TAS). Before the helicopter touches the ground, all flight paths lie on top of each other (see
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Figure 7). After take-off, the pilots chose different strategies, which is shown by the flight
paths and the TAS. Pilot A decelerated and accelerated more in comparison with the other
pilots.
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Figure 7. Flight performance in real flight.

For a first assessment of the pilots” gaze behavior, Figure 8 shows the distribution of
the fixation time spent ITC or OTW for each pilot and each flight phase. The behavior of
Pilots C and D is similar as they mainly looked OTW. Especially during LA, the fixation
time OTW is below 2%. For all other flight phases, the relative fixation time ITC is about
20%. The behavior of Pilot A deviates for the flight phases LA and TA as the relative
fixation time ITC is about 50%.
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Figure 8. ITC/OTW distribution in real flight.

During the flight phases TA, DE, AP, and LA, all pilots made fixations inside or
outside the right side of the cockpit. As shown in Figure 9, the pilots looked at the technical
parameter of the helicopter, e.g., rotor RPM and torque only during the flight phases TA and
DE. Pilots C and D show a similar behavior as they looked to the right of the glare shield or
through the chin window during the flight phases AP and LA. Both pilots commented that
they used skid marks at the runway to obtain sufficiently good visual references. Moreover,
the fixations of both pilots showed accumulations at the PFD during nearly all flight phases
except for LA. Pilot A’s fixation distribution deviates as he used some information of the
PFD only during AP. In addition, he did not need the torque indicator or rotor RPM during
TA and DE. It is remarkable that accumulations can be found that offered no specific
information. All pilots mainly looked straight ahead OTW and focused the runway.
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()
Figure 9. Hit maps of the pilots during real flight: (a) Pilot A, (b) Pilot C, and (c) Pilot D.

4.3. Simulated Flight

According to ALT AGL and TAS, Pilots A and B show a similar flight performance
during fixed-based simulation. Pilot C’s flight performance deviated as the glide slope was
flatter and the climbing gradient was smaller. Pilot D shows a comparable glide slope with
Pilots A and B, but the climb rate is higher than that of the other pilots (see Figure 10a). The
recorded flight test data during motion simulation were similar (see Figure 10b).
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Figure 10. Flight performance during simulated flight tests: (a) flight performance, fixed-based;
(b) flight performance, motion.

The distribution of time looking ITC or OTW was similar between all four pilots (see
Figure 11). The relative fixation time ITC was always below 10% during LA (except 18%
ITC for Pilot D) and, therefore, smallest compared with all other flight phases. All pilots
showed the same qualitative behavior as the amount of relative fixation time ITC decreased
towards the final landing (compare flight phases AP and LA), whereas it increased after
take-off was initiated (compare flight phases TA and DE). This v-shaped distribution of
relative fixation time ITC between the flight phases AP, LA, and TA can also be found
during real flight (see Pilots C and D, Figure 8) and, in 7 out of 10 cases, can be extended
by the flight phase DE. For all pilots and flight phases, the relative fixation time OTW
is always higher than 50% (except Pilot D during the flight phase DE in the fixed-based
simulator study). In comparison with Pilots A, C, and D, Pilot B spent more time looking
OTW.

The fixation distribution during fixed-based and motion simulation was similar be-
tween all pilots and is shown in Figure 12 for Pilot C. During the flight phases TA and DE,
a technical parameter, e.g., the First Limit Indicator (FLI), was observed only sometimes.
All pilots commented that especially the instruments for the technical condition of the heli-
copter, e.g., FLI and fuel gauges, were not simulated correctly and were therefore useless.
When looking ITC, the pilots received almost all of their necessary information from the
PFD, where fixation accumulations could be found. All pilots mainly looked straight ahead
OTW and focused on the runway regardless of the flight phase.
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Figure 11. ITC/OTW distribution during simulated flight tests: (a) ITC/OTW distribution, fixed-
based; (b) ITC/OTW distribution, motion.
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Figure 12. Hit maps of Pilot C during simulated flights: (a) hit map of Pilot C, fixed-based; (b) hit
map of Pilot C, motion.

4.4. En-Route ER

The flight phase ER can be abstracted as a stationary forward flight. Pilot A’s hit maps
have in common that he observed the outside environment and used the PFD to obtain
information about the flight state of the helicopter. Sometimes he also collected technical
information from, e.g., the FLI (see Figure 13c) or the fuel gauge (see Figure 13b). This
gaze behavior could also be observed for the other pilots. During real flight, the amount of
relative fixation time ITC of Pilots A, C, and D is smaller in comparison with the amount of
relative fixation time ITC during the simulator studies (compare Figure 8 and Figure 11).
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Figure 13. Hit maps of Pilot A during en-route: (a) real flight, (b) fixed-based, and (c) motion.

The fixation distribution of Pilot A according to the fixation duration of each fixation
is shown in Figure 14. The fixations of all flight phases were combined to obtain enough
fixation and were only separated according to the real flight or fixed and motion simulation.
All distributions have a bin size of 60 ms and show a highly left-shifted distribution, as it
was described by Galley et al. [25]. The modal value approximately corresponds to the
reference value by [25]. In a further analysis, all fixations were classified into short/express
(<150 ms), cognitive (150ms < t < 900ms), and long fixations (>900 ms) according to their
duration (see Figure 15). The amount of short/express fixation was lower in the simulator
than in the real flight, whereas the amount of long fixations increased from real flight to the
simulator. The amount of cognitive fixation remained similar as well as the distributions
between fixed and motion simulation.
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4.5. Pilots” Gaze Distribution at the PFD

The pilots” gaze distribution at the PFD is used to describe the pilots” information
demand according to the helicopter’s flight state. None of the pilots reported any differences
between the used helicopter types according to the gaze behavior or the information
demand. In order to derive a general information demand from the pilots” gaze behavior,
the PFD was first divided into the basic flight instruments, e.g., IAS, artificial horizon, ALT,
heading, and VSI. Afterwards, every hit map of all test series of all pilots was investigated
whether fixation accumulations occurred on the respective flight instruments, and coarsely
sorted by “many” (++), “few” (+), or “no” (o) fixations. The accumulations found must be
evaluated differently because the recording timespan of each flight phase differs, and thus,
so does the total amount of fixation. Essentially, the evaluation method was about whether
or not the pilot could have used the information from a particular instrument. Even one
fixation may be sufficient to meet the criterion “few” (+), as long as it is sufficiently well
placed on the instrument to preserve the essential information. If there is an accumulation
of at least three fixations that is also well placed, this meets the criterion “many” (++).
Figure 16 shows the hit maps of Pilot C during motion simulation for each flight phase as
an example. Pilot C needed only few to no information during LA and TA, whereas he used
IAS and ALT during AP, DE, and ER many times. He also used VSI many times during
DE and a few times during ER. Information by the heading indicator was not needed in
any flight phase. The artificial horizon was used a few times during DE and ER.
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Figure 16. Hit maps of Pilot C during motion simulation: (a) hit maps during AP and LA, (b) hit
maps during TA and DE, and (c) hit map during ER.

The results of the rated hit maps were compared between real flight and fixed-based
and motion simulation and between the different pilots. The results of Pilot A during
real flight had to be discarded because his gaze behavior ITC was very different from the
others (compare Figure 8). The fixation accumulations during real flight were often not as
pronounced as in the simulator studies and the fixation accumulations of Pilot B. Therefore,
the recorded gaze data of Pilot B were not used. However, the results of Pilots A, C, and D
were qualitatively comparable independent of real flight, fixed-based, or motion simulation.
The summarized fixation distribution is shown in Table 5. Based on this, Pilots A, C, and D
used IAS and ALT many times especially during AP, DE, and ER. Flight instruments of
less importance were the artificial horizon during all flight phases except for LA and VSI
during DE and ER. During LA and TA, the pilots used almost none of the evaluated flight
instruments. Note that the underlying data of the results in Table 5 contain the recorded
eye movements of seven test series by three different pilots and are therefore only of limited
significance. However, they provide a first approach and must necessarily be supported by
further studies.
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Table 5. Summarized fixation distribution at the PFD (++: many, +: few, o: no).

Flight Phase IAS zi\_ll‘tlfleIal ALT Heading VSI
orizon

AP ++ + ++ 0 o

LA 0 o o o o

TA + + o o o

DE ++ + ++ o +

ER ++ + ++ 0 +

4.6. Pilot Questionnaires

In addition to BWR (see Figure 6), Figure 17 presents the online questioning directly
after each flight phase during motion simulation. ISA and BWR are in good agreement,
which is also indicated by a coefficient of determination (R?) of 0.635.
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Figure 17. ISA workload during flight phases.

In a tailor-made questionnaire, the pilots rated the motion fidelity with the help of the
HMR Scale (see Figure 18). The given answers of Pilots A and C were equal to or below 3,
which indicates a motion fidelity close to real flight. Pilot B’s perception was an acceptable
motion cueing without loss of performance or disorientation. All pilots commented that
even if the motion fidelity was close or acceptable to reality, they did not expect noticeable
motion cues during some flight phases because there were no accelerations during un-
accelerated flight phases that the motion platform could reproduce. Therefore, Pilot B chose
to give a rating of 10 during DE and ER because no motion cueing was perceived.
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Figure 18. Hodge motion rating.

As the last part of the questionnaire, the pilots completed a self-assessment regarding
their gaze distribution (see Figure 19). The answers given after the fixed-based simulator
study show that the pilots were qualitatively aware of their gaze distribution because
the results corresponded to the v-shaped distribution that was measured with the eye
tracker (see Figure 11). However, the results do not show quantitative agreement. The
answers given after the motion simulator study, which was conducted later on, are neither
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qualitatively nor quantitatively consistent with the previous answers nor with the measured
gaze distributions.
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Figure 19. Gaze distribution according to Pilots’ self-assessment: (a) gaze distribution, fixed-based;
(b) gaze distribution, motion.

5. Discussion

With the results shown, a general pilot gaze behavior with a limited validity can be
derived according to the four pilots participating in the case study. This gaze behavior
can also be broken down into the investigated flight phases of the simplified mission
profile. The ratio of the relative fixation time between ITC and OTW showed a v-shaped
distribution according to the amount of relative fixation time ITC of the flight phases
AP, LA, and TA. In combination with the results of the simulator studies, this v-shaped
distribution also included DE. This result can be interpreted to be in line with earlier
simulator studies found in the literature. However, they contradict each other regarding
the gaze behavior of novice pilots. The pilot’s information demand ITC is characterized by
technical information (e.g., rotor RPM and torque) only during TA and DE and information
by the PFD during all flight phases except for LA. In more detail, the pilot’s gaze behavior
at the PFD received most of the information demand from IAS and ALT, followed by the
artificial horizon and sometimes VSI. In comparison with the task limits that have mostly
been defined by ALT and IAS, a logical connection can be made between the task definition
and the observed fixation accumulations representing the pilot’s information demand at
the PFD. The monitoring of the PFD increased during simulator studies because the pilots
were able to better focus on the task limits. Potential distractions, e.g., air traffic control
and ongoing air traffic, did not occur in the simulator.

The comparatively deviating gaze behavior of Pilot A during real flight LA and TA
must be set in the context of flight performance. Pilot A performed the maneuver much
more aggressively in comparison with Pilots C and D according to TAS. This led to an
adapted gaze behavior with a less consistent monitoring of the flight instruments ITC.
The gaze behavior of Pilots C and D during real flight LA is pilot specific as both pilots
commented to have used aircraft skid marks on the runway as a visual reference because
they offered enough details and contrast ratio in comparison with the environment. This
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gaze behavior could not be found throughout the simulator tests because skid marks were
missing on the runway. Especially, such small details are important to achieve a high
realistic, visual simulation fidelity.

No major differences could be found according to the gaze distribution between real
flight and the simulator. However, all pilots mentioned simulator deficiencies that had an
influence on their gaze behavior. The information by FLI and the fuel gauge were useless
because they had not been simulated correctly. Nevertheless, some pilots trended to look at
those flight instruments because of their normal, practiced gaze behavior according to their
comments. Therefore, the found accumulations at instruments, which did not display the
information correctly, are misleading as the pilot could not obtain the desired information.
In order to evaluate the results of a simulator study correctly, it is therefore absolutely
necessary to take the limits of the simulation into account.

The fixation classification according to their duration showed differences between
real flight and the simulator study, but not between fixed-based and motion simulation.
The information gathering and handling process was faster during real flight, which is
indicated by the larger amount of short/express fixation. This leads to the assumption that
the pilots’ information gathering process was easier during real flight than in the simulator.
The modal value of the fixation duration distribution is in line with the reference value
found in the literature. In comparison with an earlier flight test, where the modal value
was much smaller during a hover task, this metric seems to be maneuver dependent.

The gaze distribution according to the pilots’ self-assessment does not quantitatively
agree with the measured distributions. Among each other, they match neither quantitatively
nor qualitatively. However, the gaze distribution of the fixed-based simulation shows the
v-shaped distribution that was also found in the measured ITC/OTW distributions. The
differences between the two self-assessments of one pilot indicate that none of the pilots
were aware of their general gaze behavior. This result is in line with earlier simulator
studies that can be found in the literature.

6. Conclusions

This paper presents the first published results of eye tracking during a standard
mission profile, where results of a real helicopter flight were compared with the results of a
fixed-based and a motion simulator study. The recorded gaze data were complemented
by flight test data and the pilot questionnaire. Due to the small number of pilots available,
no statistical analysis was carried out, and therefore, no results with statistical significance
could be determined. The authors would like to emphasize that important findings were
nevertheless obtained in this case study, but these are to be understood as initial results
and must be substantiated by further studies.

Against this background, the following conclusions can be drawn:

*  The general pilot gaze behavior during a standard mission profile could be determined.
In general, the pilots look OTW most of the time. The time spent looking ITC decreased
from AP to LA and increased from TA to DE. Only during TA and DE did the pilots
use instruments containing technical information about the helicopter, e.g., rotor RPM
and torque. The most important information by the PFD was IAS and ALT, followed
by the artificial horizon. VSI was of less importance.

*  No differences could be found between real and simulated flight in terms of informa-
tion demand. The time spent looking ITC or OTW corresponds to the same order of
magnitude, and the used instruments ITC are similar. However, the gaze behavior
was influenced by simulator deficiencies. Thus, it is important to know the simulation
fidelity’s limits to evaluate the results correctly.

*  Further analysis of the recorded gaze data shows differences between real and sim-
ulated flight but not between a fixed-based and a motion simulator. The amount
of short/express fixations is lower in the simulator than during real flight, whereas
the amount of long fixations is larger. This indicates a more complex information
gathering and handling process of the pilots because of the simulator environment.
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e The pilots’ self-assessment confirms the mismatch between pilots’ self-awareness and
measured gaze distributions that was indicated by previous studies. Moreover, the
individual pilot’s answers differ quantitatively and qualitatively when repeated later
on. This underlines the high potential of using eye tracking devices during pilot
training to improve the pilot’s self-awareness.

*  The online conducted ISA workload rating could be validated with the tailor-made
BWR. Thus, ISA offers the potential to be used during real flight tests as a subjective
workload rating scale.

*  The results contradict those of previous studies regarding the dependence of gaze
movements on flight experience in terms of the pilot’s flight hours. The amount
of relative fixation time ITC of the participating novice pilot is by far the lowest in
comparison with the other pilots for all flight phases.

The results of the presented case study give a first insight into the helicopter pilot’s
information demand during a standard mission profile based on actual measured eye
movements. This forms the basis for using the new knowledge to improve pilot train-
ing and pilot assistance systems. However, this could only be a first step because the
underlying database is small and has to be extended by further studies to validate the
results. This case study shows that the results of a simulator study are applicable to a
real-world environment according to the pilot’s gaze distribution. However, more in-depth
metrics indicate differences between real flight and the simulator that need to be further
investigated through the application of additional metrics. For evaluation, only fixations
were used. Future studies should also consider further aspects of pilots” gaze behavior, like
saccades, smooth pursuits, and peripheral visual perception.
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Abbreviations

The following abbreviations are used in this manuscript:

ACT/FHS Active Control Technology /Flying Helicopter Simulator
AGL Above Ground Level

ALT Altitude

AOI Area of Interest

AP Approach

AVES Air Vehicle Simulator

BWR Bedford Workload Rating

DE Departure
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DLR German Aerospace Center
ER En-Route

FLI First Limit Indicator
FoV Field-of-View

HF Human Factors

HMR Hodge Motion Rating
HP Human Performance
IAS Indicated Airspeed

ISA Instant Self Assessment
ITC Inside-the-Cockpit

LA Landing

LDP Landing-Decision-Point
OTW Out-the-Window

PFD Primary Flight Display
TA Take-off

TAS True Airspeed

TDP Take-off-Decision-Point
VSI Vertical Speed Indicator
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