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In previous studies, pilots made roll reversal errors (RREs) when responding to a ‘moving-
horizon’ type attitude indicator (AI). It was argued that it was the ambiguity of this display
leading to RREs. Later, using non-pilots, it was found that RREs were in many cases caused
by expectation-induced misperception of the AI bank angle, which can arise from a pilot
experiencing spatial disorientation. The current study evaluated the role of expectation in the
control strategy of professional pilots using a hexapod simulator.

First, an effective man-in-the-loop spatial disorientation scenario was developed, based
on the ‘leans’ illusion. Here, the expectation of ten experienced and eight novice pilots was
manipulated with the simulatormotion without the AI, after which they had to turn the aircraft
back level when the AI was shown again. An error was made in 16.7% of the runs where the
bank angle on the AI was opposite to the earlier given physical motion cues, which is 2.9
times more compared to a baseline condition in which no motion, and thus no manipulated
expectation, was present. In a third condition where a motion-induced expectation of the bank
angle was present, but a level AI was shown later, no errors were made. It was also found that
experienced pilots made slightly more errors than novice pilots and that their reaction time
was on average half a second higher.

It was concluded that an initially induced expectation about the bank angle does not
directly influence the control strategy of pilots, but that it does make them more vulnerable to
misinterpretations of the AI, leading to RREs being made. This should be taken into account
when developing new displays and technologies, as it should at all times guide pilots in their
decision-making, minimizing the chance of misinterpretations.
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I. Introduction

Aviation has advanced rapidly in the use of automation over the past decades. In modern aircraft, pilots are proactive
decision-makers, their main task being to monitor that the automatic systems are operating correctly [1]. This has

led to people believing that automation has fully replaced the pilot, but in fact it has mainly been used to enhance
human capabilities [2]. In this man-machine system, pilots are still expected to take over whenever automation fails,
which reflects the irony that the more advanced a man-machine system is, the more crucial the contribution of this
human operator becomes [3]. Recent airplane accidents involving erroneous inputs from pilots have raised questions
concerning the current form of the collaboration between pilot and (automated) vehicle [4].

For example, in Kenya flight KQA507 on May 4, 2007, the problem started with confusion in using the autopilot.
During this night flight, the airplane showed to have a slight tendency to roll to the right, which was manually
counteracted by the captain. However, due to high workload and improper instrument scanning, an increasing roll to the
right was left unnoticed by the crew. Only when the bank angle aural warning sounded the pilots were informed about
the potential dangers due to this increasing bank angle. The captain’s intuitive reaction was to make an input to the right
based on the assumption that he had over-corrected the autopilot before. At this moment, the pilot expressed surprise
when referring to the attitude indicator (AI) since it now showed he was making the bank angle even steeper rather than
recovering from it. Multiple corrective roll inputs to the left and right were done, but they were all in vain. The airplane
crashed after loss of control, leaving no survivors [5].

In the Kenya flight accident, the pilot exerted a roll input opposite to the required direction, which is referred to as a
roll reversal error (RRE). It has been argued that these errors occur due to a misinterpretation of the attitude indicator,
originated in the ambiguity of the conventional ‘inside-out’ or ‘moving-horizon’ display. Here, the airplane symbol
remains fixed on the display and the horizon rotates into the opposite direction of the control inputs [6]. Considering
the design principle of the moving part, when controlling the moving part of the display, people expect it to move
in the same direction as their control input [7]. Consequently, this ambiguity might cause the operator to control
the horizon symbol as if it was the aircraft symbol, which is also known as a horizon control reversal (HCR) and
will lead to a RRE [7]. In in-flight experiments, where subjects had to recover from steep turn upsets using the AI,
non-pilots made 21.9% RREs, compared to around 4.9% of errors made by novice pilots and 1.5-4.7% by experi-
enced pilots [8–10]. Non-pilots showed a RRE incidence of 19.3% in fixed-based simulators and 15-20% when using
a motion-based simulator [11, 12]. Also here, professional pilots performed better, with a 4.5-8.7% error rate [10, 11, 13].

In all experiments mentioned above, the goal was to evaluate the ‘inside-out’ display and investigate whether
it was the ambiguity leading to the errors made. For these studies, pilots’ expectations about the bank angle were
either minimized or balanced between the conditions. A few recent studies have tested the effect of expectations on
errors. Landman et al.(2019)[14] showed in a fixed-based simulator experiment that RREs were actually in many
cases caused by an expectation-induced misperception of the AI bank angle. This expectation was manipulated with a
flying task starting with only the outside vision enabled. In a turn, this outside vision disappeared and shortly after a
moving-horizon type AI was shown. Participants had to roll the wings level using the indication on the AI. In cases
where an incongruent AI was shown, there was a 75% RRE incidence, compared to 9.8% in the baseline conditions,
where the expectation matched the information given on the attitude indicator [14]. This indicated that the expectations
induced by the outside visuals highly affected the inputs made and often outweighed the information shown on the
instrument.

In-flight, an incorrect expectation about the aircraft attitude most often has loss of attitude awareness, or more
commonly referred to as spatial disorientation, as its cause. It refers to the inability of a pilot to correctly interpret
the aircraft attitude relative to the earth, or other points of reference, and is according to accident reports one of the
major contributing factors in eventual occurrences of loss-of-control in-flight (LOC-I) [15]. Results from an in-flight
experiment with non-pilots showed an increase from 5% RREs in the baseline condition to 63% in conditions where
the expectation about the aircraft attitude, manipulated through applying vestibular cues when being blindfolded,
mismatched the AI indication shown when the blindfold could be removed [6].

An overview of the above-mentioned researches into RREs is shown in Table 1. The two studies looking into
misleading cues and expectations showed a significant effect of expectation on the occurrence of RREs. However, both
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Table 1 Overview of RRE incidence in previous research.

Objective Participants Apparatus RREs [%] Comments Research
Ambiguity
of AI

Non-pilots In-flight 21.9 Roscoe et al. (1975)

Fixed-based
simulator

19.3 Müller et al. (2018)

Motion-based
simulator

15-20 Ince et al. (1975)

Pilots In-flight 4.7 Experienced Beringer et al. (1975)
1.5 Experienced

Hasbrook et al. (1973)
4.9 Novice

Fixed-based
simulator

5.1 Beringer et al. (1975)

4.5-8.7 Müller et al. (2018)
8.3 Singer et al. (2008)

Misleading cues/
Expectation

Non-pilots In-flight 75
Expectation induced
misinterpretation Landman et al. (2019)

9.8
Baseline (solely
misinterpretation)

Fixed-based
simulator

63
Expectation induced
misinterpretation Landman et al. (2020)

5
Baseline (solely
misinterpretation)

have been performed with non-pilots. It can be argued that professional pilots receive appropriate training in both
the use of the attitude indicator as in how they should cope with spatial disorientation, not to make the same errors
as non-pilots did. A recent study by Lewkowicz et al.(2020)[16] using spatial disorientation scenarios in a motion-
based simulator found that there is no significant difference in coping with spatial disorientation flight between pilots
and non-pilots. However, from this study no effectswere reported about the influence of expectation on the control strategy.

Consequently, the main objective for this study is to investigate the role of expectation on the occurrence of RREs for
pilots specifically. Based on flight hours as the most efficient criteria to compare expertise, two groups of professional
pilots are distinguished for the experiment. Their expectation is manipulated by simulating spatial disorientation
flight in an experiment using a hexapod simulator. Although promising results in the use of a hexapod simulator to
simulate spatial disorientation flight were reported by Lewkowicz et al.(2020)[16] and Klyde et al.(2016)[17], this
type of simulator has not often been used in trying to simulate spatial disorientation flight, especially not by shaping a
pilots’ expectation through the given motion cues. Therefore, a second objective of this study became to develop a
man-in-the-loop spatial disorientation scenario for a hexapod simulator, allowing for the evaluation of the effect of
expectation on pilot performance.

II. Background Information

A. Pilot Perception
To better understand why roll reversal errors occur, the ‘conceptual model of pilot perception’ can be used, which is shown
in Figure 1. This is a simplified version of the ‘conceptualmodel of startle and surprise’ presented in a study by Landman et
al. (2017)[18]. The full model with an explanation on how it has been modified for this study can be found in Appendix A.
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Perception Fast appraisal

Slow appraisal

Actions  Stimuli

Surprise Reframing

Active frame
Inactive frames

mismatch mismatch

Event

_

Fig. 1 Conceptual model of pilot perception [18].

The bold lines in the model show the perceptual cycle model from Neisser (1976)[19], where a person perceives
stimuli, interprets those and assesses the information. Based on the data, an action or control strategy is chosen, which
again leads to new data or stimuli. There are two types of cognitive systems to organize the judgment of stimuli [20]. In
this model, these two types of appraisal are categorized as being fast or slow; fast meaning that it is done based on
intuition and involves a highly automatic reaction, whereas slow appraisal indicates reasoning which evolves into an
exploring and knowledge-based processing which takes more time and effort [21].

Furthermore, the model is based on the notion that perception of data and actions that follow are conceptualized as be-
ing guided by ‘frames’, which are mental knowledge structures that were previously learned. More precise, frames denote
an explanatory structure or concept that defines entities by describing their relationship to other entities and are created
based on previous experiences and knowledge [22]. Pilots have a number of frames based on their earlier understanding
of a situation or concept which are stored in memory [18]. The data, or in the model ‘stimuli’, identify the relevant frame
and vice versa the frame determines what data will be noticed. Consequently, as said by Beach (1997)[23], “the frame
may be in error, but until feedback or some other form of information makes the error evident, the frame is the foundation
for understanding the situation and for deciding what to do about it” (p.24). Someone might experience confusion or
surprise whenever an inadequacy or mismatch between the existing frame and the perception of relevant data is found [22].

Expectations are known to guide people to a certain frame and therefore affect the way information is interpreted
[24]. As an example, as found by Delk and Fillenbaum (1965)[25], “an object is incorrectly judged as being more
deeply red if it has the shape of a heart than if it has the shape of a square”. In this example, Bayesian decision theory
shows that people would use prior knowledge or beliefs to interpret the information given [26]. A mismatch between
what is expected and what has been observed triggers a reframing process in which a person ‘fills the gap’ and tries to
structure perceived data to come up with a plausible understanding of the situation [24].

B. Spatial Disorientation
Related to aviation, a pilots’ expectation can be shaped by experiencing spatial disorientation, which refers to the
inability to correctly interpret the aircraft attitude to the earth or other points of reference [15]. In other words, pilots are
put in a certain frame regarding the aircraft attitude based on visual or vestibular cues, which might mismatch with the
real aircraft attitude.

Bank illusions are the most prevalent form of spatial disorientation and can lead to roll reversal errors being made
[27]. A schematic illustration of one of these illusions, the ‘leans’, is shown in Figure 2. Like most spatial illusions, it
happens in the absence of outside visual cues or with false outside visual cues (such as a sloping terrain interpreted as
level, or a sloping cloud field) in combination with insufficient instrument scanning. Subfigure 2.1 shows an airplane in
level flight seen from behind with a pilot perceiving the correct attitude relative to the earth (indicated by the red dotted
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Horizon

Horizon

Perceived aircraft 
attitude - relative 
to the earth

1. 2.

3. 4.Fast roll

!

2.

4.

Slow roll

?

Perceived aircraft 
attitude - relative 
to the earth

Slow roll

Fast roll

Fig. 2 Illustrating the leans illusion, in four phases.

line). In Subfigure 2.2, the airplane makes a slow turn to the right. The high-frequency dynamics of the semi-circular
canal cause for low roll rates or prolonged rolling motions not to be detected, leaving the pilot to believe the aircraft
is still flying straight [28]. Followed by a suprathreshold correction, as shown in Subfigure 2.3, the pilot will be left
with the illusion of turning to the opposite direction as illustrated in Subfigure 2.4 [29]. This disorientation illusion is
referred to as the ‘leans’ because the pilot feels compelled to lean using the perceived vertical plane after the abrupt
correction as a reference. A control input done to counteract this turning sensation will not give the result the pilot
expects, leading to an erroneous input or RRE [6, 13].

The wrong expectation of the aircraft attitude due to the leans illusion can increase the probability that the attitude
indicator would be misinterpreted when being in a banked angle, as this expectation now coincides with the horizon
indication as illustrated in Figure 3. The airplane on the left (seen from behind) indicates the aircraft attitude as perceived
in Subfigure 2.4. When referring to the AI showing the actual aircraft attitude, the pilot might read it to believe that the
information matches, leading to a horizon control reversal.

10

10

10

10

20

20

20

20

(a) Perceived attitude (left turn) (b) Indicated attitude (right turn)

Fig. 3 Situation in which a horizon control reversal can be made. The perceived aircraft attitude (a) is seen
from behind and is opposite to the real orientation shown (b).
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The objective of the study presented in this paper is to evaluate pilots’ responses and see whether the control strategy
is guided by expectations. These expectations are manipulated by simulating motion-induced disorientation based on
the ‘leans’ cues as they occur in real flight.

III. Method

A. Participants
A total of eighteen professional airline pilots participated in the experiment, which were all familiar with flying medium-
to large-sized aircraft using a control column. The experiment was approved by the research ethics review board of the
university and informed consent was obtained from each participant.

To evaluate the influence of experience on making a RRE, two groups were compared. The first group was labeled
‘experienced pilots’, as all had more than 10,000 flight hours, from which most in airplanes using a control column. The
other group were the ‘novice pilots’, who all had 5,000 or less flight hours. More information about the pilots and their
experience can be found in Table 2 and 3, and in Figure 4. A more detailed description is given in Appendix B.

Table 2 Participant information for the two
groups: gender and rank.

Experienced Novice
(No.) (No.)

Gender, female 0 1
Gender, male 10 7
Rank, captain 9 0
Rank, first officer 1 4
Rank, second officer 0 4

Table 3 Participant information for the two groups:
flight hours, years employed and age.

Experienced Novice
Mean (SD) Mean (SD)

Flight hours (hrs) 16,989 (3,213) 2,300 (1,930)
Years employed (yrs) 30.4 (5.6) 4.0 (3.7)
Age (yrs) 55.3 (6.4) 28.8 (7.1)
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Fig. 4 Flight experience of the participants in years and flight hours.

B. Apparatus
The experiment was conducted in the Simona Research Simulator (SRS) at the Faculty of Aerospace Engineering of TU
Delft. The SRS, shown in Figure 5, is a six-degrees-of-freedom full-motion simulator with a hydraulic hexapod motion
system which can realize accelerations below human vestibular perception [30]. The pilot was seated in the left hand
seat of the cockpit in front of a collimated 180 degrees horizontal by 40 degrees vertical field of view (FOV) screen.
The images were rendered by FlightGear software and projected with the use of high-resolution computer generated
images using three DLP projectors.
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The aircraft flight dynamics model that was used in the simulation resembles that of an A320 since these flight
dynamics correspond most with the airplane in which the participants have experience [31]. Participants were able to
control only roll whenever an input was desired using a control-loaded hydraulic column. Throttle was controlled by the
autopilot during the entire flight, which resulted in a speed around 230 knots and altitude of 10,000 feet. The only
instrument provided was a simplified digital Primary Flight Display (PFD), showing the attitude indication, speed and
altitude as can be seen in Figure 6.

Fig. 5 Simona Research Simulator. Fig. 6 The simplified PFD.

C. Tasks
During most of the experiment, the autopilot was controlling the aircraft. The primary task of the pilot was to monitor the
aircraft attitude and make sure it remained in level flight. At times, the outside visuals and AI would disappear, and conse-
quently the pilot could only usemotion cues as a reference. Shortly after the autopilot off alarm sounded, the AIwas shown
again, from which the pilots had to turn the aircraft back level manually, if needed. To elicit an intuitive and fast response,
they were told that the objective of this study was to look into the immediate reaction of pilots after a period of inatten-
tion or a period with high workload and therefore that their reaction time after the AI was shown again would be measured.

Also, during the entire experiment, a secondary task was performed. This was a Multi Attribute Test Battery (or
MATB) task, which is a computer-based task designed to evaluate operator performance and workload. MATB provides
a benchmark set of tasks comparable to activities that aircraft crew-members perform during a flight and requires the
simultaneous performance of monitoring and dynamic resource management [32]. A full description of the task is
given in Appendix C.

D. Experiment Runs
The experiment runs all consisted of two phases. ‘Phase 1’, the ‘motion setup’, entailed the motion cues given to the
pilots, manipulating the expectation about the aircraft attitude. ‘Phase 2’, which immediately follow Phase 1, was the
‘input phase’, in which the autopilot was switched off and the pilot had to respond to the AI shown to turn the aircraft
back level. Both phases are explained in more detail below.

Phase 1: The Motion Setup
Figures 7 and 8 illustrate the two motion scenarios used for the experiment. The left two columns show the simulator
with outside visuals and the AI, respectively. The black aircraft symbol, in the third column, represents the aircraft
model running in the simulation. The red aircraft symbol, in the fourth column, shows the intended expectation of the
pilot due to the motion given. The indication on the AI followed the airplane model as they are linked throughout the
entire simulation. The grey airplane symbol shows that here the attitude of the aircraft model could be adjusted without
the pilot getting notice of the changed angle. This is further explained in the following paragraphs.
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Fig. 7 The ‘motion’ scenario used to manipulate
the expectation.

Fig. 8 The ‘no-motion’ scenario used as a base-
line condition.

The ‘Motion’ Scenario
The ‘motion’ scenario was developed based on the ‘leans’ cues and had to elicit a motion-induced expectation
regarding the bank angle. This scenario had to provide a fast cue to the participants, leading to the perception of
being in a turn. Also, after this cue, the simulator was preferably upright, since the pilot had to give a response
while still being in the ‘frame’ of perceiving a banked angle. Consequently, the challenge in creating this sce-
nario originated from the fact that ground-based hexapod flight simulators cannot create the sensation of being in
a coordinated turn with a tilted simulator cab, since this tilt can easily be noticed by the pilot. Therefore, for the
scenario to have the desired effect, a combination had to be found between a masked tilt angle for pre-positioning
and afterwards a fast cue, which would be sufficiently noticeable for making the participants perceive a banked angle.
The scenario consisted of four steps, which are indicated on the vertical axis in Figure 7 and are elaborated upon hereafter.

1) The autopilot controlled the aircraft and the outside visuals showed a slightly cloudy day, but with a visible
horizon. The pilot had to monitor the aircraft attitude while performing a secondary task on a touchscreen
provided on the right hand side. This distraction could lead to a phenomenon called ‘inattentional blindness’,
which is defined as “the very strong tendency to fail to notice prominent environmental changes if they are not
directly noticeable at the time that the change occurs” (p.5) [33].

2) With the autopilot still flying and the pilot continuing the secondary task, the simulator cab was tilted to 3.5°
(0.06 rad) in 60 seconds (either to the left or right). This led to a roll acceleration of 1.696·10−5 rad/s2 and
angular velocity of 0.001 rad/s, both well under the human perception thresholds of 0.0349 rad/s2 and 0.002
rad/s, respectively [30, 34].

Meanwhile, the visuals and AI remained indicating level flight. Figure 9 illustrates the concept of ‘visual
dominance’ which was used here. It shows that cues from the visual environment are used to determine
what will be perceived despite the presence of (potentially strong) proprioceptive or vestibular cues [35].
Also, in our experiment, pilots were already leaning slightly to the right hand side in order to reach for the
secondary task. Hence, pilots could interpret the information given by the proprioceptive system regarding
the tilt of the simulator as being a result of the slightly odd position inwhich the secondary task had to be performed.

To hide the sounds of the hydraulic pumps when setting up this bank angle, noise cancelling headphones were
used through which a constant aircraft engine noise was played. Also, a continuous light turbulence was added
only on the vertical z-axis of the simulator throughout the whole experiment. This helped in further masking the
sounds andmight also have had a small effect inmasking the simulator tilt as the cabwas already constantlymoving.
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3) The outside visual turned black, simulating loss of outside visibility. A few seconds later, the PFD was switched
off to simulate operator’s inattention, forcing him or her to rely only on the vestibular and proprioceptive system
to sense the aircraft’s attitude.

These conditions were held for 30 seconds based on the results of a previous study. Here, it was observed that
prolonged tilt attributed to adaptation of the proprioceptive system [36]. After maintaining a tilted position
for more or less 30 seconds to one side, subjects experienced an overshoot to the other side when the chair
was turned upright again. Figure 10 illustrates this phenomenon, where the grey simulation position is the ini-
tial one which was held for 30 seconds and the simulator is eventually turned quickly to the upright (black) position.

In this 30 seconds, the aircraft model roll rate and acceleration were disconnected from the motion system.
Consequently, since the pilot was also watching two black screens, the aircraft model could be turned to any
desired bank angle without the pilot noticing it.

4) The autopilot disconnect alarm sounded, directing the pilot’s attention to the motion of the simulator. One
second later, the simulator was turned back to upright position in two seconds (corresponding with a roll rate of
1.75 deg/s or 0.03 rad/s). As the pilot believed the aircraft was still flying wings level before, this high roll rate
would give the sensation of an initiated turn to the other side. One second later, Phase 2 started.

Fig. 9 The concept of visual dominance. Fig. 10 The concept of adaptation.

The ‘No-Motion’ Scenario
The ‘no-motion’ scenario, shown in Figure 8, was used as a condition in which the pilots’ expectation would not be
influenced by the motion. The three steps, as shown on the vertical axis in the figure, are shortly elaborated on below.

1) The first step was the same as in the ‘motion’ scenario. Only here, these conditions were held for 60 seconds.
Where in the ‘motion’ scenario that time was used to slowly tilt the simulator cab, now the simulator stayed in
the upright position.

2) This step is similar to the third step from the ‘motion’ scenario, in that the outside visuals disappeared first, after
which also the PFD turned black. This step lasted 30 seconds so that the two scenarios took the same amount of
time.

3) After the autopilot off alarm sounded, also no motion cues were given, resulting in no motion-induced expectation
for the pilot. One second later, Phase 2 started.
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Phase 2: The Input Phase
Figure 11 shows the attitude indications given to the participants in Phase 2, resulting in five different conditions (which
could be given both to the left and right). The left-most columns refer to the motion setup from Phase 1 with the
intended pilot’s perception about the bank angle shown. In the middle columns, the AI to which the participants had to
respond in Phase 2 are shown. All turns showed a bank angle of 30° from which the pilot had to recover. This was
chosen as such since a bank angle below 30° was not considered a severe situation. The right-most column in the figure
shows the real-life in-flight situation that is simulated by the subsequent scenario.

Fig. 11 The five conditions (test conditions shown in bold) with a schematic representation of the real-life
situation it is simulating. The aircraft is seen from behind in all figures.

In the two matching conditions, ‘motion-matching’ and ‘no-motion-matching’, the AI shown at the point where the
participants needed to give an input matched the expectations created in the subject by the motion in Phase 1. Those
conditions were used as ‘filler runs’ to remove any learning effect or anticipation for mismatching cues and for the
participants to gain trust in the motion of the simulator.

The other three conditions were the test conditions used in the experiment. First, the ‘no-motion-turn’ condition
corresponded to a situation in which the aircraft had rolled with a subthreshold motion to the angle of 30°. Since no
rolling motion cues were used, the participant’s expectation about the attitude was consequently not affected. Therefore,
this condition could be used as a baseline condition for evaluating the effects of a manipulated expectation. A RRE made
would then point to a misinterpretation of the attitude indicator without the influence of expectation. The setup of this
scenario was similar to previous studies evaluating the ambiguity of the AI in that no motion cues and a moving-horizon
type AI were used [9–11, 13].

The ‘motion-level’ condition mimicked a flight in which the aircraft had rolled to a certain bank angle with a
subthreshold motion and then quickly rolled back to level flight. Here, the AI was not meant to trigger a misinterpretation
of the instrument, meaning that any input given by the pilot could be an indication that he or she was being guided only
by the motion cues, instead of the information on the visual display.

10



Similar to the ‘motion-level’ condition, the ‘motion-opposite’ condition also showed an incongruent AI indication
when comparing it to the earlier given motion cues, except that for this condition the simulated situation was that of an
airplane having slowly rolled to an excessive angle (> 30°) from which it then rolled quickly back to 30°. The AI then
indicated that the airplane had not turned level yet and that an input was desired in the same direction as the preceding
motion cue. A RRE being made in this condition could refer to an expectation-induced misinterpretation of the attitude
indicator.

E. Experiment Design
The conditions were given in two sets of eighteen runs, given back to back, with a short break between the two sets.
Every set consisted of six test runs (each test condition twice) and twelve filler runs (twice the ‘no-motion-matching’
condition and ten times the ‘motion-matching’ condition). All conditions including motion or a turn were given an
equal number of times to the left and right. Each set started with six filler runs after which the filler and test conditions
were balanced in the same order for every participant. A Latin Square Design was used in the experimental design to
minimize the systematic correlation between any of the conditions.

The secondary task had two event sequences. All participants received both versions divided over the two sets of
runs. The order of those two sequences changed for each participant to eliminate potential effects of one secondary
task sequence being more demanding than the other. Also, a free practice flight of approximately three minutes to get
familiar with the simulator motion and two practice runs in which the participant could get familiar with the primary
and secondary task were given prior to the experiment. The experiment design is illustrated in Figure 12.

Break

Filler condition
Test condition

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36Run number

‘Secondary task events 1’ or ‘Secondary task events 2’ ‘Secondary task events 2’ or ‘Secondary task events 1’

Practice condition

p1 p2
free flight

Free flight
*

* ‘Secondary task practice events’

Fig. 12 Illustrating the experiment design used for each participant.

F. Dependent Measures
The outcomes were compared between the ‘no-motion-turn’ (as baseline), ‘motion-level’, and ‘motion-opposite’
conditions. Even though the matching conditions could not be used in the analysis, the results are still shown as they
gave a more complete view of the results. The following variables were taken as dependent measures for the experiment.

Error Rate - The direction of the first input done after the AI was shown indicated if a RRE (or undesired input) was
made. This could be due to wrong expectation in combination or not with a horizon control reversal.

Error Severity - When an error was made, the maximum bank angle deviating from level flight was measured. This
gave an overview of how severe the errors were, which could be used in further analysing the effect of expectation on the
control strategy.

Reaction Time - From the moment after the autopilot switched off and the AI was shown again, the reaction time
to the first input (|column deflection rate| > 0) done was measured. A comparison of reaction times between the test
conditions could point to a pilot who needed to think twice, or ‘re-frame’, when referring to the attitude indication, even
when no error was made.

Subjective Workload - The subjective workload assessment was done with the NASA Task Load Index (TLX)
deriving an overall workload score based on a weighted average of the ratings of mental demand, physical demand,
temporal demand, performance, effort and frustration [37].
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G. Data Analysis
The aircraft state, pilot inputs and simulator motion data from the SRS were processed using custom MathWorks
MATLAB scripts from which the error rate, severity and reaction time could be computed. Various analyses were
performed using these data, which are stated below.

Error Threshold - Not all pilot inputs done to the other side than required could be called a roll reversal error because
also a small input could be made without any intention to change the aircraft attitude accordingly. Hence, looking at the
error rate and error severity, a threshold was determined after which an erroneous input could be called a RRE.

Learning Effect - The expectation of the participants was influenced in such a way that the attention was drawn away
from the slow tilt and amplified when the fast motion cue occurred in Phase 1 of the experimental runs. A comparison
was made between the first experimental runs and the ones following after based on the number of errors made and the
severity of those errors to see whether a learning effect was present.

Distraction - Analyzing the amount of inputs done in the secondary task together with the workload rating gave an
indication on how distracted pilots were by performing the secondary task.

Statistical Analysis - Statistical analysis was performed using IBM SPSS software. In the case of non-parametric data,
as for the error rates, the Generalized Estimating Equations were used allowing for analysis of repeated measurements.
Reaction times were processed using a factorial ANOVA after normality and equality of variances was proven, using the
Kolmogorov-Smirnov and Levene’s test, respectively.

Differences in error rate between the repetitions of the test conditions was tested with Cochran’s Q test, which helped
identifying a significant learning effect. The Wilcoxon signed-rank test with a Bonferroni correction was then performed
for pairwise comparison between the repetitions. To check for significance in error severity between the groups, a
non-parametric Kruskal-Wallis test was used. A learning effect regarding error severity for the ‘motion-opposite’
condition was tested using the non-parametric Friedman’s ANOVA. Lastly, a one-way ANOVA was performed to
identify differences in the secondary task rating.

H. Hypotheses
Looking at the error rate, it was expected that some errors were made in the baseline ‘no-motion-turn’ condition, similar
to previous studies evaluating the ambiguity of the moving-horizon type display [9–11, 13]. For the ‘motion-level’
condition it was hypothesized that professional pilots would not just act on the motion-induced expectation without
scanning the instrument first. Their training and experience with the AI would result in a quick conclusion that
no input was needed, resulting in a minimum or no errors made. The ‘motion-opposite’ condition facilitated the
expectation-induced misinterpretation of the AI and therefore more errors were expected to be made in this condition
when comparing it to the baseline. To summarize, it was hypothesized that an expectation about the bank angle would
not directly influence the control strategy of pilots, but it would make them more vulnerable to misinterpretations of the
AI, leading to more RREs being made.

The inputs made by the participant automatically gave feedback on their chosen control strategy, as they would know
it was correct or incorrect. Consequently, after the first test run (and perhaps first error made) a pilot might have made
sense of what was happening during the experiment. Therefore, for both the error rate and error severity, a learning
effect was expected to be found in each of the conditions given. This means that the most and most severe errors would
be made in these first repetitions of these conditions.

Both the experienced and novice group of pilots received different training, from which the training of novice pilots
was more focused on Upset Prevention and Recovery Training [38]. This could result in this group making less and less
severe errors than the experienced pilots, as their intuitive reaction in upset situations is well-trained. On the other
hand, pilots with more flight hours have more hands-on flying skills and are more experienced in using the AI, which
could result in them being less vulnerable to misinterpretations. Consequently, no statement was made regarding the
differences in error rate or severity between the experienced and novice group of pilots.
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Regarding the reaction time, no significant differences between runs or conditions were expected to be found since it
would be dependent on many factors (e.g., inattention, distrust, overconfidence, general control strategy). Between the
groups it was hypothesized that experienced pilots would respond slightly slower than novice pilots since the group of
experienced pilots also consisted of older participants and reflexes are known to slow with age [39].

Lastly, between the two groups also no significant difference in workload rating based on the NASA TLX workload
assessment was expected, nor between pilots who made and pilots who did not make errors. However, it was expected
that the workload rating would indicate that the secondary task was sufficiently distracting.

IV. Results
A. Example Run
Figure 13 shows the time history for two subsequent runs from one of the participants. Both scenarios provided this
pilot with the same motion cues, as can be seen from the dashed red line indicating the simulator’s specific force
( fy). The black dot indicates the moment the ‘autopilot off alarm’ sounded and the black dotted vertical line shows
the moment at which the PFD was shown again. The first condition was a ‘motion-matching’ condition. From the
thick blue line (φ) it can be seen that the aircraft was rolled level in one smooth motion. The second condition was a
‘motion-opposite’ condition and therefore showed a PFD that was not matching the direction of the motion. Here, the
participant mistakenly responded by increasing the bank angle up to 41° before turning the wings back level, which is a
typical example of a pilot making a RRE in our experiment.

Fig. 13 Example of a ‘motion-matching’ run followed by a ‘motion-opposite’ run where a roll reversal error
was made. All direction indications are seen from behind.

B. Error Rate
An input was considered erroneous when the bank angle error exceeded 1.5° and the column deflection exceeded 2.5°.
Appendix D elaborates further on how this combined threshold was determined.

Table 4 lists an overview of the roll reversal errors made, which are illustrated in Figure 14. It can be observed
that the error rate in the ‘motion-opposite’ condition was higher compared to the baseline ‘no-motion-turn’ condition.
In the ‘motion-level’ condition, no errors were made at all. Also, from Figure 15, showing the error rates for the two
groups, it can be noted that the group of experienced pilots made slightly more errors in almost all conditions. The only
error in the ‘no-motion-matching’ condition was made by a novice pilot. An overview of all conditions given to the
participants with an indication of the errors made can be found in Figure 16. From this figure it can be observed that six
out of eighteen of the participants (33.3%) made a RRE in the first ‘motion-opposite’ condition, which was considered
beforehand as the best representation for the leans illusion as it is experienced in real flight since it involved the most
surprising effect. In total, the errorsweremade by twelve participants, fromwhich eight experienced and four novice pilots.
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Table 4 Amount of errors made, shown in number and percentage.

motion- no-motion- no-motion- motion- motion-
matching matching turn level opposite

Total runs (No.) 360 71 70 71 72
Errors (No.) 8 1 4 0 12
Errors [%] 2.2 1.4 5.7 0.0 16.7

The Generalized Estimating Equations procedure, allowing for statistical analysis of repeated measurements, showed
no significant effect on the error rates between the two groups and also no significant interaction effect between the
conditions and groups. There was a significant effect of condition on error, χ2(1,18) = 4.535, p = 0.033. The number of
errors made in the ‘motion-opposite’ condition were significantly higher compared to both the ‘motion-level’ scenario,
Z = -2.972, p = 0.003, and the ‘no-motion-turn’ scenario, Z = -2.309, p = 0.021. No significant effect was found between
the two latter scenarios, Z = -1.633, p = 0.102.
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Fig. 14 The mean error rates for all five conditions for all pilots.
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Fig. 16 Order of conditions given to the participants, with all RREs indicated. The four white coloured runs
were not executed, and therefore no data is available for those runs.

C. Error Severity
The box plots in Figure 17 show the maximum error made in degrees of bank angle for all scenarios divided over the
two groups. The numbers between the parentheses on top of the box plots show the number of RREs. The crosses
to the left of the box plots show the individual data points. From the ‘motion-matching’ and ‘motion-opposite’ plots
it can be found that experienced pilots deviated more from the intended flight path than novice pilots. Only for the
‘no-motion-turn’ scenarios this observation is not consistent, but it should be noted that there was only one data point
available for the novice pilots in this scenario.
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Fig. 17 Effects of experience on error severity for three of the conditions.

Using the non-parametric Kruskal-Wallis test, it was found that there was no significant difference in error severity
between the groups for the ‘motion-opposite’ condition, χ2(1) = 0.7, p = 0.403. This test was not performed for the
‘no-motion-turn’ condition since there were not enough data points to draw a conclusion. The ‘motion-matching’
condition is only shown as a reference, but was not a test condition, and is therefore not further analysed.
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D. Reaction Time
When looking at the average reaction times for each condition, as shown in Figure 18, it can be observed that the
differences between conditions within both groups are small. For the conditions involving a banked angle of 30° from
which the pilots had to recover, the reaction times did differ between the groups. The mean reaction time and standard
deviation for each condition are shown for the experienced and novice group of pilots in Table 5. When looking at the
average reaction time over all runs, it can be observed that the experienced pilots responded approximately half a second
later than the novice pilots.
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Fig. 18 Average reaction time per participant for each condition.

Table 5 Mean reaction times for the two groups.

motion- no-motion- no-motion- motion- motion-
matching matching turn level opposite all runs

N Reaction Time - Mean (SD)
Experienced pilots 10 2.28 (0.32) n.a. 2.12 (0.28) n.a. 2.05 (0.28) 2.29 (0.37)
Novice pilots 8 1.70 (0.32) n.a. 1.69 (0.28) 0.17 (-) 1.71 (0.32) 1.75 (0.30)

Using the Kolmogorov-Smirnov and Levene’s test, it was found that the total reaction times for both the novice
group, D(8) = 0.21, p = 0.2, and for the experienced group, D(10) = 0.25, p = 0.08, were normally distributed and that
the variances of the two groups were equal, F (1,16) = 2.32, p = 0.15. Consequently, a factorial ANOVA analysis was
performed, showing that the difference between the reaction times of the two groups was significant, F(1,32) = 31,68, p
< .05. There was no significant difference in reaction time between the ‘no-motion-turn’ and ‘motion-opposite’ scenario,
F(1,32) = 0.002, p = 0.962.

E. Learning Effect
A large number of errors made was either in the first (6 out of 18 participants) or second (4 out of 18 participants)
occurrence of the ‘no-motion-turn’ or ‘motion-opposite’ conditions, as shown in Figure 19. Moreover, even though
during the break one was instructed not to talk or discuss about the experiment, eight out of the eighteen pilots were
thinking out loud, expressing suspicion about the simulator motion in some of the runs. During the de-briefing after the
experiment twelve pilots indicated that their control strategy changed after the break, such that they would ‘rely more on
the instrument’ while trying to eliminate the perception of the simulator motion.

Figure 20 shows the error severity for the ‘motion-opposite’ condition, split over the first three repetitions of the
condition (no errors were made in the last repetition). From this plot, it can be observed that the errors made in the first
‘motion-opposite’ run also led to larger deviations compared to those in later repetitions of this condition.
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Fig. 19 The mean error rates for the three test
conditions, divided over the four repeti-
tions. Error percentages are calculated
over the number of participants.
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Fig. 20 Error severity for the ‘motion-opposite’
condition shown for the first three rep-
etitions. Error severity for the ‘motion-
opposite’ condition shown for the first
three repetitions.

Using a Cochran’s Q test, it was found that the error rate did not significantly change between the four repetitions of
the ‘no-motion-turn’ condition, χ2(3) = 2.4, p = 0.875. For the ‘motion-opposite’ condition, there was a significant
change, χ2(3) = 9.41, p = 0.024. A Wilcoxon signed-rank test with a Bonferroni correction was used to make a pairwise
comparison between the repetitions. It showed that there were no significant changes between the first two repetitions, T
= 13.5, p = 0.48, nor between the second and third repetitions, T = 3.0, p = 0.18, nor between the third and final, T =
0.0, p = 0.32. Only when comparing the number of errors made before the break (first two repetitions) and after the
break (last two repetitions), a significant difference was found, Z = -2.31, p = 0.021. Using a Friedman’s ANOVA, no
significant differences were found between the first three repetitions when focusing on the error severity, χ2(3) = 5.10, p
= 0.078. The fourth repetition was left out of this analysis, since here no error was made.

F. Distraction
Figure 21, showing the TLX workload rating, indicates that the experienced pilots rated their workload higher than the
group with novice pilots. Also, the pilots who made at least one error rated their workload to be slightly higher than
those who did not. Also, pilots seemed sufficiently distracted by the secondary task, since the average workload rating
for both groups lays around the middle.

A one-way ANOVA showed that the differences between the experienced and novice pilots, or between the pilots
who made an error and those who did not, were not significant, with F = 3.076, p = 0.099, and F = 2.244, p = 0.154,
respectively. An overview of the amount of inputs done by all participants, together with the full workload rating, can be
found in Appendix E.
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Fig. 21 Weighted subjective workload for different groups.
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V. Discussion
The experiment design led the participants to have an intuitive reactionwhen responding to theAI. AsBainbridge(1983)[3]
wrote, “the operator who has to do something quickly can only do so on the basis of minimum information, he will not
be able to make decisions based on a wide knowledge of the plant” (p.776). It was already shown in both a fixed-base
simulator and in-flight experiment that, in those situations, an expectation about the bank angle influences how the
information on the AI is interpreted for non-pilots [6, 14]. The difference between the 16.7% of RREs made in the
‘motion-opposite’ scenario to 5.7% in the ‘no-motion-turn’ scenario in the current study, shows that also professional
pilots tend to misinterpret the AI due to expectations created by the motion.

The 5.7% error rate from the baseline condition corresponds well with the 4.5-8.7% error rate in an experiment
done using a motion-based simulator evaluating the ambiguity of the display by Müller (2018)[11], where also the
expectations about the bank angle were tried to be minimized. Errors made in this condition suggest that the pilot
was confusing the horizon symbol with the aircraft symbol, meaning that the occurrence of these errors reflect the
ambiguity of the indicator. The observation that no errors were made in the ‘motion-level’ condition suggests that
the errors made during the ‘motion-opposite’ scenarios were also due to a misinterpretation of the attitude indicator.
The increase with a factor 2.9 between the ‘motion-opposite’ and baseline condition shows a significant influence of
expectation in making a horizon control reversal (i.e., reading the horizon as being the aircraft). The results from this
study therefore show that expectation shapes the way information is being interpreted when using an intuitive reaction.
Consequently, the hypothesis regarding error rate can be accepted, that is, whereas an expectation about the bank angle
does not directly influence the control strategy of pilots, it does make themmore vulnerable tomisinterpretations of the AI.

As expected, most errors were found in the first repetition of the ‘motion-opposite’ condition. Up to 33.3% of the
pilots made a RRE the first time the condition was presented, which were on average also more severe compared to
later repetitions. This shows that pilots quickly learned to change their control strategy after the first test condition.
Consequently, it was found that pilots still could be better prepared for unexpected and surprising situations. Results
from a study by Landman et al.(2018) [40] show that training could be offered in a more unpredictable and variable way,
as this improves transfer of training to unexpected situations.

The average reaction time showed to be significantly higher for the experienced pilots compared to the novice pilots.
It should be noted that the pilots were told that the experiment looked into how fast they could respond after a moment of
inattentiveness or when experiencing high workload. Therefore, this could either point to better reflexes of novice (and
also younger) pilots, or to the ‘older’ generation being less ‘trigger-happy’. It can also mean that experienced pilots are a
bit calmer in their control strategy as they have experienced spatial illusions or airplane upsets more often (in-flight and in
simulator training), and therefore are more confident when using the AI in these situations. This lays in line with a conclu-
sion drawn from a study of Hasbrook et al.(1973)[9] saying that “experienced pilots subjectively were more ‘at ease’ with
the moving horizon instrument” (p.2). From an operational perspective the difference might originate from the different
types of training the pilots received. The younger generation had a more extensive training in how to handle recovery from
airplane upsets and might therefore be more confident in using an intuitive response. The experienced pilots were told
to have a moment of rest before responding, although this was more in general than specifically for recovering from upsets.

The man-in-the-loop spatial disorientation scenario designed for a hexapod simulator was effective in that it
successfully shaped the expectation of pilots regarding the bank angle. Even though it was based on the true ‘leans’ cues,
it does not exactly simulate this illusion as it will happen in real flight. However, in the de-briefing of the experiment,
one pilot did indicate that he had recently experienced the ‘leans’ and that this sensation was very similar to what
he experienced in the simulator. Another pilot indicated that he did not actively notice the motion cues and that his
expectation was not necessarily changed by it. It was, however, quite noticeable that this same pilot did make two RREs,
exactly in the two ‘motion-opposite’ conditions given before the break. This could indicate that the scenario did put him
in a certain frame regarding the bank angle.

This study was designed to examine the influence of expectation on a pilot’s control strategy. In the experiment
design also some limitations were involved, which should be considered when interpreting the results or which could
be a good framework for future research. First of all, the pilots had to recover from the same bank angle for many
repetitions. In the first ‘motion-opposite’ run, surprise still may have been a present factor which could have affected the
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response. Later, these effects decreased as a possible ‘mismatch’ was expected. Also, pilots had to recover from static
bank angles only. As mentioned by Landman et al.(2020)[6], “situations in which a pilot attempts to correct a roll
motion away from level might be more hazardous”(p.13). As this also adds a time restriction, it might induce acute
stress, which has been found to particularly impair slow appraisal and reframing as these processes are relatively more
analytical [18]. Furthermore, for this study only roll inputs could be made in order to control the measurements in
such a way that they could be used for the evaluation of the effect of expectation. Care should be taken when using
the results as a general performance measure for pilots in recovering from bank angles since for this experiment the
normal recovery protocols could not be executed. Lastly, it was found that all first repetitions of the ‘motion-opposite’
scenario in this study provided the pilots with a motion cue in the same direction as the ‘motion-matching’ run given
just before, but now with a different AI shown in the second phase. The run given before a test condition might have
affected the frame of the pilot, which could have attributed to the extensive amount of RREs made in the first repetition
of the ‘motion-opposite’ condition.

VI. Conclusion
The spatial disorientation scenario developed for a hexapod simulator was successful, in that it led a large proportion
of both novice as experienced pilots to have a wrong sensation about the bank angle, resulting in errors being made.
Also, some of the participants indicated that the sensation was similar to experiencing spatial disorientation in-flight.
Consequently, the scenario could be used in training and further research into the effects of expectation or spatial
disorientation in general.

Furthermore, the first time the incongruent motion cues were given was the most representative for real in-flight
spatial disorientation, as here the ‘surprise’ effect was still the most salient. In later repetitions, a clear learning effect
was found. Results of the experiment suggest that having a wrong expectation about the aircraft attitude makes pilots
more vulnerable to misinterpretations of the AI. The possibility of developing a (wrong) expectation is a common human
factor that can not be completely eliminated. Therefore, automation and technologies used by pilots should be developed
in such a way that they guide pilots in their decision-making strategy, minimizing the chances of misinterpretations.

For future research it would be recommended to incorporate the full recovery scenarios into an experiment looking
into expectation, as those recovery strategies might be more intuitive for pilots.
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A
Conceptual Model of Startle and Surprise

The paper from Landman (2017)[18], ’Dealing With Unexpected Events on the Flight Deck: A Conceptual
Model of Startle and Surprise’, aimed to conceptualize startle and surprise responses to understand the po-
tential incapacitating effects during unexpected events.

For the model, startle was defined as “the initial short-term, involuntary physiological and cognitive reaction to
an unexpected event that commence the normal human stress response”. The startle response will mostly arise
due to sudden exposure to an intense stimulation, such as a flash of light or a sudden loud sound that gener-
ates a physiological reflex with an emotional response. Notice that also the first reaction to the realization of
spatial disorientation can evoke a startle response. Surprise is defined as a cognitive-emotional response to
something unexpected, which results from a mismatch between one’s mental expectations and perceptions of
one’s environment.

The current study looked into the pilot’s response to an information mismatch due to wrong expectations in
spatial disorientation flight. The intensity of the stimuli was not amplified to elicit a startling response, nor
did the task involve a (persisting) threat potentially leading to an increased stress level. Some startling effects
or stress responses might have been present, but they were not shown in the reduced version of the model, as
they were not taken into account in the analysis of the actions following the mismatch.

Figure A.1: Full conceptual model of startle and surprise as directly copied from Landman (2017). Solid lines indicate sequenced events.
Dashed lines indicate potential influences, with plus signs indicating an increasing effect and minus signs indicating an

impairing effect. Double lines indicate thresholds [18].
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B
Participant Information

Participant
number

Sleep in
last 24h

Experience Position Extra experience

[hrs] [yrs] [hrs]
Experienced pilots

12 16 22 11000 Captain Instructor

16 11 23 12500 First officer
Glider, instructor,
Tiger Moth

9 10 25 15000 Captain
Aerobatics, instructor,
Flight testing, tow, glider

17 15 35 16990 Captain
Glider, aerobatics,
instructor

13 14 27 17400 Captain
Aerobatics, military,
instructor, taildragger

8 15 36 18000 Retired Instructor
4 14 34 19000 Captain Glider, instructor
7 14 31 19500 Retired Glider
6 16 36 20000 Captain Instructor

11 15 35 20500 Retired
Test pilot after heavy
maintenance

Novice pilots

18 16 0.08 50 Second officer
Upset Prevention and
Recovery Training (5hrs)

14 15 0.14 500 Second officer -

2 15 1.5 750 Second officer
Glider, glider-aerobatics,
upset recovery single engine

5 12 1.5 950 Second officer Glider
3 15 10 5000 First officer Glider
1 14 5.5 3350 First officer Simulator instructor

10 18 6 3800 First officer -
15 12 7 4000 First officer Upset prevention and aerobatics
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C
Revised Multi Attribute Test Battery

Most of the following information is directly copied from https://matb.larc.nasa.gov/, NASA [32].

Figure C.1: The Multi Attribute Task Battery, with the tracking task disabled [32].

The system monitoring task
In the normal state the green light is on, the red light is off and the four scales move randomly within the central
range. In the non-normal state, one or more of the following occur: the green light is off, the red light is on and
a scale or scales move randomly either above or below the central range. The subject uses either mouse clicks
or function key selections to return systems to the normal state. If the correct response is not made within a
timely manner the system returns to the normal state.

Scheduling task
The scheduling window allows the subject to look ahead for up to eight minutes, at expected activity of the
communication and tracking task. The scheduling window can display the beginning, end, and duration of
these two tasks. The timelines are identified by ‘c’ for the communications and ‘t’ for the tracking task. The
bars indicate times when the subject can anticipate having to perform on of these tasks. The thin lines indicate
times during which the tasks do not usually require input from the subject.
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Communications task
The ATC assigns a new frequency for one of the four installed radios. When the instruction is directed to
‘NASA504’, the subject response by selecting the appropriate radio and adjusting the frequency. When the
instruction is directed to another call sign, the subject ignores it. The event will time out if a subject response
is not made in a timely manner. This task was slightly adjusted for this study, as instructions could be given
over the headset. Therefore, the participants received a list with radios and frequencies that had to be changed
at a certain time.

Resource Management task
In the normal state the subject uses any or all of the eight pumps to maintain the fluid level in tanks A and
B within the target range, which is indicated by the light blue borders on the sides of the tanks. In the non-
normal state, one or more of the pumps fail and is unusable by the subject. Failed tanks may be fixed by an
event and returned to the normal state during a run.

32



D
Error Threshold Determination

Not all inputs done to the other side than required can be called a roll reversal error because also a small in-
put could be made without any intention to change the aircraft attitude accordingly. This can be related to
the movement with which the pilot reaches the column, or it can be originated from a pilot’s control strategy
where the column is simply moved slightly to (double) check the working of the instrument, without being
guided by expectations. To determine the threshold for which an erroneous input could be counted as a RRE,
a closer look was taken into the inputs made.

The inputs done on the control column translated directly to the aircraft roll rate. To take the control
aggressiveness into account, the maximum stick deflection is obtained by assuming a linear relationship be-
tween the maximum input and time. Figure D.1 shows the maximum bank angle error made after the AI was
shown again, against the absolute value of this maximum stick deflection. It can be observed that in the lower
error region, there are two groups of errors divided by the lines of 1.5° with a stick deflection not above 2.5°.
Therefore, this has been chosen as the threshold above which an input can be called a RRE.

Table D.1 shows all runs in which the bank angle was increased to over 30° for all conditions involving a
bank angle and over 0° for the conditions in which a level AI was shown. The runs shown between the two
dashed lines are under the determined threshold. It can be seen that most of those inputs are made to the left
(positive). Looking at the experiment design, where the pilot was slightly leaning to the right in order to reach
the secondary task, it is more probable for the column to also be moved to the left when grabbing it as this is
in the same direction the pilot moves to sit up straight again before giving an input.
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Figure D.1: The maximum error made against the maximum stick deflection.
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Participant
Run

Number
Scenarios

max.
Bank
[deg]

max.
Error
[deg]

Error
Duration

[s]

max. Stick
Deflection Rate

[rad/s]

max. Stick
Deflection

[deg]
6 10 MO 41 11 1.5 -0.21 -18.05
7 21 MM 38.5 8.5 1.2 -0.244 -16.78

13 11 MO 36.4 6.4 1.7 -0.16 -15.58
4 11 MO 37 7 1.4 -0.161 -12.91
5 3 MM 36.8 6.8 1.3 -0.165 -12.29

12 1 MM 37.12 7.12 1.3 -0.16 -11.92
6 17 NMT 35.7 5.7 1.3 -0.132 -9.83
6 25 MO 33.8 3.8 1.2 -0.094 -6.46

16 11 MO 32.9 2.9 0.7 -0.16 -6.42
11 10 NMT 33.8 3.8 1.3 -0.083 -6.18
6 28 NMT 32.1 2.1 1.4 -0.06 -4.81
5 10 MO 31.2 1.2 0.8 -0.04 -1.83
5 21 MM 30.07 0.07 1 -0.018 -1.03
2 22 MO 30.03 0.03 0.15 -0.014 -0.12
5 14 NMT 30.01 0.01 0 0 0.00

10 28 MO -30.01 0.01 0.1 0.0005 0.00
2 32 MO -30.01 0.01 0.1 0.0027 0.02
5 16 MM -30.09 0.09 0.5 0.01 0.29

15 9 MM -30.5 0.5 0.6 0.03 1.03
5 13 MM -30.8 0.8 1 0.02 1.15

18 11 NMT -30.8 0.8 0.4 0.06 1.38
5 18 MO -31.2 1.1 1.2 0.021 1.44
5 19 MM -31.1 1.1 1.2 0.021 1.44
4 2 MM -31 1 0.7 0.055 2.21
5 5 NMM -1.9 1.9 1.8 0.03 3.09

11 17 MO -31.9 1.9 1.3 0.05 3.72
5 9 MM -32.1 2.1 0.95 0.071 3.86

10 7 MO -31.8 1.8 0.7 0.11 4.41
15 11 MO -32.3 2.3 0.9 0.088 4.54
15 8 MM -32.3 2.3 0.9 0.1 5.16
13 19 MM -33.1 3.1 1.1 0.085 5.36
18 17 MO 32.5 2.5 0.8 0.12 5.50
4 6 MM -33 3 0.7 0.14 5.61
5 7 NMT -34.4 4.4 1.1 0.127 8.00
9 10 MO -33.9 3.9 1 0.17 9.74
4 28 MO -34 4 1 0.181 10.37

13 18 MO -36.4 6.4 1.5 0.13 11.17
9 4 MM -39.8 9.8 1.3 0.26 19.37

Table D.1: Information about the errors made (MM = ‘motion-matching’, NMM = ‘no-motion-matching’, NMT = ‘no-motion-turn’, ML =
‘motion-level’, MO = ‘motion-opposite’).
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E
Secondary Task Performance

This appendix gives an overview of the influence of the secondary task on the perceived workload. The main
goal of the task was to distract the pilots from the simulator motion and to slightly increase the workload. The
overall workload was measured using the NASA TLX workload scale. The average scores for pilots, non-pilots,
pilots who made an error and pilot who did not make an error are given in Table E.1. This table also indicates
the weighting factor which is used in the calculation of the total workload. The scores are visualized in Fig-
ure E.1, from which is can be observed that (on average) experienced pilots rated their workload higher than
novice pilots, and pilots who made errors also experienced a slightly higher workload than the other pilots.

Table E.2 on the next page shows all inputs made in the secondary task, divided over the two sets given and
the three different tasks. Also the weighted workload ratings are shown. Besides the observations as indicated
above, no relationship between the secondary task performances could be identified.

Weighting Experienced Novice Pilots who Pilot who did not
factor pilots pilots an RRE make an error

Mental demand 5 13.1 11.5 12.7 11.3
Physical demand 3 8.6 5.6 8.1 5.9
Temporal demand 1 9.7 8.4 9.4 8.3
Performance 2 8.4 7.3 8.5 6.7
Effort 3 12.2 11.5 12.1 10.8
Frustration 1 7.7 3.6 6.2 5.3
Total 10.8 9.0 10.4 8.9

Table E.1: (Weighted) subjective workload ratings.
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Figure E.1: Visualisation of the workload ratings for different groups.
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Overview of Research on RREs
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G
Upset Prevention and Recovery Training

Evaluation - Experiment Briefing
This document gives information regarding the experiment into the evaluation of upset prevention and recovery
training. The experiment will be conducted in the Simona Research Simulator operated by the Control and
Simulation division of the faculty of Aerospace Engineering of Delft University of Technology. The purpose of
this document is to provide general information to the participant regarding the experiment, the task that will
be performed and the general setup of the experiment.

Goal of the experiment
The goal of the experiment is to evaluate pilot handling performance in line with research done into Upset
Prevention and Recovery Training.

Experiment task
The research looks into the reaction time of pilots after a moment of being out of the loop and in situations
with a possibly higher workload. Most of the flight will be with autopilot engaged. The participant will be per-
forming communication tasks and has to monitor system performance. Whenever the autopilot is disengaged,
the aircraft has to be turned level as soon as possible.

Experiment procedures
During the experiment all tasks will be explained in more detail. Also, there will be a short practice run to get
familiar with the Simona Research Simulator. In between the test runs there is time for a short break. The
whole experiment, including briefing and breaks, will last approximately three hours.

Apparatus
The experiment will be conducted in the Simona Research Simulator (SRS), where motion will be enabled.
The inside and outside view of the simulator can be found in Figure G.1 and G.2. You will be seated in the left
seat of the cockpit and use a control column. Also, you will be able to control only roll whenever the autopilot
switches off during the experiment and their input is desired. The throttle will be controlled by the autopilot
during the entire flight.

Participant rights
Participation in the experiment is voluntary. This means that the participant can decide to stop with the ex-
periment at any time.

Also, the data that will be collected during the experiment will remain confidential and anonymous and
will be treated such that only the experimenter can link the results to a particular participant. This means that
the results can not be traced back to you. By participating in the experiment you do agree that this anonymous
data may be published. Lastly, we ask you to not discuss any details of the experiment with anyone until the
complete experiment has finished. This prevents other participants to be biased.

To make sure you have understood all of the above, you are asked to sign an informed consent form at the
end of the experiment briefing.
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Figure G.1: The Simona Research Simulator. Figure G.2: The flight deck.
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H
Informed Consent Form

I hereby confirm that:

ä I volunteer to participate in the experiment conducted by the researcher (Annemarie van den Hoed) under
supervision of Olaf Stroosma from the Faculty of Aerospace Engineering of Delft University of Technology. I
understand that my participation in this experiment is voluntary and that I can withdraw from the participa-
tion at any time, for any reason.

ä I have read the experiment briefing (dated 05-09-2019) and I understand the experiment instructions. Fur-
thermore, I have had all my questions answered to my satisfaction.

ä I understand that in the experiment my primary task is to make sure the airplane performs a level flight and
that I also have a secondary task to perform.

ä I confirm that the researcher has provided me with a detailed safety and operational instructions for the
Simona Research Simulator.

ä I understand that the researcher will not identify me by name in any report or publication that will result
from this experiment and that my confidentiality as a participant in this study remains secure.

ä I understand that this research study has been reviewed and approved by the TU Delft Human Research
Ethics Committee (HREC). I am aware that I can report any problems regarding my participation in the experi-
ment to the researchers using the contact information below or, if necessary, the TU Delft HREC (hrec@tudelft.nl).

ä I have been given a copy of this consent form.

ä I accept that any audio recordings made during the experiment can be used when presenting the results

My name Date

My signature Signature of Researcher
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I
Post-experiment Questionnaire Responses

All pilots were given a questionnaire after the experiment, before explaining what the experiment was about,
containing questions that gave us a better understanding of the control strategy used. The answers given
can be found below. In case the answer of a participant is not shown, that means that the question was not
answered or the answer was simply ‘no’.

1. What do you think the experiment was about?
P1. Reaction time in a UPRT situation, when busy with another task.
P2. Reaction time to recover from an upset attitude.
P3. Startle and surprise reaction time.
P4. Recovery UPRT time.
P5. Reaction time during upset recovery including confusion and task division.
P6. Distraction by a task, during a stress situation.
P7. Influence of stress on cockpit tasks e.g. unusual attitudes.
P8. Reaction time in recovery vs. performing tasks.
P9. Division of attention, division of tasks, prioritising, efficient scanning in accordance with level of
automation.
P10. Reaction time and task management.
P11. Concentration, task devision, prioritising
P12. Spatial desorientation.
P13. Reaction time to sudden unexpected situations.
P14. Response tim in UPRT, combined with tasks to distract you and influence the reaction time.
P15. Distraction during/before upset recovery and recovery reaction time and accuracy.
P16. Reaction time, compared to workload.
P17. It has to do something about scanning/reaction time.
P18. Testing of your reaction time during different levels of workload.

2. Did you notice something unusual with the motion during the experiment? If yes, what?
P1. At times the AI indication did not seem to correspond with the feeling from the simulator.
P2. Opposite motion compared to actual attitude.
P3. Sometimes counter-intuïtive.
P5. Seemed that motion was not always in line with cues on PFD.
P6. Something got a feeling of being in a bank/roll, but this didn’t show on the PFD.
P8. Sometimes during level flight I had a feeling the simulator was slightly banking.
P9. Yes, motion sometimes not consistent with onward attitude display (like SD) and slight roll tendency.
P11. Yes, felt motion, but no sign on the PFD. Feeling of motion with a level indication.
P12. Yes, counter-intuitive.
P14. Yes, sometimes the motion seemed to contradict the PFD.
P15. In some cases the motion was in opposite direction of the upset.
P18. Yes, sometimes the motion was not corresponding with the artificial horizon.
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3. Was it sometimes more difficult to respond than at other times?
P3. Yes, half way I got confused one time.
P4. Yes, when there was a combination of multiple tasks.
P5. Yes, confusion between motion and indication on PFD.
P6. Yes, sometimes a ‘vertigo’ feeling. Sometimes busy with the tablet task.
P7. Yes, when multiple tasks appeared in short time under working stress, punching values in tablet for
frequencies was more difficult.
P9. No (but I did notice a learning curve).
P12. Yes, the very first practice run.
P13. Yes, when tasks were separated with little time.
P14. Yes, recovering the upset sometimes led to missing second task.
P15. Yes, multiple actions in a short period of time together with flying task.
P17. Yes, but only for the task on the tablet.
P18. Yes, if the motion makes it feel like a left turn and the horizon shows a right turn it takes longer to
respond.

4. Did you experience a situation in which your reaction time was lower? If yes, when?
P2. When distracted by the time of sidetask.
P3. When I continued the task on the tablet too long, before autopilot disengaged.
P5. When I was confused during the first session.
P6. When being busy on the IPAD.
P7. During a multitude of tasks, also when scanning circle was down due to attention to other tasks.
P9. Forgot inputs on tablet on occasions, due to prioritising.
P11. Sometimes, when busy with other tasks but steering had priority.
P13. When accomplishing a task during the upset.
P14. When a frequency change was coming up and attention needed to be divided. However, priority was
given to flying task.
P16. Yes, when the secondary task needed more attention.
P18. If the horizon comes back whilst you are changing frequency it can take a moment longer to react.

5. Have you ever received spatial disorientation training? If yes, in what form?
P2. Static simulator training.
P5. Yes, during flight training (Single engine, Upset Prevention and Recovery Training.
P9. Yes, aerobatic and UPRT. Fast jet, optical illusions in combination with sensory illusions.
P10. Theoretically, not especially in a simulator or aircraft.
P11. Yes, simulator and aerobatic training.
P14. UPRT in aerobatics aircraft.
P18. Yes, I have had extensive UPRT training in simulators and in real aircraft with disorientation/vertigo
training.

44



6. Have you ever experienced noticeable spatial illusions during flight? If yes, what?
P1. Rarely.
P2. Yes, during flight training.
P5. Once, vertigo.
P6. Yes, cloud leans, vertigo, leans.
P7. Once, leans.
P9. Yes, leans.
P10. Yes
P11. Yes, vertigo due to cloud layers.
P13. Yes, cloud leans.
P15. Yes, similar to what was experienced in the experiment.
P18. Yes, many. Mostly in simulator and on time in actual flight.

7. What would be your control strategy during such an illusion?
P1. Always focus on your instruments and specifically PFD.
P2. Refer to AI indication.
P3. Rely on the instrument.
P5. Engaging the autopilot to reset and gain right information again.
P6. Fly on instruments!
P7. Applying more input from the PFD.
P9. Priority on aircraft stabilisation by reference to (working) instruments, lockout false instrumentation
and ‘seat-of-the-pants’ feeling, until control is recovered and ‘see-feel-steer’ are back.
P10. Observe PFD.
P11. Change controls to other pilot.
P13. Focus on instruments.
P15. Upset recovery technique using instruments.
P18. Trust your instrument, never what you feel.
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Figure J.1: Average reaction times from all participants divided over the conditions.
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Figure J.2: Average reaction times divided over pilots who did and did not make errors.
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Figure K.1: The mean error rates for the three test conditions, divided over the four repetitions. Error percentages are calculated over the

total number of runs for each condition in the experiment.
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number of participants.
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L
Results Preliminary Experiment

The ‘motion’ scenario from phase 1 of the experimental runs had to put the pilots in a certain frame regarding
the aircraft attitude by changing their perception of the visual and motion cues given. To evaluate the effect of
the designed man-in-the-loop scenario, a small preliminary experiment had been performed. This appendix
shows the experiment design and results.

Participants and Instruction
Nine students from the Control and Simulation section of the Aerospace Engineering faculty of TU Delft par-
ticipated in the experiment. This was the maximum possible amount due to time limitations. The simulator
cab would be put in a certain position, after which their task was to put the simulator upright in one fluent
motion shortly after the autopilot off alarm sounded. It should be noted that for all scenarios an input was
desired with no AI and no outside visual, meaning that only vestibular and proprioceptive information could
be used. A roll input done on the controls translated into a roll rate of the simulator. Or in other words, the
bigger the input, the faster the simulator would roll. Making no input, thus thinking the simulator was al-
ready upright, was also a possibility. The participants were also working on secondary tasks consisting of flight
planning exercises. These tasks were designed to distract the participants.

Scenarios
Using the following four scenarios more information about the working of the motion cues used to elicit the
expectation of the bank angle could be obtained. All scenarios are explained briefly below, together which
their influence to the experiment.

Slow-Motion
Figure L.1 shows a schematic representation of this scenario. The simulator slowly tilted to a 5.2° angle after
which the outside view and AI disappeared. The simulator remained in that position for 30 seconds after which
the alarm sounded and the participant had to decide to make an input in order to put the simulator upright
again. With this condition the effect of the concepts of adaptation and visual dominance while being distracted
was tested. The desired effect was for the participants to indicate no input was needed, meaning that in their
perception the simulator had not moved.

No-motion
In this condition nothing happens apart from the outside view and the PFD disappearing as can be seen in
Figure L.2. Here also no visual information is given for 30 seconds before the alarm sounded, making the run
very similar to the ‘slow-motion’. This scenario was chosen as such to act as a baseline to the ‘slow-motion’
scenario, since it is the true case in which the simulator had not moved.
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Figure L.1: The ‘slow-motion’ scenario Figure L.2: The ‘no-motion’ scenario

Full-motion
The ‘full-motion’ scenario, as shown in Figure L.3, tested the effect of all motion cues given in the ‘motion’
scenario from phase 1 in the main experiment. The scenario is similar to the ‘slow-motion’ scenario, only
now after 30 seconds of adaptation the simulator is put upright again with a fast and noticeable motion being
above the human perception threshold. If the slow tilting for pre-positioning went unnoticed, which can be
concluded from the results from the ‘slow-motion’ scenario, the motion should give the participant the feeling
that the simulator is tilting to the other side than were it came from. In this case, an input back towards the
original side it was tilted to confirmed the working of the motion cues.

Fast-motion
Finally, the ‘fast-motion’ scenario is depicted in Figure L.4. Here, first the outside visuals and AI disappear.
This again remains like this for 30 seconds, after which the simulator is tilted to a 5.2° angle with the same fast
motion as used in the ‘full-motion’ scenario.

This scenario acts as a baseline to the ‘full-motion’ scenario. In case the same inputs are given, this vali-
dates the working principle of the ‘full-motion’ cues.

Figure L.3: The ’full confuser’ scenario. Figure L.4: The ’fast motion’ scenario.

Scenario Sequence and Procedures
After having received the briefing explaining the tasks to perform together with the safety briefing, the par-
ticipants were seated in the left hand seat of the Simona Research Simulator. They received two sets of eight
runs, leading to a total of 16 runs. In those 16 runs, each scenario was given four times, equally divided over
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the two sets. The scenarios including motion were done twice to the left and twice to the right. The order of
the scenarios was randomized under the participants by using a Latin Square Matrix adjusted to the amount
of participants that took part in the experiment. Each participant received turbulence on the vertical z-axis in
one half and no turbulence in the other half of the test runs.

Measurements
For this experiment only the control input and the final simulator position were be measured. Together, this
indicated the perception the participants had about the position of the simulator. Based on the answers given
in a questionnaire which was filled out afterwards, the effect of the turbulence and their control strategy was
determined. The participants were also given the opportunity to give comments and feedback on the scenarios
or their performance and to share their experiences. With this information it could for instance be concluded
whether the tilt angle was noticed during the runs or not.

Results
In the end, the preliminary experiment was performed in an iterative manner, where small adjustments to the
experiment design were made between participants and evaluated later. To explain the results and adjust-
ments made, the results are split into groups of participants. Each subsection given below shows an iteration
of the experiment design and the corresponding results. All final positions deviating from the true upright po-
sition below 10% would be considered a correct input. This number is based on a rough estimation based on
the average under- or overshoot in all runs.

Participant 1 to 4
The first four participants made no mistakes. On all conditions given, the correct initial input to put the simu-
lator upright was given. Also most of the final positions fell in the range of 10% error.

Even though the ‘full-motion’ scenario did not seem to have the desired effect, some interesting conclu-
sions could be drawn from the results of those first four participants. First of all, in 37.5% of the ‘slow-motion’
scenarios, the participants only put the simulator approximately half way back. Where in all the ‘no-motion’
and ‘fast-motion’ conditions the simulator was correctly put up straight. Some of the participants also indi-
cated that you could feel the gravity factor at some point during the slow rotation. Or that they suspected that
the simulator had turned slowly, and that the fast cue in the ‘full-motion’ condition gave a confirmation of this
fact. This indicated that part of the tilt is masked but also that the tilt angle chosen might be slightly too high.

Most of this 37.5% appeared in the runs with turbulence enabled. Not all participants noticed the turbu-
lence, but the ones that did indicated that this was in their eyes better to reach the goal of the ‘full-motion’
scenario. Moreover, one participant said, “the turbulence was not very noticeable, it could have been more”.

Based on those results it had been decided to decrease the tilt angle. The next participants received varying
angles of 3.0°, 3.5° and 4.5° to evaluate the best angle for both the slow as the fast motion. Also, turbulence was
provided in all conditions, only now with a gain of 1.0 (the original setting) in one of the sets and a gain of 1.25
in the other.

Participant 5 to 7
With the changes made, the following participants were given the same four scenarios. The correct initial re-
sponses were given in all the ‘fast-motion’ conditions, and for the ‘no-motion’ scenario a few small inputs were
sometimes given but these, being only small, could be neglected.

However, in the ‘half-confuser’ scenario now 78% of the runs was responded to wrongly. Either a very small
correction was made or no input was given at all. In the ‘full-motion’ scenario there was an error rate of 72%
using the new settings. Both indicating great results concerning the effect of these motion cues to generate the
‘leans’ cues in a hexapod simulator.

Turbulence combined with a slightly smaller tilt angle prevented the participants from clearly distinguish-
ing tilting. Also, the fast motion cues were still rated as ‘clearly noticeable’ by all three participants in all con-
ditions, despite the smaller angle. Furthermore, the participants seemed more distracted by the secondary
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task than before and they showed confidence in the PFD. The latter was concluded from the call-outs they
made when suspecting a tilt. The PFD would be consulted after which statements were made like, “still flying
straight”.

Figure L.5 and L.6 show the results from one of the participants. This participant received non of the ‘no-
motion’ scenarios, since it was deemed more important to gather more information about the working of the
motion scenario in these runs. The peak in the same direction of the motion cues coming directly after the
autopilot off alarm (black dot) indicated an erroneous input, pointing to the correct working of the motion
scenario. From the figures it can clearly be seen that this input was given for all of the ‘full-motion’ scenarios
given, without a clear learning effect. This shows that the concept works, as long as the participant is not
specifically focusing on the motion but just responds intuitively as was the case for this participant.
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Figure L.5: Specific force of the simulator ( fy ) and the participant’s input - Participant 6, run 1. The black dot indicates when the alarm
sounded. Turbulence gain = 1.00.

Participant 8 and 9
The final two participants showed different results, where one made a few small errors and the other none.
The most interesting to learn from this is, ‘why did they suddenly give the correct inputs?’, since nothing had
changed regarding the experiment design comparing to the previous runs.

First of all, this was because both participants suspected something would happen with the motion. They
gave clear call-outs with every little bit of motion they felt, also the slow motion cues. They also made the
decision to discard the information given by the outside visual and PFD, which made them even more focused
on the motion.

The results for one of the participants is shown in Figure L.7. In the first ‘full-motion’ scenario, it can be
seen that a clear erroneous input was given. Only then the participant mentioned that “the motion can not be
trusted”, after which a clear learning effect could be observed.

Conclusions
Initially, the goal of the preliminary experiment was to evaluate the motion cues given in the ‘motion’ scenario
from phase 1 of the experiment runs in the main experiment, but this experiment resulted in a more iterative
process towards the best angles and turbulence setting to be used.
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Figure L.6: Specific force of the simulator ( fy ) and the participant’s input - Participant 6, run 2. The black dot indicates when the alarm
sounded. Turbulence gain = 1.25.

The ‘full-motion’ scenario indeed only had the desired effect when also the small tilt angle was not noticed.
It can therefore be concluded that it is important to avoid that participants focus too much on the motion cues.
This can first of all be realized by giving a good briefing, as the pilots will only know what is being told about
the experiment. Consequently, their way of thinking about the experiment can be manipulated in a smart way
as to make them not paying attention to the slow tilting of the simulator. Secondly, there has to be adequate
distraction through the secondary task to deviate the attention from the motion. Also, having this task at one
specific side of the participant is desirable. Any felt tilt could be related to already sitting slightly leaning to-
wards this side.

From the results it had been decided to use an angle of 3.5°. This angle was mostly left unnoticed during
the slow motion and the fast motion cues remained giving a sufficient rolling sensation to lead to the illusion
of leaning to the other side when this motion stopped. Adding turbulence only showed a little effect on the
masking of the tilt and was less than expected. It has been decided to use a gain of 1.25 for the turbulence,
since no negative effects presented themselves either.
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Figure L.7: Specific force of the simulator ( fy ) and the participant’s input - Participant 9, run 1. The black dot indicates when the alarm
sounded. Turbulence gain = 1.00.
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