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This paper adds data to help the development of simulator motion cueing guidelines for stall recovery
training by identifying time-varying manual control behavior in a stall recovery task under different simulator
motion conditions. A study was conducted with seventeen general aviation pilots in the NASA Ames Vertical
Motion Simulator. Pilots had to follow a flight director through four stages of a high-altitude stall task. A time-
varying identification method was used to quantify how pilot manual control parameters change throughout
different stages of the task in both roll and pitch. Four motion configurations were used: no motion, generic
hexapod motion, enhanced hexapod motion and full motion. Pilot performance was highest for the enhanced
hexapod and full motion configurations in both roll and pitch, and the lowest without motion. In the roll axis,
the pilot position gain did not significantly change throughout the stall task, but was the lowest for the condition
with no motion. The pilot roll velocity gain was significantly different between motion conditions, the largest
difference being found close to the stall point. The enhanced hexapod motion condition had the highest pilot
roll velocity gain. In the pitch axis, the pilot position gain was significantly different between time segments
but not between motion conditions. The pilot pitch velocity gain was highest for the full motion condition and
increased close to the stall point, but did not change significantly for the other motion conditions. Overall, pilot
control behavior under enhanced hexapod motion was most similar to that under full aircraft motion. This
indicates that motion cueing for stall recovery training on hexapod simulators might be improved by using the
principles behind the enhanced hexapod motion configuration.

Nomenclature

A sinusoid amplitude, deg
e error signal, deg
f forcing function, deg
Hc controlled dynamics response
Hf motion filter response
Hol open-loop response
Hp human controller response
h altitude, ft
IAS indicated airspeed, kts
Kd aircraft dynamics gain, −
Kf motion filter gain, −
Kp pilot position gain, −
Krtl c.g. to p.s. translational acceleration gain, −

Ktrs c.g. translational acceleration gain, −
Kv pilot velocity gain, −
k sinusoid index
MR motion rating, %
N number of sine waves
n pilot remnant
n sinusoid frequency integer factor
r reference attitude, deg
S1−4 stall task segment
s Laplace operator
T thrust, lbf
TL pilot lead time constant, s
t time, s
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t1−4 stall segment end time, s
u pilot control input, −
α angle of attack, deg
δa aileron deflection, deg
δe elevator deflection, deg
ζf motion filter damping ratio, −
ζn pilot neuromuscular damping ratio, −
θ pitch angle, deg
τv pilot time delay, s
φ roll angle, deg
φ sinusoid phase, rad
ϕm phase margin, deg
ωc crossover frequency, rad s−1

ωd aircraft dynamics break frequency, rad s−1

ωf motion filter break frequency, rad s−1

ωn pilot neuromuscular frequency, rad s−1

Abbreviations

DEKF dual extended Kalman filter
EH enhanced hexapod
FM full motion
GH generic hexapod
GTM General Transport Model
MLE maximum likelihood estimation
NM no motion
OMCT Objective Motion Cueing Test
PFD primary flight display
RMS root mean square
VAF variance accounted for
VMS Vertical Motion Simulator

I. Introduction

This paper identifies time-varying manual control behavior in a stall recovery task under different simulator motion
conditions to help develop motion cueing guidelines for stall recovery training. Today, airline pilots only receive
training in recognizing and recovering from an approach to stall, but not in full stall recovery. Starting in 2019, airline
pilots will be required to perform full stall recovery training in flight simulators.1 However, most training simulators
are not set up to provide this training currently, as they do not accurately represent aircraft behavior in upset situations
that take the aircraft out of its normal flight envelope.2 Post-stall aircraft models need to be implemented to correctly
simulate the aircraft response after the stall point. In addition, motion cues need to adequately represent this response
to ensure the skills learned in simulator training are directly usable in real flight.

Many previous studies investigated the effects of motion cues on manual control skills in different tasks and
environments.3–8 These studies mostly focused on the identification of time-invariant control behavior in single-axis
tasks with constant task variables, a limitation largely imposed by the human control behavior identification techniques
available at the time. However, under the highly variable conditions in a stall recovery maneuver, pilot manual control
behavior is expected to vary significantly due to changes in control effectiveness and aircraft dynamic behavior. The
direct applicability of previous pilot behavioral observations in motion flight simulation studies to this scenario might
not be straightforward. In the last decades, some progress has been made to identify control behavior under time-
varying conditions or in real flight tasks.9–12 However, the developed approaches either do not allow for a direct
estimation of pilot model parameters from time-domain signals, or require a priori assumptions about the changes in
manual control parameters. Recently, a new parameter estimation technique based on a dual extended Kalman filter
(DEKF) was developed that allows for the direct estimation of pilot model parameters in time-varying tasks such as a
stall recovery.13

This paper adds data to the current literature as follows. It is the first study to utilize a novel pilot modeling and
identification technique based on a DEKF that allows for the direct estimation of pilot control behavior parameters
in time-varying tasks such as a stall recovery. Second, using this technique, pilots’ adaptation to different simulator
motion settings in different segments of a stall recovery maneuver was investigated. Third, this study used the NASA
Vertical Motion Simulator (VMS), which allows for inclusion of a full motion condition that represents real aircraft
motion. Last, a sufficiently large pilot pool added statistical reliability to the results.

The paper is structured as follows. The stall recovery task is described in Section II, after which the experiment
setup is discussed in Section III. The results are provided in Section IV, followed by a discussion and conclusions in
Sections V and VI, respectively.

II. Control Task

Pilots performed a high-altitude stall recovery task while compensating for disturbances in both the roll and pitch
degrees of freedom simultaneously. A flight director on a primary flight display (PFD) guided the pilots through the
stall maneuver. A block diagram of the control task is depicted in Fig. 1.

Aircraft roll and pitch attitudes φ and θ were subtracted from the desired roll and pitch attitudes rφ and rθ to
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Figure 1. Closed-loop control task.

create roll and pitch errors eφ and eθ which were indicated by the flight director bars on the PFD. It was pilots’ task
to minimize the aircraft roll and pitch errors by making control inputs uφ and uθ using a sidestick with gains Ksφ

and Ksθ. To allow for the identification of pilot control behavior, two independent disturbance forcing functions fdφ
and fdθ were used in the roll and pitch axes, respectively, that were a summation of ten sine waves (Section D). The
forcing functions induced disturbances similar to atmospheric turbulence. Pilots performed the stall task in the clouds;
that is, the out-the-window view did not have any visual features that could be used to determine the attitude of the
aircraft.

The stall task was divided into four segments as shown in Fig. 2. In the first segment from 0 to 82 s (S1), task
parameters remained at the initial trim condition. This segment was used to compare pilot control behavior identified
using the newly developed DEKF parameter estimation technique to that identified using traditional methods for time-
invariant control behavior. During the second segment from 82 to 124 s (S2), pilots flew the aircraft into a stall by
following an increased reference pitch attitude. Thrust was set to idle automatically during this segment to get to the
stall point faster. The reference pitch attitude dropped below zero in the third segment from 124 to 152 s (S3). By
following this nose-down reference pitch attitude, the angle of attack was reduced to recover from the stall. During this
segment, maximum thrust was applied automatically to regain airspeed faster. After a slow increase of the reference
pitch such that secondary stalls did not occur, pilots controlled the aircraft for another 30 seconds around the original
pitch trim attitude in the fourth segment (S4). The desired roll attitude remained zero during all four segments of the
stall recovery task; that is, pilots had to keep the wings level at all times. Segments S2 to S4 had a transition phase
at the beginning in which the reference pitch attitude changed gradually to the new reference value. Data from these
transitions were not used in the analysis.

Example recordings for attitude, angle of attack, altitude, airspeed, and thrust during the task are depicted in Fig. 3.
The reference signals for roll and pitch are also provided in the top two plots. The transition phases are the areas in
between the dashed vertical lines in each plot. Fig. 3 shows that the altitude and airspeed remained approximately
constant during S1. In S2, altitude increased, indicated airspeed decreased, and angle of attack increased gradually up
to the critical angle of attack around 16 deg. During the recovery in S3, the angle of attack rapidly decreased, altitude
decreased and airspeed increased. Finally, in the last segment, the reference pitch attitude had the same value as in the
first segment. Angle of attack remained approximately constant, altitude increased, and airspeed decreased slightly.

A. Aircraft Model

The General Transport Model (GTM) was used to simulate the aircraft dynamics. This full-scale simulation model is
representative of a generic aircraft similar to a Boeing 757, and includes accurate post-stall dynamics.14–16 This model
was developed from a sub-scale polynomial aerodynamic database, extended to cover the stall regime with wind-
tunnel and spin-tunnel test data. The model was further adapted to represent a full-scale aircraft by making Reynolds
Number corrections. The model used a basic yaw damper. All other stability and control augmentation functions were
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switched off. The simulation model was implemented in the FLTz simulation environment.17 At the start of each run
the aircraft was trimmed at an altitude of 40,000 ft and a true airspeed of 382 kts. The gross weight of the airplane was
185,000 lbs.

B. Pilot Model

From a control-theoretic perspective, the visual and motion cues in roll and pitch were the inputs to the pilot model
and the control inputs were the outputs (Fig. 1). This warrants the identification of a pilot visual and motion response
channel in both degrees of freedom. However, the DEKF parameter estimation technique developed in Ref. 13
currently only allows for the identification of a single channel. This means only a lumped response function, combining
the visual and motion responses, could be identified. For different reasons, this approach was also taken in previous
research investigating the effects of motion cues on pilot control behavior.18 Cross coupling in pilot control behavior
between roll and pitch was not modeled explicitly.

Using the recorded error and control input signals in roll and pitch, the parameters of a pilot model with response
functions Hpφ and Hpθ were identified using the DEKF parameter estimation technique. The differences between the
pilot model response function outputs and the measured pilot control inputs were the remnants (nφ and nθ), which
account for nonlinear behavior and noise. Note that visual display and simulator motion dynamics are also captured
by the pilot response functions.

A human operator adapts his or her control behavior to the controlled dynamics such that the combined human
operator controlled dynamics open-loop response approximates a single integrator in the region of the crossover fre-
quency, according to the crossover model theorem.19 Because of the typical characteristics of the transport aircraft
dynamics used, the human operator was required to generate lead, especially closer to the stall point when the dynam-
ics become more unstable. Hence, the pilot transfer functions in both roll and pitch were defined by:

Hpφ(s, t) = Hpθ (s, t) = (Kp(t) +Kv(t)s)e
−τvs ω2

n(t)

s2 + 2ζn(t)ωn(t)s+ ω2
n(t)

(1)

in which the pilot equalization dynamics are characterized by the pilot position gain Kp and the pilot rate gain Kv , or
the more commonly used lead time constant TL. In Eq. (1), Kv = KpTL. Note that 1/TL defines the frequency where
lead starts to be generated. Human controller limitations are captured by the time delay τv , neuromuscular frequency
ωnm, and neuromuscular damping ζnm. In order to estimate these parameters using the DEKF technique, the transfer
function in Eq. (1) had to be converted to a state-space representation using a 3rd order Padé approximation for the
time delay.13 Furthermore, the time delay was kept constant to minimize the possibility of filter divergence in case not
enough control input was provided.

C. Open-Loop Dynamics

Using the control diagram in Fig. 1, the open-loop responses for both roll and pitch were defined by:

Holφ,θ (s, t) = Hpφ,θ (s, t)Ksφ,θHcφ,θ (s, t) (2)

The crossover frequency (ωcφ,θ ) is the frequency where the magnitude of the open-loop response is 1.0. At this
crossover frequency, the phase difference from -180 degrees is the phase margin (ϕmφ,θ ).

A frequency response of the aircraft dynamics was necessary to compute the open-loop characteristics of the
pilot-aircraft system using Eq. (2). The approach was to use a highly simplified form of the aircraft dynamics:

Hd(s, t) =
Kd(t)

s(s+ ωd(t))
(3)

where Kd is the aircraft dynamics gain and ωd the break frequency where the aircraft response transitions from a
single integrator to a double integrator. Both the gain and break frequency were time variant and estimated using an
extended Kalman filter technique.

D. Forcing Functions

The pitch and roll forcing functions were sum-of-sines signals defined by Eq. (4), with A(k), ω(k) and φ(k) the
amplitude, frequency and phase of the kth sine in fθ or fφ, respectively. N = 10 represents the number of sine waves.
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Table 1. Forcing function properties.

Pitch Disturbance, fθ Roll Disturbance, fφ

k nφ ωφ Aφ φφ nθ ωθ Aθ φθ

– – rad s−1 deg rad – rad s−1 deg rad

1 3 0.230 0.0030 0.9164 2 0.153 0.0030 1.7664
2 7 0.537 0.0030 2.0647 5 0.384 0.0030 0.8532
3 13 0.997 0.0030 1.2614 11 0.844 0.0030 -2.2495
4 27 2.071 0.0030 1.5388 23 1.764 0.0030 -1.0488
5 41 3.145 0.0036 0.6213 37 2.838 0.0037 1.9860
6 53 4.065 0.0040 0.7320 51 3.912 0.0043 -1.0641
7 73 5.599 0.0046 -2.6738 71 5.446 0.0050 1.8933
8 103 7.900 0.0058 -1.5389 101 7.747 0.0064 1.9704
9 139 10.661 0.0077 -2.7371 137 10.508 0.0085 -0.0342

10 174 13.346 0.0101 -2.1734 171 13.116 0.0110 -2.1796

f(t) =

N∑
k=1

A(k)sin[ω(k)t+ φ(k)] (4)

Two disturbance forcing functions were present, one for roll and one for pitch. A summary of all forcing function
parameters can be found in Table 1.

The sinusoid frequencies were all integer multiples of the measurement time base frequency, ω = 0.0767 rad/s.
The selected integer multiples were used in earlier experiments. They were chosen to fully cover the range of human
control at regular intervals on a logarithmic scale.20

The amplitudes of the sinusoids were determined using a second-order low-pass filter. The amplitudes of the
first four sine waves were manually changed in order to keep the aircraft elevator and aileron deflections within their
maximum deflections and the motion of the simulator within the boundaries of the motion envelope throughout the stall
task. The final amplitude distribution of the pitch disturbance signal was scaled to obtain a variance of 0.4 deg2. For
roll the variance was higher, 5.0 deg2, since it was found that the roll error was more difficult to perceive on the PFD.20

To determine the phase distributions, a high number of phase sets was randomly generated. Two sets were selected
that created signals with a Gaussian-like distribution and an average crest factor. The resulting disturbance-rejection
task was challenging, but not overly difficult.

E. Simulator Motion

The experiment used four motion configurations. The standard VMS motion algorithm and hardware were used for all
four motion configurations. The equivalent time delays of the VMS motion system for the pitch, roll, yaw, longitudinal,
lateral and vertical axes are 47, 68, 48, 50, 69 and 67 ms, respectively. More details about the motion algorithm are
provided in Ref. 21. The VMS motion logic consists of second-order high-pass filters to attenuate the rotational and
translational aircraft model accelerations:

Hf (s) = Kf
s2

s2 + 2ζfωfs+ ω2
f

(5)

where Kf is the motion gain, and ζf and ωf are the motion filter damping ratio and break frequency, respectively.
The four motion configurations not only differed in motion filter parameter settings, but also in the type of trans-

lational accelerations simulated. Translational accelerations at the pilot station are a combination of translational
accelerations of the aircraft’s center of gravity (c.g.) and translational accelerations as a result of the pilot station (p.s.)
rotating with respect to the center of gravity (Fig. 4). Gains on each of the translational acceleration components (Ktrs

and Krtl) allowed for a different weighting of each component.
The four motion conditions were similar to the ones in Ref. 20. In the no-motion condition (NM ), the simulator

was operating with the motion system engaged; however, with all motion parameters set to zero. In the hexapod motion
configurations, the motion was attenuated to fit within the motion space of a typical 60-inch, six-legged hexapod
simulator. The generic hexapod condition (GH) provided motion cuing based on the current industry standard. The
motion response of the VMS for this condition was matched to the average response of a statistical sample of eight
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Table 2. Motion logic parameters.

Motion Component Gains

GH EH FM

Ktrs 1.00 0.00 1.00
Krtl 1.00 0.75 1.00

Washout Gains

GH EH FM

Kfx 0.58 0.50 0.58
Kfy 0.72 1.00 1.00
Kfz 0.63 0.80 0.80
Kfp 0.74 1.00 1.00
Kfq 0.86 0.90 0.90
Kfr 0.63 1.00 1.00

Washout Break Frequencies

GH EH FM

ωfx 2.04 0.80 0.80
ωfy 0.87 0.20 0.20
ωfz 2.76 1.00 1.00
ωfp 1.06 0.20 0.20
ωfq 0.49 0.25 0.25
ωfr 0.77 0.20 0.20

Washout Damping Ratios

GH EH FM

ζfx 0.58 0.71 0.71
ζfy 1.57 0.71 0.71
ζfz 1.10 0.71 0.71
ζfp 1.18 0.71 0.71
ζfq 1.22 0.71 0.71
ζfr 1.10 0.71 0.71

simulators using the Objective Motion Cueing Test (OMCT).22 Both the translational acceleration components from
the c.g. and as a result of rotations with respect to the c.g. were simulated in this condition.

The enhanced hexapod motion condition (EH) provided motion optimized for stall recovery training based on the
findings of our previous experiments. This motion condition only simulated the translational accelerations as a result
of rotations with respect to the c.g. Taking out the c.g. component of the total pilot-station translational accelerations
resulted in a condition where hardly any attenuation of the remaining accelerations was required, leading to washout
gains of 1.00 and break frequencies of 0.20 for most degrees of freedom. The full VMS motion condition (FM ) used
the entire VMS motion envelope to simulate motion with the highest possible fidelity. In this motion condition both
translational acceleration components were simulated with the motion logic parameter settings of condition EH; that
is, with minimal attenuation.

Parameter settings for all motion configurations are provided in Table 2. Details on the tilt coordination were
omitted from this discussion for brevity; however, tilt coordination was present in each motion configuration. Although
an important cue for pilots to recognize an impending stall, buffet motion was not simulated in this experiment, as the
main focus was to model the pilot’s response to motion cues reflecting the changes in aircraft dynamics during a stall
maneuver.

III. Experiment Setup

A. Method

1. Independent Variable

The experiment had a within-subjects design with one independent variable. The independent variable was the motion
configuration with four levels: no motion (NM), generic hexapod motion (GH), enhanced hexapod motion (EH), and
full VMS motion (FM). The motion configurations are detailed in Section II.E.

2. Apparatus

The experiment was conducted in the VMS with the transport aircraft cab (T-cab), see Fig. 5. This cab has two seats.
The left seat had a wheel and column to make control inputs. Participants performed the experiment from the right seat,
which had a sidestick on the right side to make control inputs. Rudder pedals were available for both seats, however
these were not operational during the experiment. Throttle levers were located in between the seats. The throttles were
in auto-throttle mode and were automatically backdriven without pilot inputs. A PFD with representative V-speed
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Figure 5. Vertical Motion Simulator. Figure 6. Cockpit setup. Figure 7. Primary flight display.

markings, a navigation display, and an engine display were located in front of both seats (Fig. 6).
The out-the-window visual cues of T-CAB were collimated and provided by a system that projected a high-quality

image on six spherical mirrors. The mirrors formed a dome-like section providing a continuous field-of-view image
to both pilots. The out-the-window visual had a 220◦ horizontal field of view and a 28◦ vertical field of view (10◦ up
and 18◦ down). A Rockwell-Collins EPX5000 computer image generator created the out-the-window visual scene.
The visual system equivalent time delay was 62 ms.21 This was in line with the equivalent time delays of the motion
system (Section E). The out-the-window visual system provided a visual scene in the clouds, without visual features
that could be used to determine the attitude of the aircraft.

3. Procedures

Before the start of the experiment, pilots received an extensive briefing explaining the main purpose of the experiment
and the general procedures. Pilots were told the motion settings changed between runs; however, no specifics were
given about the different motion conditions. After the briefing, pilots filled out a short questionnaire with questions
about their aircraft and simulator experience, after which they signed an informed consent form. After a safety walk-
around and an explanation of the relevant simulator cab features, pilots were provided with an example run of the
task by the experimenter showing how to compensate for the disturbances more effectively. Pilots were instructed
to give smooth and continuous control inputs. To motivate pilots to perform better, they were told the current best
performance score (Section 5) and encouraged to improve on it.

Pilots performed eight runs per motion condition (including training runs) for a total of 32 runs. The four motion
conditions were presented in random order according to a balanced Latin square design. Each run lasted 190 seconds.
The total run time of the experiment was three and a half hours, including briefing and break time. Two or three runs
for each condition were performed in between 15-minute breaks. Participants were allowed to take longer brakes if
requested. After completing all measurement runs, the final four runs (one run for each motion configuration) were
used to gather subjective motion ratings. Pilots were told they could control more freely during these four runs to
get a better feel of the motion whilst still performing the stall task. The first run of the last four always used the
full motion configuration. Pilots were told this was the baseline full-motion condition. The three remaining motion
conditions were then presented randomly and pilots were asked to rate the motion of these conditions against the
baseline by providing a percentage between 0 and 100% at the end of each run. They were also asked to provide
general comments about the motion.

4. Participants

Seventeen general aviation pilots participated in the experiment. The most experienced pilot had 2,400 flight hours.
The average number of flight hours over all participants was 373 hours, with a standard deviation of ± 582 hours.
Furthermore, pilots had an average of 21 hours of flight simulator experience, with a standard deviation of ± 27 hours.
Pilots had flown an average of 48 hours in the past three months, with a standard deviation of ± 51 hours, both in the
simulator and in actual flight. The youngest pilot was 19 years old and the oldest was 38. The average age was 26.9
years, with a standard deviation of ± 6.1 years. All participants were comfortable with operating the joystick with
their right hand. Pilots were compensated for their participation.
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5. Dependent Measures

The dependent measures considered in this experiment were motion rating, task performance and control activity,
pilot model parameters and pilot-aircraft open-loop characteristics. The motion ratings scored the motion fidelity
of the NM , GH , EH conditions against the FM condition, in percentages from 0 (not similar to FM ) to 100%
(equivalent to FM ). The full motion condition had a default rating of 100%.

Pilot performance and control behavior parameters were a function of time. To allow for a comparison of these
dependent measures between key points in the stall maneuver, the mean values over the last two seconds of each
segment of the stall task (S1 − S4) were determined. These time segments are indicated by t1 to t4 in Fig. 2. Pilot
performance and control activity were defined by the root mean square of the attitude errors (RMSe) and control
inputs (RMSu), respectively, for both roll and pitch, for all four time segments of the stall task.

Pilot model parameters were identified using attitude errors and control inputs in roll and pitch averaged over four
runs of each motion condition. A DEKF was used to identify pilot position and velocity gains (Kp,Kv), neuromuscular
parameters (ωn, ζn) and a time delay (τv).13 Equalization and neuromuscular parameters were considered time-varying
during the run, whereas the time delay was kept constant to minimize the possibility of filter divergence in case not
enough control input was provided. Initial parameter estimates were obtained with a maximum likelihood estimation
(MLE) method using the first 82 seconds of level flight of the averaged data for each motion condition.23

The parameters Kd and ωd of the aircraft dynamics approximation in Eq. (3) were estimated using an extended
Kalman filter. A MLE method was also used in this case to obtain initial parameter estimates from the constant level
flight of 82 s in S1 to initialize the extended Kalman filter. In this filter, the aircraft parameters were included in
the augmented state and estimated for the entire stall recovery maneuver. Finally, the open-loop characteristics were
determined using Eq. (2) in order to determine the crossover frequency and phase margin for each motion condition
and time segment.

B. Hypotheses

This study used motion configurations similar to those in a previous experiment.20 The generic hexapod motion
condition (GH) had motion similar to what current hexapod training simulators provide. The enhanced hexapod
motion condition (EH) eliminated translational c.g. accelerations to allow for increased fidelity of the translational
accelerations as a result from rotations about the c.g. and the rotational accelerations themselves; that is, EH had
a higher fidelity of the motion cues most important for aircraft control during the stall task compared to GH . For
tracking tasks with controlled elements requiring lead equalization, such as the aircraft dynamics used in this study,
motion feedback is used by human controllers to reduce the amount of visually generated lead, allowing for better
disturbance-rejection performance.24 The extent to which motion feedback is used is affected by the fidelity of motion
stimuli important to the task. Attenuation of these motion cues, either by scaling or high-pass filtering, results in human
manual control with lower gains and increased reliance on visual lead, which typically results in worse disturbance-
rejection performance. As the stability of the aircraft dynamics decreases closer to the stall point, motion becomes
more important to maintain a certain level of performance. A new pilot control behavior identification technique based
on a DEKF was used for the first time to investigate how pilot model parameters vary during a stall maneuver under the
different motion configurations. Based on these considerations, the literature, and test runs in the VMS, the following
hypotheses were formulated:

H1: Performance of the DEKF - The DEKF was expected to provide more accurate and consistent results when
identifying pilot control behavior in roll compared to pitch as it was easier to perceive and act on roll distur-
bances. In addition, pitch control inputs had to be adjusted for the DEKF procedure as the measurements were
not centered around zero.

H2: General Effects of Motion on Control Behavior - Pilot control behavior in the EH motion condition was
expected to be more similar to the FM condition compared to GH . Pilot velocity gains were expected to be
higher under the motion configurations with higher motion gains and lower break-frequencies (EH and FM ),
leading to higher open-loop crossover frequencies and lower phase margins. It was anticipated pilots would
have the smallest disturbance-rejection error (RMSe) in the EH and FM conditions and the largest in the
NM condition.

H3: Pilot Adaptations to Changing Dynamics - It was anticipated that pilots’ control behavior and use of motion
cues would adapt to the changing aircraft dynamics and conditions throughout the stall task. As the aircraft
dynamics become more unstable close to the stall point (t2), the pilot velocity gain was expected to increase
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while the pilot position gain was not expected to change, resulting in a higher emphasis on visually generated
lead.

H4: Differences Between Motion Configurations over Time - It was hypothesized that differences in pilot control
behavior and performance between the different motion configurations would increase closer to the stall point
as motion cues become more important to maintain the same level of disturbance-rejection performance.

IV. Results

This section presents the combined results of 17 pilots that participated in the experiment. Error bar plots depict
means and 95% confidence intervals over all pilots for each motion condition and time segment after the data was
corrected for between-subject variability. For time-varying dependent variables, means and confidence intervals were
calculated from data of the last 2 seconds of each stall segment (S1, S2, S3 and S4), see Fig. 2.

A two-way repeated measures analysis of variance (ANOVA) was performed to detect statistically significant
interactions between motion configuration and time segment of the stall recovery maneuver (motion × time) for each
dependent measure, or the simple main effects of motion or time. The four levels of motion were: no motion (NM ),
generic hexapod (GH), enhanced hexapod (EH), and full motion (FM ). The four time intervals during the stall
recovery maneuver were: level flight (t1), approach to stall (t2), dive (t3), and recovery (t4). Pilot time delays for both
pitch and roll were considered constant and motion ratings were considered for the entire stall task only. Therefore, a
one-way ANOVA was performed for these variables to investigate significant differences between motion conditions
only. An overview of the main statistical test results is given in Table 3.

Data from certain pilots were removed due to inaccurate parameter estimates. No outliers were present, as no
studentized residuals were outside ± 3 standard deviations from the mean for each dependent variable.

A. Motion Ratings

NM GH EH FM
0.00

20.00

40.00

60.00

80.00

100.00

motion

M
R

,%

Figure 8. Motion ratings.

In Fig. 8, pilot subjective motion ratings (MR) are presented.
A one-way repeated measures ANOVA was performed to in-
vestigate the effect of motion condition on subjective motion
perception. The FM condition was rated at 100% by default,
and the other motion conditions had to be compared relative
to this condition. There was a statistically significant effect
of motion (p < 0.001), see Table 3. Post-hoc analysis with a
Bonferroni adjustment showed that MR increased from 0.6%
for NM to 66.6% for GH (p < 0.001), to 80.4% in EH
(p < 0.001), and to 100.0% for FM (p < 0.001). There
was no significant difference in motion ratings between GH
and EH (p = 0.082). MR significantly increased from 66.6
in GH to 100.0 in FM (p < 0.001). Lastly, motion ratings
significantly increased from 80.4 in GH to 100.0 in FM .

B. Pilot Performance and Control Activity

Roll error and control input RMS are presented in Fig. 9. A lower RMSe and RMSu indicate better performance and
lower control activity, respectively. In Fig. 9a, no statistically significant two-way interaction between motion and time
was found for the RMS of the roll error signal. The main effect of motion introduced significant differences in RMSe
between conditions (p = 0.001). Post-hoc analysis with a Bonferroni adjustment indicated a significant decrease from
1.337 deg in the NM condition to 1.030 deg in the EH condition (p = 0.007), and to 1.035 deg in the FM condition
(p = 0.011). RMSe also significantly decreased from 1.168 deg in GH to 1.030 in EH (p < 0.001) and to 1.035
in FM (p < 0.001). No significant difference was found between the EH and FM conditions (p = 1.000). The
main effect of time also introduced a significant difference in RMSe (p = 0.001). Post-hoc analysis revealed that the
RMSe increased significantly from 1.057 deg in t1 to 1.268 deg in t4 (p < 0.001), but did not change significantly
compared to t2 (p = 0.380) and t3 (p = 1.000).

Control input RMS in the roll axis is shown in Fig. 9b. No statistically significant two-way interaction was found
between motion and time (p = 0.119). The main effect of motion was statistically significant. Post-hoc analysis with a
Bonferroni adjustment showed that RMSu increased from 0.026 in NM to 0.032 in GH , EH and FM (p < 0.001).
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Table 3. Summary of main statistical test results.

Measure motion time motion × time

df F p df F p df F p

MR 3.0,48.0 176.680 <0.001 - - - - - -

Roll

RMSe 1.2,19.5gg 12.860 0.001 1.8,28.7gg 9.830 0.001 1.5, 24.6gg 2.243 0.137
RMSu 3.0,48.0 20.290 <0.001 2.1,34.5gg 16.026 <0.001 3.2, 51.4gg 2.016 0.119
Kp 2.0,26.3gg 2.839 0.076 2.0,26.0gg 14.259 <0.001 4.8, 62.1gg 1.296 0.278
Kv 3.0,39.0 19.800 <0.001 1.3,16.5gg 43.550 <0.001 4.2, 54.3gg 1.359 0.259
τv 3.0,39.0 16.543 <0.001 - - - - - -
ωn 1.7,22.5gg 0.658 0.506 2.0,26.5gg 25.879 <0.001 2.3, 30.2gg 2.072 0.137
ζn 1.6,20.8gg 6.216 0.011 3.0,39.0 2.013 0.128 9.0,117.0 1.741 0.087
ωc 1.9,28.4gg 8.736 0.001 3.0,45.0 18.182 < 0.001 9.0,135.0 1.873 0.061
ϕm 1.8,27.4gg 7.466 0.003 1.8,27.0gg 5.866 0.009 1.9, 29.5gg 2.216 0.128

Pitch

RMSe 1.4,22.4gg 18.625 <0.001 3.0,48.0 11.966 <0.001 9.0,144.0 3.285 0.001
RMSu 1.5,24.8gg 28.345 <0.001 3.0,48.0 37.400 <0.001 4.5, 72.6gg 7.221 <0.001
Kp 3.0,21.0 1.234 0.322 3.0,21.0 84.871 <0.001 3.4, 23.9gg 2.615 0.068
Kv 3.0,48.0 24.727 < 0.001 3.0,48.0 15.849 < 0.001 9.0,144.0 2.253 0.022
τv 3.0,48.0 69.213 < 0.001 - - - - - -
ωn 1.5,23.5gg 8.740 0.003 1.4,22.2gg 27.352 <0.001 3.9, 30.2gg 3.389 0.015
ζn 2.0,33.1gg 7.439 0.002 1.9,30.9gg 2.473 0.103 2.1, 34.1gg 2.198 0.124
ωc 3.0,30.0 11.389 < 0.001 3.0,30.0 56.979 < 0.001 9.0,90.0 2.956 0.004
ϕm 3.0,27.0 4.174 0.015 3.0,27.0 36.403 <0.001 9.0,81.0 3.376 0.001

gg = Greenhouse-Geisser correction
= significant (p < 0.05)
= not significant (p ≥ 0.05)

No significant changes were found between the other levels (p = 1.000). The main effect of time was also statistically
significant for the roll control input RMS (p < 0.001). RMSu increased significantly from 0.029 in t1 and t2 to 0.032
in t3 and t4 (p = 0.003).

Pitch error and control input RMS are shown in Fig. 10. Fig. 10a depicts the RMS of the error in the pitch axis.
A statistically significant two-way interaction was found between motion and time (p = 0.001). Simple main effects
of motion revealed that, at time t1, RMSe significantly decreased from 0.846 in NM to 0.745 in GH (p = 0.001),
to 0.723 in EH (p < 0.001), and to 0.738 in FM (p = 0.003). Also at time t1, there was no significant change in
RMSe between GH and EH (p = 0.882) and FM (p = 1.000). Furthermore, no statistically significant difference
was found between EH and FM (p = 1.000). At time t2, pitch error RMS significantly decreased from 1.009 in
NM to 0.776 in GH (p = 0.001), to 0.794 in EH (p = 0.017) and to 0.745 in FM (p < 0.001). There was no
significant difference between GH and EH (p = 1.000) and FM (p = 1.000). Also at time segment t2, there was
no significant difference between EH and FM (p = 1.000). At t3 no significant change was present between NM
and GH (p = 0.079). RMSe decreased significantly from 1.019 in NM to 0.789 in EH (p = 0.008), and to 0.801
in FM (p = 0.019). No significant changes were present between GH and EH (p = 0.978), and FM (p = 0.775).
Lastly, at t3, there was no significant change between EH and FM (p = 1.000). In the last time segment t4, pitch
RMSe did not significantly change between NM and GH (p = 1.000), but significantly decreased from 0.996 in
NM to 0.826 in GH (p = 0.020) and did not significantly change between NM and FM (p = 0.560). Pitch error
RMS significantly decreased from 0.928 in GH to 0.826 in EH (p = 0.005) and did not significantly change between
GH and FM (p = 1.000). There was no significant change between EH and FM (p = 0.081). Simple main effects
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of time revealed that for NM there was a significant increase in pitch error RMS from 0.846 at t1 to 1.009 at t2
(p = 0.043), to 1.019 at t3 (p = 0.014) and to 0.996 at t4 (p < 0.001). RMSe did not significantly change from
t2 to t3 (p = 1.000) and to t4 (p = 1.000). There was also no significant change between time segments t3 and
t4 (p = 1.000). For the GH motion condition, RMSe did not significantly change between t1 and t2 (p = 1.000),
significantly increased from 0.745 in t1 to 0.843 in t3 (p = 0.047), and to 0.928 in t4 (p < 0.001). There was
no significant difference between t2 and t3 (p = 0.422); however, pitch error RMS increased from 0.776 in t2 to
0.928 in t4 (p = 0.006). No significant difference was found between t3 and t4 (p = 0.205). For the EH motion
condition, RMSe significantly increased from 0.723 in t1 to 0.826 in t4 (p = 0.015). No other significant differences
were found. For the FM condition, pitch error RMS did not significantly change between t1 and t2 (p = 1.000)
and t3 (p = 0.376), but significantly increased from 0.738 in t1 to 0.916 in t4 (p < 0.001). Pitch error RMS also
significantly increased from 0.745 in t2 to 0.916 in t4 (p = 0.004), but there was no significant difference between t2
and t3 (p = 0.358). There were also no significant differences between t3 and t4 (p = 0.064).

Pitch control input RMS is depicted in Fig. 10b. There was a significant two-way interaction between motion
condition and time segment (p < 0.001). Simple main effects of motion showed that, at t1,RMSu did not significantly
change between NM and GH (p = 0.671), and EH (p = 1.000), but significantly increased from 0.017 in NM
to 0.21 in FM (p < 0.001). Pitch control input RMS did not significantly change at t1 between GH and EH
(p = 0.170), but significantly increased from 0.018 in GH to 0.021 in FM (p < 0.001). There was also a significant
increase from 0.017 in the EH condition to 0.021 in the FM condition (p < 0.001). At t2, there were no significant
differences between NM and GH (p = 1.000) and EH (p = 1.000). There was a significant increase in pitch
RMSu from 0.019 in NM to 0.021 in FM (p = 0.01). There were no significant differences between GH and EH
(p = 1.000), but there was a significant increase from 0.018 in GH to 0.021 in FM (p < 0.001). Also at t2, there
was a significant increase from 0.018 in EH to 0.021 in FM (p = 0.001). At t3, there was no significant difference
between NM and GH (p = 0.001) and EH (p = 0.001). There was a significant increase from 0.022 in NM to
0.025 in FM (p = 0.029). There was no significant difference in RMSu between GH and EH (p = 1.000), but
there was a significant increase from 0.21 in GH to 0.025 in FM (p < 0.001). Pitch control input RMS increased
significantly from 0.021 in EH to 0.025 in FM (p = 0.001). At the last time segment, t4, there was no significant
difference between NM and GH (p = 1.000), and EH (p = 0.907). There was a significant increase from 0.019 in
NM to 0.026 in FM (p = 0.001). Pitch control input RMS significantly increased at t4 from 0.020 in GH to 0.026
in FM (p < 0.001). No significant differences were found between GH and EH (p = 1.000). Pitch control input
RMS increased from 0.021 in EH to 0.026 in FM (p < 0.001). Simple main effects of time showed that for the NM
condition, RMSu did not significantly change from t1 to t2 (p = 0.078), but significantly increased from 0.017 in t1
to 0.022 in t3 (p < 0.001) and to 0.019 in t4 (p = 0.024). RMSu significantly increased from 0.019 in t2 to 0.022 in
t3 (p = 0.001), but did not significantly change compared to t4 (p = 1.000). There was a significant decrease from
0.022 in t3 to 0.019 in t4 (p = 0.007). In the GH condition, pitch RMSu did not significantly change between t1
and t2 (p = 1.000), but increased from 0.018 at t1 to 0.021 at t3 (p < 0.001) and to 0.020 at t4 (p = 0.016). Pitch
control input RMS increased from 0.018 in t2 to 0.021 in t3 (p < 0.001) and to 0.020 in t4 (p = 0.037). There was
no significant difference in the GH condition between t3 and t4 (p = 0.384). For the EH condition, no significant
difference was found between t1 and t2 (p = 1.000); however, RMSu significantly increased from 0.017 in t1 to
0.021 in t3 (p < 0.001) and to 0.021 in t4 (p = 0.001). RMSu significantly increased from 0.018 at t2 to 0.021 at t3
(p < 0.001) and to 0.021 at t4 (p = 0.029). There was no significant change in the EH condition between t3 and t4
(p = 1.000). Finally, in the FM condition, RMSu did not significantly change between t1 and t2 (p = 0.369), but
significantly increased from 0.21 in t1 to 0.025 in t3 (p < 0.001) and to 0.026 in t4 (p < 0.001). Pitch control input
RMS significantly increased from 0.021 in t2 to 0.025 in t3 (p < 0.001) and to 0.026 in t4 (p < 0.001). There was no
significant difference between t3 and t4 (p = 0.427).

C. Pilot Model Parameters

Pilot model parameters in the roll axis are shown in Fig. 11. Roll position gain is shown in Fig. 11a. No statistically
significant two-way interaction was found between motion condition and time for the roll position gain (p = 0.278).
The main effect of motion showed no statistically significant difference (p = 0.076). The main effect of time showed
a statistically significant change in Kp (p < 0.001). Post-hoc analysis with a Bonferroni adjustment indicated that roll
position gain did not significantly change between 0.014 in t1 and 0.016 in t2 (p = 0.741) or 0.012 t3 (p = 0.204),
but significantly decreased to 0.011 in t4 (p < 0.001). Position gain also significantly decreased from 0.016 in t2 to
0.012 in t3 (p = 0.009) and to 0.011 in t4 (p = 0.001). There was no statistically significant difference in roll position
gain between times t3 and t4.

The roll velocity gain is depicted in Fig. 11b. There was no significant two-way interaction between motion
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Figure 9. Roll error and control input RMS.
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Figure 10. Pitch error and control input RMS.

condition and time for the roll velocity gain. Main effect of motion showed a statistically significant difference (p <
0.001). Post-hoc analysis with a Bonferroni adjustment showed that the roll velocity gain increased from 0.009 in
NM to 0.011 in GH (p = 0.001), to 0.013 in EH (p < 0.001), and to 0.012 in FM (p = 0.001). Kv significantly
increased from 0.011 in GH to 0.013 in EH (p = 0.021), but did not significantly change compared to FM . The
roll velocity gain did not significantly change between EH and FM . Main effects of time also showed a statistically
significant change. Post-hoc analysis revealed thatKv increased from 0.011 in t1 to 0.015 in t2 (p = 0.002), decreased
significantly to 0.010 in t3 (p = 0.03), and to 0.009 in t4 (p < 0.001). Roll velocity gain decreased from 0.015 in t2
to 0.010 in t3 (p < 0.001) and to 0.009 in t4 (p < 0.001). It also decreased significantly from 0.010 in t3 to 0.009 in
t4 (p = 0.001).

For the neuromuscular frequency ωn in Fig. 11c, no significant two-way interaction between motion and time was
found (p = 0.137). The main effect of motion did not show a significant difference in the neuromuscular frequency
(p = 0.506). However, the main effect of time introduced a significant difference (p < 0.001). Post-hoc analysis with
Bonferroni adjustment revealed a significant decrease from 5.4 rad/s in t1 to 4.86 rad/s in t2 (p < 0.001) and to 4.97
in t3 (p = 0.002). No significant difference was found between t1 and t4 (p = 0.577). The neuromuscular frequency
did also not change significantly between t2 and t3 (p = 1.000). It increased significantly from 4.86 rad/s in t2 to 5.57
rad/s in t4 (p < 0.001). ωn increased significantly from 4.97 rad/s in t3 to 5.57 rad/s in t4 (p < 0.001).

The neuromuscular damping ratio is shown in Fig. 11d. No significant two-way interaction between motion con-
dition and time existed (p = 0.087). The main effect of time was also not significant (p = 0.128). There was a
significant main effect of motion (p = 0.011). Post-hoc analysis with Bonferroni adjustment showed that the neu-
romuscular damping ratio decreased significantly from 0.310 in the NM condition to 0.251 in the GH condition
(p = 0.03), but did not change significantly compared to the EH (p = 1.000) and FM (p = 0.860) conditions.
Neuromuscular damping ratio increased significantly from 0.251 in GH to 0.293 in EH (p = 0.001), but did not
change significantly compared to FM (p = 0.159). There was no significant difference in ζn between the EH and
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Figure 11. Roll pilot model parameters.

14 of 24

American Institute of Aeronautics and Astronautics



FM motion conditions.
Fig. 11e depicts the pilot roll time delay. The roll time delay significantly changed with motion, as indicated by

the one-way ANOVA (p < 0.001). For the time delay in the roll axis, post-hoc analysis with Bonferroni adjustment
revealed no significant change between the NM and GH conditions (p = 0.152). Time delay significantly decreased
from 0.374 s in NM to 0.316 s in EH (p = 0.034) and to 0.309 s in FM (p = 0.019). There was a significant
decrease from 0.4 s in GH to 0.316 s in EH (p = 0.001) and to 0.309 s in FM (p < 0.001). There was no significant
change in time delay between EH and FM (p = 1.000).

Pitch pilot model parameters are depicted in Fig. 12. There was no significant two-way interaction between
motion condition and time for the pitch position gain Kp (0.068). The main effect of motion did also not introduce
any significant effects (p = 0.322). The main effect of time was statistically significant (p < 0.001). Post-hoc
analysis with Bonferroni adjustment revealed that pitch position gain did not significantly change between t1 and t2
(p = 0.265), but significantly decreased from 0.012 at t1 to 0.002 at t3 (p < 0.001) and to 0.009 at t4 (p = 0.001).
Kp also significantly decreased from 0.015 at t2 to 0.002 at t3 (p < 0.001) and to 0.006 at t4 (p = 0.007). Lastly, the
pitch position gain significantly increased from 0.002 at t3 to 0.009 at t4 (p < 0.001).

There was a significant two-way interaction between motion condition and time for the pitch velocity gain (p =
0.022). The simple main effect of motion indicated that Kv in pitch did not significantly change at t1 between NM
andGH (p = 0.216), andEH (p = 1.000). It significantly increased from 0.009 inNM to 0.012 in FM (p = 0.001).
The pitch velocity gain significantly decreased from 0.11 in GH to 0.009 in EH for t1 (p = 0.003). There was a
significant increase from 0.009 inEH to 0.012 in FM (p < 0.001). For t2, the pitch velocity gain did not significantly
change between NM and GH (p = 1.000) and EH (p = 1.000); however, it significantly increased from 0.011 in
NM to 0.016 in FM (p = 0.002). Kv did not significantly change between GH and EH at t2 (p = 0.278), but it
significantly increased from 0.012 in GH to 0.016 in FM (p = 0.002). There was also a significant increase from
0.011 in EH to 0.016 in FM (p < 0.001). At t3, there was no significant change in the pitch velocity gain between
NM andGH (p = 0.165) andEH (p = 1.000), however it significantly increased from 0.009 inNM to 0.013 in FM
(p = 0.001). There was no significant change between GH and EH (p = 0.147) and FM (p = 0.093). The pitch
velocity gain significantly increased from 0.009 in EH to 0.013 in FM (p < 0.001). For the last time segment, t4,
Kv did not significantly change between NM and GH (p < 0.065) and EH (p = 1.000), but significantly increased
from 0.009 in NM to 0.012 in FM (p < 0.001). Kv did not significantly change between GH and EH (p = 0.847),
but significantly increased from 0.010 in GH to 0.012 in FM (p = 0.001). There was also a significant increase
at t4 from 0.009 in EH to 0.012 in FM (p < 0.001). The simple main effect of time revealed that for the NM
condition, Kv significantly increased from 0.009 at t1 to 0.011 at t2, and did not significantly change between t1 and
t3 (p = 1.000) and t4 (p = 1.000). The pitch velocity gain did not significantly change between t2 and t3 (p = 0.103),
but significantly decreased from 0.011 in t2 to 0.009 in t4 (p = 0.046). Also for the NM condition, there was no
significant difference between t3 and t4. In the GH condition, no significant difference in pitch velocity gain was
found between t1 and t2 (p = 0.696), t3 (p = 1.000), and t4 (p = 0.569). There was also no significant difference
between t2 and t3 (p = 0.165), but there was a significant decrease from 0.012 in t2 to 0.010 in t4 (p = 0.046).
No significant difference was found between t3 and t4 (p = 1.000). In the EH condition, the pitch velocity gain
significantly increased from 0.009 in t1 to 0.011 in t2 (p = 0.006), but there was no significant difference between t1
and t3 (p = 0.696) and t4 (p = 1.000). No other significant differences were found for the EH condition between
other time segments. Lastly, for the FM condition, the pitch velocity gain increased from 0.012 at t1 to 0.016 at
t2 (p = 0.002), and did not significantly change between t1 and t3 (p = 1.000) and t4 (p = 1.000). There was
a significant decrease from 0.016 at t2 to 0.013 at t3 (p = 0.001) and to 0.012 at t4 (p = 0.002). No significant
difference was found between t3 and t4 for the FM condition (p = 1.000).

A significant two-way interaction was found between motion condition and time for the pitch neuromuscular
frequency (p = 0.015). The simple main effect of motion showed that at time t1, ωn did not significantly change
from the NM to GH condition (p = 0.873), but significantly decreased from 8.544 rad/s in NM to 6.549 rad/s
in EH (p < 0.001). Also at t1, there was no significant difference between NM and FM (p = 0.073). There
were no significant differences between GH and EH (p = 0.106) and FM (p = 0.342). There was a significant
increase in neuromuscular frequency from 6.549 rad/s in EH to 12.701 rad/s in FM (0.009). At time t2, there was
no significant difference between NM and GH (p = 0.650), but ωn decreased significantly from 7.713 rad/s in NM
to 6.375 rad/s in EH (p = 0.004). There was also a significant increase in neuromuscular frequency from 7.713 rad/s
in NM to 12.362 rad/s in FM (p = 0.037). There was no significant difference between the GH and EH conditions
(p = 0.185) and the FM condition (p = 0.165). ωn significantly increased from 6.374 rad/s in EH to 12.362 rad/s
in FM (p = 0.013). At time t3, the only significant difference found was an increase from 6.312 rad/s in EH to
11.311 rad/s in FM (p = 0.023). In the last time segment, t4, there was no significant difference between NM and
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Figure 12. Pitch pilot model parameters.
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GH (p = 0.154). Pitch neuromuscular frequency significantly decreased from 8.061 rad/s in NM to 7.196 rad/s in
EH (p = 0.035), and significantly increased to 13.187 rad/s in FM (p = 0.010). ωn significantly decreased from
10.937 rad/s in GH to 7.196 rad/s in EH (p = 0.048), but did not significantly change compared to FM (p = 0.204).
Finally, the pitch neuromuscular frequency significantly increased from 7.196 rad/s in EH to 13.187 rad/s in FM
(p = 0.006). The simple main effect of time showed that in the NM condition, the pitch neuromuscular frequency
significantly decreased from 8.544 rad/s in t1 to 7.713 rad/s in t2 (p < 0.001) and to 7.254 rad/s at t3 (p < 0.001).
There was no significant difference for the NM condition from time t1 to time t4 (p = 0.191). Pitch neuromuscular
frequency significantly decreased from 7.713 rad/s in GH to 7.254 rad/s in EH (p = 0.015), but there was no
significant difference between t2 and t4 (p = 0.328). Also for the NM condition, there was a significant increase
from 7.254 rad/s in EH to 8.061 rad/s in FM (p < 0.001). For the GH condition, there was a significant decrease
from 10.752 rad/s at t1 to 10.102 rad/s at t2, but there were no significant differences between t1 and t3 (p = 0.067)
and t4 (p = 1.000). The pitch neuromuscular frequency was not significantly different between t2 and t3 (p = 0.394)
and t4 (p = 0.307). There was a significant increase from 9.396 rad/s in t3 to 10.937 rad/s in t4 (p < 0.001). In
the EH condition, ωn did not significantly change between t1 and t2 (p = 1.000) and t3 (p = 1.000). There was a
significant increase in pitch neuromuscular frequency from 6.549 rad/s in t1 to 7.196 rad/s in t4 (p = 0.008). There
was no significant difference from t2 to t3 (p = 1.000); however, ωn significantly increased from 6.375 rad/s in t2
to 7.196 rad/s in t4 (p = 0.003). There was also a significant increase in the EH condition from 6.312 rad/s in t3
to 7.196 rad/s in t4 (p < 0.001). Finally, for the FM motion condition, the pitch neuromuscular frequency did not
significantly change from t1 to t2 (p = 0.534), but significantly decreased from 12.701 rad/s in t1 to 11.311 rad/s
in t3 (p = 0.005). There was no significant difference between t1 and t4 (p = 0.753). The pitch neuromuscular
frequency significantly decreased from 12.362 rad/s at t2 to 11.311 rad/s in t3 (p = 0.004), but did not significantly
change compared to t4 (p = 0.063). Lastly, ωn significantly increased from 11.311 rad/s in t3 to 13.187 rad/s in t4
for motion condition FM (p < 0.001).

There was no significant two-way interaction between motion condition and time for the neuromuscular damping
ratio in the pitch axis (p = 0.124). The main effect of motion was statistically significant (p = 0.002). Post-hoc
analysis with a Bonferroni adjustment revealed that ζn significantly increased from 0.393 in NM to 0.645 in GH
(p = 0.029), but was not significantly different between NM and EH (p = 0.858) and FM (p = 0.213). There was
also a significant decrease from 0.645 in the GH motion condition to 0.352 in the EH motion condition (p = 0.006),
but no difference between the GH and FM conditions (p = 1.000). Finally, there was no significant difference in
pitch neuromuscular damping ratio between the EH and FM conditions (p = 0.053).

There was a significant difference introduced by motion for the pilot pitch time delay. Post-hoc analysis with
Bonferroni adjustment revealed a decrease from 0.354 s in the NM condition to 0.270 s in GH (p < 0.001), to 0.193
s in EH (p < 0.001) and to 0.278 s in FM (p < 0.001). The time delay also significantly decreased from 0.270 s in
GH to 0.193 s in EH (p < 0.001), but did not significantly change compared to the FM condition (p = 1.000). The
pitch time delay significantly increased from 0.193 s in theEH condition to 0.278 s in the FM condition (p < 0.001).

D. Aircraft Dynamics

Identified roll and pitch aircraft dynamics parameters are shown in Fig. 13 and Fig. 14, respectively. As these aircraft
dynamics parameters were estimated with the end goal of determining the time-varying open-loop parameters pre-
sented in Section E, no ANOVA was performed. From Figures 13a and 14a, it can be seen that the dynamics gain in
both roll and pitch was lower in t2 and t3; that is, close to the stall point and at the end of the dive. This is in line with
the observed reduced control authority around these time segments. The roll dynamics break-frequency first increased
from t1 to t2 after which it decreased in t3 and increased again in t4 (Fig. 13b). The pitch dynamics break-frequency
decreased from t1 to t2 and then increased slightly in t3 and increased further in t4 (Fig. 14b). These observation
indicate a slight reduction in aircraft roll stability in t3, and a reduction in pitch stability mainly in t2.

To verify the accuracy of the highly simplified aircraft dynamics representation in Eq. (3), the variance accounted
for (VAF) of the modeled aircraft dynamics output for the first 82 seconds of flight in S1 using the MLE and EKF
methods is depicted in Fig. 15. The VAF is relatively high for both parameter estimation methods, indicating that
the simplified dynamics can describe the non-linear aircraft model reasonably well. It can be seen that the VAF is
higher using the EKF for both the roll and pitch axes. This is to be expected, since the MLE method assumes constant
dynamics, whereas the EKF is able to identify time-varying parameters.
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Figure 13. Roll dynamics characteristics.

0 20 40 60 80 100 120 140 160 180

100.00

120.00

140.00

160.00

t1 t2 t3 t4

t, s

K
d

,-

NM GH
EH FM

t1 t2 t3 t4

100.00

120.00

140.00

160.00

time segment

(a) Dynamics gain.

0 20 40 60 80 100 120 140 160 180
0.00

0.50

1.00

1.50

2.00

t1 t2 t3 t4

t, s

ω
d

,r
ad

/s

t1 t2 t3 t4
0.00

0.50

1.00

1.50

2.00

time segment

(b) Dynamics break frequency.

Figure 14. Pitch dynamics characteristics.

E. Performance and Stability

Performance and stability in the frequency domain are characterized by the pilot-vehicle transfer function crossover
frequency and phase margin in Figures 16 and 17 for roll and pitch, respectively.

There was no significant two-way interaction between motion and time for the roll crossover frequency (p =
0.061), see Table 3. The main effect of motion showed a significant result (p = 0.001). Post-hoc analysis with a
Bonferroni adjustment revealed that ωc in roll significantly increased from 1.152 rad/s in NM to 1.273 rad/s in GH
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Figure 15. Variance Accounted For for aircraft identification.

(p = 0.028) and to 1.368 rad/s in EH (p = 0.004), but did not significantly change compared to FM (p = 0.082).
There was no significant difference in roll crossover frequency between GH and EH (p = 0.165) and FM (p =
1.000), or between EH and FM (p = 0.505). The main effect of time also showed a significant effect (p < 0.001).
Roll crossover frequency did not significantly change between 1.381 rad/s at t1 and 1.359 rad/s at t2 (p = 1.000), but
significantly decreased from 1.381 rad/s at t1 to 1.111 rad/s at t3 (p < 0.001) and to 1.242 rad/s at t4 (p = 0.001).
There was also a significant decrease from 1.359 rad/s at t2 to 1.111 rad/s at t3 (p = 0.002), but no significant
difference compared to the roll crossover frequency at t4 (p = 0.153). Lastly, roll ωc significantly increased from
1.111 at t3 to 1.242 rad/s at t4 (p = 0.005).

In Fig. 16b, the roll phase margins are shown. There was no significant two-way interaction between motion and
time (p = 0.128). The main effect of motion showed that there was a significant difference in roll phase margin
(p < 0.003). Post-hoc analysis with Bonferroni adjustment revealed that roll phase margin significantly increased
from 74.720 deg in NM to 79.975 deg in GH (p = 0.029), and to 85.481 deg in EH (p < 0.001). There was no
significant difference between NM and FM (p = 0.297). There was also a significant increase from 79.975 deg in
GH to 85.481 deg in EH (p = 0.001), but no significant difference between GH and FM (p = 1.000). Roll phase
margin significantly decreased from 85.481 deg in EH to 80.751 deg in FM (p = 0.028). The main effect of time
also showed a significant difference (p = 0.009). Post-hoc analysis with a Bonferroni adjustment showed that roll
phase margin significantly increased from 78.821 deg at t1 to 87.578 deg at t2 (p = 0.002), but did not significantly
change compared to t3 (p = 1.000) and t4 (p = 1.000). The roll phase margin significantly decreased from 87.578
deg in t2 to 77.871 deg in t3 (p = 0.011) and to 76.657 deg in t4 (p = 0.025). Finally, ϕm in roll did not significantly
change between t3 and t4 (p = 1.000).

Fig. 17a shows the crossover frequency for the pitch axis. A significant two-way interaction was found between
motion condition and time (p = 0.004). The simple main effect of motion revealed that at t1, pitch crossover frequency
did not significantly change from 1.465 rad/s in NM to 1.519 rad/s in GH (p = 1.000), to 1.337 rad/s at EH
(p = 0.845) and to 1.644 rad/s at FM (p = 0.087). The pitch crossover frequency significantly decreased from 1.519
rad/s in GH to 1.337 rad/s in EH (p = 0.034) and significantly increased to 1.644 rad/s in FM (p = 0.046). There
was a significant increase from 1.337 rad/s in EH to 1.644 rad/s in FM . At time t2, pitch crossover frequency did not
significantly change from 1.616 rad/s in NM to 1.695 rad/s in GH (p = 1.000) or to 1.664 rad/s in EH (p = 1.000),
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Figure 16. Roll performance and stability.
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Figure 17. Pitch performance and stability.

but significantly increased to 1.962 rad/s in FM (p = 0.014). There was no significant difference between GH and
EH (p = 1.000) and FM (p = 0.063). There was a significant increase from 1.664 rad/s in EH to 1.962 rad/s in
FM (p = 0.031). At time segment t3, ωc in pitch significantly increased from 0.691 rad/s for NM to 1.108 rad/s
for GH (p = 0.021), but did not significantly change compared to EH (p = 0.206) and FM (p = 0.064). There
was no significant difference between GH and EH (p = 0.269) and FM (p = 1.000). Lastly, no significant change
was found between EH and FM (p = 0.175). At t4, the pitch crossover frequency did not significantly change from
1.116 rad/s in NM to 1.153 rad/s in GH (p = 1.000) or to 1.153 rad/s in EH (p = 1.000), but significantly increased
to 1.421 rads/s for FM (p = 0.036). There was no significant difference between GH and EH (p = 1.000). A
significant increase was found between 1.153 rad/s in GH and 1.421 rad/s in FM (p = 0.037). Pitch ωc was not
significantly different between EH and FM (p = 0.096). The simple main effect of time revealed that in the NM
condition, the pitch crossover frequency was not significantly different between 1.499 rad/s at t1 and 1.655 rad/s at t2
(p = 0.297), but significantly decreased to 0.596 rad/s at t3 (p < 0.001) and to 1.125 rad/s at t4 (p < 0.001). There
was a significant decrease from 1.655 rad/s at t2 to 0.596 rad/s at t3 (p < 0.001) and to 1.125 rad/s at t4 (p = 0.001).
A significant increase was found from 0.596 rad/s at t3 to 1.125 rad/s at t4 (p = 0.001). In the GH condition, pitch
ωc did not significantly change from 1.530 rad/s at t1 to 1.731 rad/s at t2 (p = 0.066), but significantly decreased
to 0.942 rad/s at t3 (p < 0.001) and to 1.156 rad/s at t4 (p < 0.001). There was also a significant decrease from
1.731 rad/s at t2 to 0.942 rad/s at t3 (p < 0.001) and to 1.156 rad/s at t4 (p < 0.001). No significant change was
found between t3 and t4 (p = 0.334). In the EH condition, pitch crossover frequency significantly increased from
1.462 rad/s at t1 to 1.718 rad/s at t2 (p = 0.023), significantly decreased to 0.872 rad/s at t3 (p < 0.001), and did
not significantly change compared in t4 (p = 0.244). There was also a significant decrease from 1.718 rad/s at t2 to
0.872 rad/s at t3 (p < 0.001) and to 1.310 rad/s at t4 (p = 0.001). Also in the EH condition, pitch ωc significantly
increased from 0.872 rad/s at t3 to 1.310 rad/s at t4 (p = 0.002). Lastly, in the FM condition, the pitch crossover
frequency significantly increased from 1.644 rad/s at t1 to 1.962 rad/s at t2 (p = 0.003), significantly decreased to
1.055 rad/s at t3 (p < 0.001), and significantly decreased to 1.421 rad/s at t4 (p = 0.049). There was a significant
decrease from 1.962 rad/s at t2 to 1.055 rad/s at t3 (p < 0.001) and to 1.421 rad/s at t4 (p < 0.001). Pitch crossover
frequency significantly increased from 1.055 rad/s at t3 to 1.421 rad/s at t4 (p = 0.012).

For the pitch phase margin in Fig. 17b, there was a significant two-way interaction between motion condition and
time (p = 0.001). The simple main effect of motion showed that at t1, there was a significant difference between
82.927 deg in NM and 90.333 deg in GH (p = 0.039), but no significant difference between NM and EH (p =
1.000) or FM (p = 0.067). There was a significant decrease from 90.333 deg in GH to 82.259 deg in EH (p =
0.020), but no difference between GH and FM (p = 1.000). Also at t1, there was a significant increase from 82.259
deg in EH to 90.131 deg in FM (p = 0.028). At time t2, no significant difference was found for the pitch phase
margin between 76.618 deg in NM and 77.688 deg in GH (p = 1.000) and 69.745 deg in EH (p = 0.185). There
was a significant increase from 76.618 deg in NM to 87.124 deg in FM (p = 0.046). No significant difference
existed between GH and EH (p = 0.190); however, the pitch phase margin increased from 77.688 deg in GH to
87.124 deg in FM (p = 0.034). Lastly at t2, there was a significant increase from 69.745 deg in EH to 87.124 deg in
FM (p < 0.001). At t3, no significant differences between motion conditions were found. The mean phase margin
was 126.335 deg forNM , 111.755 for GH , 106.012 deg for EH and 105.594 deg for FM . At time segment t4, there
were also no significant differences between motion conditions. The mean phase margin was 94.386 deg for NM ,
101.241 deg for GH , 89.990 deg for EH and 102.345 deg for FM . The simple main effect of time revealed that,
in the NM condition, the pitch phase margin did not significantly change from 83.407 deg at t1 to 78.415 deg at t2
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(p = 1.000), but increased significantly from 83.407 deg at t1 to 127.349 deg at t3 (p < 0.001) and to 95.286 deg at
t4 (p = 0.018). It also significantly increased from 78.415 deg at t2 to 127.349 deg at t3 (p < 0.001), and to 95.286
deg at t4 (p = 0.003). Lastly, the pitch phase margin significantly decreased from 127.349 deg at t3 to 95.286 deg at
t4 (p < 0.001). For motion condition GH , the phase margin significantly decreased from 89.662 deg at t1 to 78.707
deg at t2 (p = 0.008) and increased to 119.409 deg at t3 (p = 0.002). It did not significantly change compared to
the phase margin at t4 (p = 0.618). The pitch phase margin significantly increased from 78.707 deg at t2 to 119.409
deg at t3 (p =< 0.001) and to 98.167 deg at t4 (p = 0.016). Lastly for the GH condition, the pitch phase margin
significantly decreased from 119.409 deg at t3 to 98.167 deg at t4 (p = 0.007). In the EH motion condition, the pitch
phase margin did not significantly change between 79.621 deg at t1 and 70.732 deg at t2 (p = 0.116) and 85.841 deg
at t4 (p = 0.519). It did increase from 79.621 deg at t1 to 107.979 deg at t3 (p = 0.002). There was also a significant
increase from 70.732 deg at t2 to 107.979 deg at t3 (p < 0.001) and to 85.841 deg at t4 (p = 0.041). The pitch phase
margin significantly decreased from 107.979 deg at t3 to 85.841 deg at t4 (p = 0.027). Finally, in the FM condition,
the phase margin did not significantly change between 90.402 deg at t1 and 88.245 deg at t2 (p = 1.000), significantly
increased to 119.295 deg at t3 (p = 0.001) and significantly increased to 101.264 deg at t4 (p = 0.010). It also
significantly increased from 88.245 deg at t2 to 119.295 deg at t3 (p = 0.001) and to 101.264 deg at t4 (p = 0.044).
Lastly for the FM condition, pitch phase margin significantly decreased from 119.295 deg at t3 to 101.264 deg at t4
(p = 0.047).

V. Discussion

A stall recovery task was performed under different simulator motion conditions. Pilots had to follow a flight
director that guided them through the approach to stall and stall recovery maneuvers. Disturbance forcing functions
were added in order to identify pilot control behavior in both pitch and roll axes. The stall task was divided into four
segments (Fig. 2). The first segment (S1) consisted of a level flight at 40 000 ft. Then, pilots had to pitch up in order
to enter a stall (S2), after which they entered a dive in order to increase their airspeed and recover from the stall (S3).
In the last segment (S4), pilots had to pull up slowly to recover the airplane to the original level flight condition. Pilots
flew the task under four motion conditions: no motion (NM ), generic hexapod motion (GH), enhanced hexapod
motion (EH), and full motion (FM ).

Subjective motion ratings were collected in order to analyze how the motion in the no motion and hexapod motion
conditions compared to that in the full motion condition. As expected, the condition with no motion was rated the
lowest, followed by the generic hexapod condition and the enhanced hexapod condition. In general, the EH and FM
motion conditions felt most similar. However, there was no statistically significant difference between how pilots rated
the GH and EH conditions. In the last segment, S4, the motion felt more violent than in S1, especially for the EH
and FM motion configurations. This might be due to the fact that the airspeed and air density were higher in S4
compared to S1.

Task performance was defined by the RMS of the error signal in both axes. Roll error RMS was the highest for
the NM condition, indicating worse performance, and the lowest for the EH and FM conditions, indicating better
performance. Furthermore, the roll error RMS slightly increased from t1 to t4, most likely due to the more violent
motion in t4 compared to t1. Similar trends were observed for the pitch axis. However, for the first three time
segments, there was no significant difference in pitch performance between the GH , EH and FM conditions. In the
last time segment the best performance was found for the EH motion condition. Control activity was calculated from
the RMS of the control input. It is interesting to note that for roll, the lowest control input was in the NM condition,
whereas there were no significant differences between the conditions with motion. In the pitch axis however, the
highest control input was observed for the FM condition, but no difference was observed for the other three conditions.
This could mean that for roll, pilots controlled with more confidence whenever motion was available, whereas in pitch
they controlled with more confidence in the full motion case only. This difference between roll and pitch cannot
readily be explained.

Pilot model parameters were identified using a DEKF. For the roll position gain, no differences were found between
motion conditions during the level flight segments S1 and S4, however in the approach to stall and dive maneuvers,
the roll Kp was the smallest for the NM condition compared to the conditions in which motion was present. No
significant differences were found between the flight segments. Roll velocity gain was significantly affected by motion
conditions. It was the highest under EH and lowest under NM , indicating that pilots increased their velocity gain
with more motion. The reason why the roll velocity gain is highest for the EH and not for the FM condition might
be due to increased false tilt motion cues in EH compared to FM . The roll velocity gain increased at the end of S2
compared to S1, meaning that pilots acted more on velocity information close to stall, probably due to the decreased
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aircraft stability close to the stall point. The roll Kv was smaller at the end of the S4 segment compared to S1,
most likely as the aircraft still had not returned fully to the initial trim condition at the beginning of the flight. The
neuromuscular frequency ωn in roll did not change between motion conditions; however, it decreased going from t1
to t2 and t3, and recovered back to the t1 level in t4. A lower roll neuromuscular frequency indicates that pilots act on
less high-frequency disturbances during the approach to stall and the dive portion of the stall task. The pilot time delay
was smaller in the EH and FM conditions compared to the NM and GH conditions by around 60 ms. A possible
explanation for this is that the increased motion made it easier for pilots to act quicker on the disturbances.

In the pitch axis, the pilot position gainKp showed a different behavior compared to roll. Motion did not introduce
any significant change; however, at t3 the pilot position gain significantly decreased, probably due to the large pitch
attitude change at the end of the dive maneuver, which made pilots control more carefully in pitch in this time segment
compared to the other time segments. The pitch velocity gain was the highest for the FM condition, unlike the roll
axis where the highest Kv was obtained for the EH condition. Unlike the roll neuromuscular frequency, the pitch
neuromuscular frequency was significantly affected by the motion condition, which is an interesting find. The lowest
pitch ωn was obtained for the EH condition, the next highest neuromuscular frequency was obtained for the NM
condition, then the GH condition, and the highest pitch ωn was found for the FM condition. This order cannot be
readily explained. Similar to the roll axis, the neuromuscular frequency in the pitch axis seems to decrease in the S2
and S3 segments compared to the S1 and S4 segments. The neuromuscular damping ratio in the pitch axis is the
highest overall for the GH condition, followed by the FM condition and then the NM and EH motion conditions.
These differences are the largest in S1. At the end of the stall recovery task, neuromuscular damping is more similar
for all motion conditions. The pilot time delay in the pitch axis is the lowest for the EH condition. The highest time
delay is found for the NM task, an expected result. However, unlike the roll axis, the pilot time delay is similar under
the GH and FM motion configurations.

The roll crossover frequency was higher for the conditions with motion compared to the no motion condition. It
was the lowest at the end of S3, most likely due to the slightly decreased stability of the aircraft as indicated by the
lower aircraft dynamics break frequency in Fig. 13b. The roll phase margin was highest for the EH condition and
at t2, as was expected since the aircraft roll dynamics were the most stable at t2. In the pitch axis, the crossover
frequency was the highest for the full-motion condition FM . The pitch crossover frequency was the lowest at the end
of S3, probably due to the large pitch attitude change, resulting in pilots not compensating for disturbances effectively,
despite the fact that the pitch dynamics were the most unstable at the end of S2 (Fig. 14b). It is also interesting to note
that the largest difference between motion conditions occurred at t3. Possibly indicating that the motion condition
affects pitch open-loop performance the most where the aircraft response is more dynamic. Pitch phase margin was
the lowest for the EH condition and not the FM condition. It was the highest at t3, although the aircraft dynamics
were more stable at t4 (Fig. 14b). A possible explanation could be that the low pitch dynamics gain at t3 resulted in
an increase in open-loop phase margin.

The DEKF did provide accurate estimation results in both the roll and pitch axes. However, more accurate and
consistent results were obtained in roll compared to pitch, confirming hypothesis H1. Especially the pilot pitch neuro-
muscular parameters showed behavior unlikely caused solely by the motion condition that cannot be readily explained.

Hypothesis H2 can be partially accepted, as the effects of motion on pilot control behavior and performance in
roll were in line with previous research, but less so in pitch. The pilot position gain Kv was the lowest in the NM
condition for both axes, and the highest in EH for the roll axis and FM for the pitch axis. Furthermore, the pilot
position gain did not significantly change for the roll axis but did for the pitch axis. The differences in pilot velocity
gain were much smaller between theNM ,GH andEH conditions for the pitch axis compared to the roll axis. Finally,
disturbance-rejection performance was more significantly affected by motion in roll compared to pitch. These findings
provide useful insights into how different simulator motion settings affect pilot control behavior differently depending
on the controlled axis. However, this obviously also depends on the type of task.

Pilot control behavior and performance significantly adapted as the aircraft dynamics changed throughout the stall
task. Mainly the pilot equalization parameters changed over time. The pilot velocity gains increased closer to the stall
point. Pilot position gains remained fairly constant between t1 and t2 but decreased in the stall recovery. This means
H3 can be accepted. Finally, hypothesis H4 can be accepted as differences between motion configurations in most
dependent variables increased closer to the stall point. A very clear example of this effect can be observed in the pilot
roll position and velocity gains (comparing t1 and t2), and the disturbance-rejection performance in roll and pitch.
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VI. Conclusion

A stall recovery task experiment was performed in the Vertical Motion Simulator at NASA Ames Research Center.
Pilots had to follow a flight director into a stall and then into a recovery maneuver. Disturbances were added in both
the pitch and roll axes in order to identify manual control parameters during different stages of the task using a novel
time-varying parameter estimation method. Four simulator motion conditions were used: no motion, generic hexapod
motion, enhanced hexapod motion, and full motion. Performance was highest for the enhanced hexapod and full
motion conditions in both axes and the lowest for the condition with no motion. In the roll axis, the pilot position gain
did not significantly change between time segments, but was the lowest for the condition with no motion. The pilot
velocity gain was significantly different between motion conditions, the largest difference being found just before the
stall point. The enhanced hexapod motion condition induced the highest pilot roll velocity gain. In the pitch axis, the
pilot position gain was significantly different between time segments but not between motion conditions. The pilot
pitch velocity gain was highest for the full motion condition and increased at the beginning of the stall, but did not
change significantly for the other motion conditions. Neuromuscular frequency decreased for both roll and pitch axes
at the beginning of the stall and in the recovery. There was no difference between motion conditions in the roll axis,
unlike the pitch axis where significant differences in neuromuscular frequency were found. In summary, these findings
suggest that the enhanced hexapod motion configuration induced pilot control behavior and performance more similar
to that under the full motion configuration, but more so in roll compared to pitch. Furthermore, the different motion
configurations affected control behavior and performance more strongly at different times during the stall maneuver;
for example, close to the stall point. This might warrant the use of adaptive motion algorithms that emphasize different
components of the total aircraft motion throughout a stall.
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