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Abstract

This paper examines incorporating flight testing as a complement to simulator-only training for remotely pi-
loted fly-by-wire vertical takeoff and landing (VTOL) aircraft. Ten participants were assigned to two groups and
completed three Froude-scaled vertical-flight Handling Qualities Task Elements (HQTEs): vertical reposition,
pirouette, and hovering turn-and-hold. Both groups first trained using a validated digital twin of the S2F-
X200 lift-plus-cruise VTOL aircraft in the X-Plane 12 environment using a fixed first-person-view (FPV) camera
matched to the flight-test configuration. Group A completed two simulator training sessions, while Group B
completed one simulator training session followed by one matched subscale flight-test session. Both groups
subsequently completed a common final evaluation in simulation. Objective performance metrics, Cooper-
Harper ratings, NASA-TLX workload scores, and eye-tracking measurements were collected to assess per-
formance, workload, and visual attention across sessions. Results show that, relative to simulation, subscale
flight testing was associated with higher task demands, including increased off-axis stick activity and degraded
intermediate-session task performance. However, final simulator performance remained broadly comparable
between groups, and participants exposed to flight testing generally perceived greater training improvement.
These results suggest that subscale flight exposure may provide training value not captured by simulator-only
practice by exposing pilots to real disturbances, consequence, and compensation demands while preserving
a controlled simulator-based evaluation environment.
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1. Introduction
Simulation-based training is a cornerstone of modern pilot instruction because it enables safe, re-
peatable practice with controlled task difficulty and immediate feedback. However, the relationship
between simulator “fidelity” and training effectiveness is not monotonic: training transfer depends on
which task-relevant perceptual, cognitive, and motor processes are engaged, and increased physical
fidelity does not automatically yield improved learning outcomes [1]. For fly-by-wire aircraft, this issue
is particularly salient because the pilot primarily interacts with the closed-loop response character-
istics of the flight control system (FCS). If the FCS response type and pilot command mapping are
held consistent, then differences in training outcomes may be driven less by nominal vehicle scale
alone and more by how the training environment shapes workload, cue utilization, and compensation
strategy.
A persistent limitation of simulator-only training is the difficulty of reproducing the operational salience
of consequence. Real flight can elicit different psychophysiological responses than simulated flight for
comparable mission profiles, suggesting that stress, arousal, and perceived consequence can mean-
ingfully modulate pilot behavior and learning [2]. Experimental evidence from aviation human factors
further indicates that structured exposure to stressors can improve pilot performance during stressful
flying tasks [3, 4]. In parallel, eye-tracking and related workload measures have been used in aviation
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studies to quantify attention allocation, visual scanning behavior, and workload during dynamic flight
tasks [5, 6]. These findings motivate the hypothesis that introducing a higher-consequence training
exposure—while maintaining acceptable safety and cost—may complement conventional simulator
practice, especially for precision vertical flight tasking.
Subscale flight testing offers an underexplored intermediate training environment that preserves real-
world disturbances and consequences at substantially reduced cost and risk relative to full-scale
flight. Subscale aircraft have long been used as research platforms for flight dynamics and control
development, but their use as a deliberate pilot training intervention remains comparatively limited in
the open literature [7, 8]. For a training study, the objective is not to infer full-scale aerodynamics from
subscale data, but to provide a physically embodied environment in which the pilot flies a response-
type FCS under real disturbances, task constraints, and time pressure. To ensure task comparability,
scaled handling qualities task elements can be constructed using principled scaling approaches and
validated task definitions. Recent work applying Froude-based scaling to ADS-33-style mission task
elements (MTEs) for small VTOL UAS provides a practical precedent for scaling course geometry
and timing while acknowledging that not all similarity parameters can be matched simultaneously [9].
Accordingly, this paper presents a controlled human-subject experiment that uses a common simula-
tor evaluation environment to isolate the effect of adding flight-test exposure as a training intervention.
The effect of scale is not the core focus of this paper as both the simulation and flight-test experiments
were performed at the same scale. Participants completed a battery of scaled vertical flight handling
qualities task elements (HQTEs) derived from proposed powered-lift VTOL HQTE definitions [10]. All
participants completed simulator training and a final simulator evaluation using the same task set,
standardized FPV-style viewpoint, and consistent control/interface mapping. One group completed
simulator-only training, while the second group completed matched training that included flight-test
exposure on a physically realized scaled course at the Skyway 36 Drone Port (hereafter “Skyway
36”) in Tulsa, OK, USA. The study objective is to quantify differences in performance, control strat-
egy, subjective workload, and visual attention associated with subscale exposure, thereby assessing
whether subscale flight testing can complement simulator-only training for fly-by-wire vertical flight
tasking.

2. Testbed and Control Framework
The study was performed using a common subscale VTOL testbed and a corresponding simulation
digital twin to support piloted evaluation under consistent pilot command mappings and vehicle re-
sponse characteristics. This section summarizes the vehicle platform, FCS architecture, and pilot
interface at a level sufficient to support interpretation of the training study; additional implementation
details are provided in prior publications by Comer et al. [11, 12].

2.1 Vehicle Platform and Digital Twin

Figure 1 – The S2F-X200 lift-plus-cruise VTOL vehicle (left) & its X-Plane 12 digital twin (right)

The S2F-X200 lift-plus-cruise (LPC) VTOL configuration (Fig. 1), designed and built at the Simulation
to Flight Applied Research Laboratory at Oklahoma State University (OSU), served as the test vehicle
for the subscale flight-training sessions. The vehicle is a “4+1” quadplane configuration, featuring
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four lifting propulsors and a single cruise propulsor mounted aft of the tail. A validated simulation-to-
flight workflow was used to construct a hardware-consistent digital twin of the vehicle and to enable
piloted evaluation in X-Plane 12 [11]. In the present study, the simulator implementation served as
the controlled final evaluation environment, while the physical subscale vehicle provided a higher-
consequence flight-test exposure intended to complement simulator practice.

2.2 Flight Control System Overview
The study is motivated by the premise that, for fly-by-wire operation, the pilot primarily interacts with
the closed-loop response characteristics of the FCS rather than directly with the open-loop vehicle
dynamics. Accordingly, the simulator and flight-test implementations used the same Explicit Model
Following (EMF) + Trajectory Control System (TCS) control architecture and pilot command mappings
employed in prior subscale VTOL flight testing [11, 12]. This architecture was developed around
simplified vehicle operations (SVO), with the intent of reducing pilot workload and training time for
novice or minimally trained operators. At a high level, normalized pilot inputs are converted into axis-
level commands and tracked using an integrated FCS composed of trajectory control, EMF inner-loop
stabilization, inverse propulsor models, control allocation, and effector-to-hardware mappings [12].
Because all HQTEs in this study were performed in vertical flight mode (VFM), transition-dependent
command mapping changes were not required. As the design of the FCS architecture is not the
direct focus of this paper, details regarding specific control loops are omitted for brevity.

2.2.1 Pilot Inceptors and Command Mappings
Participants used a consistent two-stick setup consisting of: (i) a spring-centered left-hand stick
(heave, yaw) and (ii) a spring-centered right-hand stick (surge, sway), each shown in Fig. 2. The in-
ceptors generate four normalized pilot input channels, (δver,δdir,δacc,δlat) ∈ [−1,1], which are mapped
to the commands from the SVO/TCS framework demonstrated in [12].

Figure 2 – Inceptor layout (left, right) in the simulation room with axes labeled

In VFM, the vertical channel commands climb/descent rate VVcmd , the lateral channel commands
lateral velocity VLAT,cmd , the directional channel commands yaw rate rcmd , and the acceleration channel
commands normalized fore/aft acceleration acmd with a velocity-dissipation effect (described further
in [12]). To reduce noise sensitivity and overcontrol while maintaining consistent control feel, all axes
use a first-order input filter with time constant τδ and a 5% dead zone, consistent with prior subscale
implementations [12, 13]. The filter time constant was set to τδ = 0.15 in simulation and τδ = 0.05
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in subscale flight testing to account for control-link and video-streaming latency in the physical test
environment. Inceptor command mappings are summarized in Table 1.

Table 1 – Pilot inceptors and command mappings used in both simulation and flight tests

Physical Inceptor Axis Pilot Input VFM Command Maximum Command
Left stick fore/aft δver Vertical velocity VVcmd 200 fpm
Left stick left/right δdir Yaw rate rcmd 30 deg/s
Right stick fore/aft δacc Fore/aft accel acmd 0.2 g
Right stick left/right δlat Lateral velocity VLAT,cmd 5 kts

2.2.2 Automatic Holds
The FCS architecture features a set of automatic holds to aid the pilot when the inceptors are centered
(no pilot inputs). The holds include: position hold, altitude hold, heading/track hold, and speed hold.
These holds are described further in [13], with a summary provided in Table 2.

Table 2 – Overview of the different holds and control strategies for each respective axis

Control Axis Hold Type Flight State Criteria Control Type Command
Lateral (δlat) Position hold V < 3 kts PID φcmd

Vertical (δver)
– h < 3 ft – –
Altitude h hold h > 3 ft PI VVcmd

Directional (δdir) Heading ψ hold V < 10 kts PI rcmd

Acceleration (δacc) Position hold V < 3 kts PID acmd

3. Piloted Study Design
This work evaluates how the addition of flight-test exposure influences subsequent simulator handling-
qualities performance and human response relative to simulator-only training. Ten participants were
recruited and randomly assigned to one of two groups (A or B; n = 5 per group), as summarized in
Table 3. Both groups completed the final evaluation in the same simulation environment (X-Plane 12)
to avoid introducing additional scale-, weather-, or vehicle-dependent confounds at test time. Partici-
pants were adults aged 18 years or older, and Institutional Review Board (IRB) approval was obtained
prior to recruitment and data collection (IRB-26-218).

Table 3 – Experimental design for Group A and Group B participants

Group Training Session 1 Training Session 2 Final Test Session
A Simulator Simulator Simulator
B Simulator Subscale flight test Simulator

3.1 Session Structure (Training and Test)
To minimize variability due to inconsistent familiarization while avoiding unintended training advan-
tages, all participants received standardized pre-test training materials consisting of a short instruc-
tional video and an annotated inceptor mapping document. The materials described the pilot in-
ceptors, control-channel functions, pilot viewpoint, task objectives, and basic vehicle operation us-
ing consistent phrasing and without discussion of experimental hypotheses or comparisons across
simulation and flight testing. This approach follows established piloted evaluation practice in which
standardized instructional content is used to control participant exposure prior to data collection [14].
Each session (training or test) followed the same high-level structure to control for acclimation effects:

1. Training materials (pre-brief): Participants review a short video and a written guide describing
the inceptor functions, control axes, pilot view, subjective questionnaire (Appendix C) and task
objectives (described further in Sec. 3.3).
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2. Familiarization (“free flight”): 10 minutes of unstructured flight time in the session environ-
ment, consistent with prior piloted HQ evaluation practice [14].

3. Control comprehension (“sanity check”): Short single-axis commands (e.g., climb/descend,
left/right translation, fore/aft translation, yaw left/right) to verify that participants understand the
mapping and can safely proceed.

4. HQTE repetitions (performed in a randomized order):

• Training sessions: no fewer than 5 and no more than 10 practice runs of randomized tasks.
• Test session: no fewer than 5 and no more than 10 runs of randomized tasks.

5. Post-run ratings: After each HQTE run, participants complete Cooper-Harper and NASA-TLX
workload ratings [15], along with additional short feedback regarding perceived training utility.

3.2 HQTE Task Set
The task battery consisted of three Froude-scaled vertical-flight HQTEs spanning altitude capture,
direction capture, and coupled translation–yaw control behaviors. Task intent and descriptions are
adapted from proposed powered-lift VTOL HQTE definitions [10]. The selected tasks and primary
measures were: (i) vertical reposition & hold (altitude error; heading error), (ii) hovering turn & hold
(heading error at capture; position drift), and (iii) pirouette (ground track error; heading error). The
scaled HQTE course geometry and timing are derived using a Froude-based kinematic scaling ap-
proach with a characteristic length scale. Let the geometric scale factor be λ = Lsub/Lref, implying
Lsub = λLref, Vsub =

√
λ Vref, tsub =

√
λ tref. This scaling is used to preserve relative task aggres-

siveness for the subscale dynamics while acknowledging that not all similarity parameters can be
matched simultaneously. The scaled course definitions were implemented in both (i) the simulator
(X-Plane 12) and (ii) a physically realized scaled course at Skyway 36 for the subscale training inter-
vention with one change: tsub = tref. This change is made to preserve the maneuver time experienced
by pilots training in subscale for the purposes of subjecting pilots to equivalent time periods of stress
as would be seen at the full scale. The hypothesis behind this decision is that the effectiveness of
subscale training depends, in part, on equating time under stress across scales.

3.3 Course Setup
The Froude scaling is performed based on the full-scale vehicle design (approximately 600 lbs) dis-
cussed further in [16]. The S2F-X200 is a geometric 1/3 scale of the full-scale S2F-X600, resulting
in a Froude scale value of λ = 1/3. Using this scaling factor, the objectives for adequate and desir-
able performance on each task element are outlined in Table 4, Table 5, and Table 6. The metrics
from which the original values were derived and subsequently scaled are detailed in [17], with one
notable change to the pirouette course. A second reference circle was added to provide the pilots
(using a fixed FPV view) with sufficient visual cueing to adequately discern their longitudinal (fore/aft)
displacement.

Vertical Reposition Desired Adequate
Maintain longitudinal and lateral position
within ±X from the hover point.

±3 ft ±6 ft

Maintain start/finish altitude within ±X. ±3 ft ±6 ft
Maintain heading within ±X. ±5 deg ±10 deg
Complete maneuver within X. ≤ 25 sec ≤ 30 sec
PIO tendencies in the capture and hold. No undesirable mo-

tions that impact task
performance

No divergent PIO (out-
of-phase oscillations)

Table 4 – Vertical reposition (VTOL) performance requirements chart

It should be noted that, while pilot performance is only evaluated across the measures outlined in the
previous section, subjects were nonetheless presented with reasonable targets for their performance.
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This was intended to prevent skew in the performance evaluations in the case that a pilot would focus
primarily or only on the evaluated measures.

Pirouette Desired Adequate
Maintain a selected reference point on the
aircraft within ±X ft of the circumference of
the circle

±3.3 ft ±5 ft

Maintain altitude within ±X ft: ±3.3 ft ±5 ft
Maintain heading so that the nose of the air-
craft points at the center of the circle within
±X deg:

±10 deg ±15 deg

Complete the path within: ≤ 60 sec ≤ 80 sec
Achieve a stabilized hover (within desired
hover reference point) within X seconds af-
ter returning to the starting point.

5 sec 10 sec

Maintain the stabilized hover for an additional
X sec:

5 sec 5 sec

Table 5 – Pirouette performance requirements chart

Turn-and-Hold Desired Adequate
Maintain longitudinal and lateral position
within ±X from the hover point.

±3 ft ±6 ft

Maintain altitude within ±X ±3 ft ±6 ft
Stabilize the final rotorcraft heading at the 90-
degree point and 270-degree point within ±X.

±5 deg ±10 deg

Complete maneuver within X. ≤ 50 sec ≤ 60 sec
PIO tendencies in the capture and hold. No undesirable mo-

tions that impact task
performance

No divergent PIO (out-
of-phase oscillations)

Table 6 – Turn-and-hold performance requirements chart

A digital twin of the HQTE task set was created in X-Plane 12 using a custom airport created in
World Editor (WED) at the Skyway 36 Drone Port (referred to as Downtown Airpark airport [18] in
X-Plane 12). Geographic data from the locations of the courses placed at Skyway 36 were used to
place course digital twins in simulation.
The Froude-scaled pirouette course was created in SolidWorks and exported to Blender as shown
in Fig. 3. An extension was used to generate the assets for simulation in X-Plane 12 [19]. The final
simulation and flight-test realizations of the pirouette course are shown in Fig. 4.

Figure 3 – Subscale pirouette digital twin in SolidWorks (left) & Blender (right)
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Figure 4 – Subscale pirouette in the X-Plane (left) and at Skyway 36 (right)

The same process was repeated for the creation of a digital twin for the vertical reposition and
turn-and-hold courses, with final realizations in simulation and flight-test shown in Fig. 5. Follow-
ing the suggestions from Chakraborty et al. [20], these courses were combined to save modeling
and construction effort, and to increase uniformity and familiarity across each of the HQTEs. All
Froude-scaled courses were positioned at the same locations in Skyway 36 and simulation by GPS
measurement. One notable difference between the simulation and flight-test environment was ele-
vation variation, which was not identical between setups. The X-Plane 12 digital twin utilized a flat
airport as a simplification. It is possible that these differences may have slightly altered the relation-
ship between the reference objects, instrument readings, and performance evaluations. Elevation at
Skyway 36 varied ± 1 ft across each course location. In order to further align instrument readings
across both simulation and subscale flight test, the orientation of each of the courses was matched.
The vertical reposition, the takeoff location for pirouette, and the starting position for the left-hand,
counter-clockwise turn-and-hold were all oriented due North.

Figure 5 – Subscale vertical reposition in X-Plane (left) and Skyway 36 (right)

The development of digital twins for the subscale geometry followed the same methodology outlined
by Comer et al. [21]. Further details regarding the simulation model development have been omitted
for brevity.

3.4 Pilot Setup
A dual-monitor setup was employed as shown in Fig. 6. The left monitor contains a pilot display,
showing sensor information on aircraft states, battery voltage, flight time, and information regarding
the status of the task element and pilot-in-command. The right monitor showed the FPV-style display
(as depicted in Fig. 4 and Fig. 5). A Walksnail/CADDX Avatar HD system was used to provide the
FPV video feed to the pilot in flight testing, while a “weapon camera” placed at the mounting location
in X-Plane 12 rendered a representative display in simulation. The Walksnail system averaged a
30 ms latency throughout the flight testing.

3.4.1 Pilot Display Design
The pilot display provides accurate information about the vehicle state that may not be reasonably or
precisely known through the FPV-style video feed. To ensure intuitive feedback, the display provides
feedback that aligns with the pilots’ axes of control. Lateral and longitudinal velocity correspond
directly with the pilots’ inputs in δlat and δacc respectively. Precise heading adjustment using the
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heading indicator, given a wide horizontal span, allows pilots to pinpoint their exact heading both in
degrees and at each cardinal direction. An altimeter provides similar feedback for pilot input in δver.
Additionally, similar information such as FCS hold indicators, pilot in command, battery state, and
vehicle state (arm/ kill) are grouped together to provide an intuitive visual interface. These features,
along with the mission status indicator, allow for the pilot and safety pilot to communicate effectively
during both simulation and flight-test to ensure safe and proper operation of the vehicle.

Figure 6 – Screen capture of the flight test dual-monitor setup

Figure 7 – Pilot display diagram

3.5 Measurements and Data Collection
To capture both performance outcomes and human response, the study combines objective vehicle
metrics, eye tracking, and subjective ratings. Prior work highlights the value of wearable-based phys-
iological sensing for stress/workload inference and the importance of aligning subjective workload
instruments with the task context [22, 23, 24, 25]. Eye-tracking has also been used to relate attention
allocation to pilot workload and task demand in rotorcraft-relevant contexts [26, 27], with gaze-entropy
and related metrics providing a compact descriptor of visual scanning behavior as task complexity
changes [28].
Upon arrival, participants provided informed consent and completed a demographic questionnaire
(including prior flight, simulator, RC/FPV, and relevant gaming experience). Participants then wore
the Tobii Pro Glasses 3 [29]; the eye tracker was calibrated and a brief baseline physiological and
gaze measurement were collected. Eye-tracking metrics were collected at a sampling rate of 100 Hz
and extracted from the Tobii Pro Labs software. Initially, consecutive invalid pupil diameter samples
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from both eyes were identified and interpolated using a linear interpolation approach. The mean pupil
diameter for each trial and session was obtained from the raw pupil diameter values of each eye.
Pupil diameter can be responsive to luminance, task-relevant cognitive load, and arousal [30, 31].
Therefore, it is essential to obtain a baseline measurement before presenting a stimulus to the par-
ticipant [32]. This study obtained the participants’ baseline pupil diameter for 5 minutes prior to the
start of the training session. All pupil diameter plots were generated using the baseline-corrected
pupil diameter measurements as shown in Appendix A. The heat maps were generated for each trial
based on the absolute duration of gaze fixation. The Tobii-Glasses are worn continuously across
training and test sessions, with short breaks between sessions to mitigate fatigue.
During each HQTE run, simulator and flight-test telemetry were recorded at a sampling rate of 50 Hz
and 15 Hz respectively. Telemetry data includes sensor feedback from the onboard Pixhawk Cube
Orange+ flight controller, pilot inceptor inputs, and maneuver start and end signals. Participants
provide post-run ratings (Cooper-Harper [33, 34] and NASA-TLX [15]). The full protocol is designed
to be completed in approximately two hours, and participants are compensated for their time.

Table 7 – Primary measurement categories collected during training and test sessions.

Category Instrument / Source Examples of Variables
Performance Simulator/subscale

telemetry
Position tracking error, boundary violations, control
activity metrics

Eye tracking Wearable eye
tracker [29]

Fixation duration, saccade rate, pupil diameter, gaze
dispersion/entropy [26, 27, 28]

Subjective Post-run surveys Cooper-Harper [34], NASA-TLX [15], perceived train-
ing utility

4. Results
To give a sense of performance progression for each Group (A and B) within the study, representative
plots of the best performing candidates in each corresponding HQTE course are described subse-
quently. Red lines indicate the first training session, Yellow lines indicate the second training session,
and green lines indicate the final “test” session. To assess how pilot performance changed through-
out each session, the root-mean-square (RMS) error outside of desired boundaries for each task
is plotted. This means that all desired performances were evaluated the same, at zero RMS error.
This provides a quantitative measure of the overall performance of a specific run. These “learning
curves” allow comparisons to be made between individual pilots and each of the two pilot groups (A
and B). The average stick activity in the second session (simulation vs. flight-test), taken to be the
RMS value in each axis, is assessed to highlight differences across simulation and flight-test for all pi-
lots. All results should be considered with the understanding that the atmospheric conditions present
throughout the vast majority of the flight-testing sessions, notably a persistent and high-speed (5-10
kts) North-Westerly wind, differed from the low-speed (3-5 kts) Northerly wind conditions modeled
in simulation. Additionally, some pilots highlighted differences in the ergonomics of the left incep-
tor across simulation and flight test, potentially exacerbating coupling between δver and δdir in flight
testing. Future work will aim to improve the consistency of atmospheric conditions and ergonomics
between simulation and flight-test. Because the flight-test telemetry data collected was computed
from raw GPS latitude and longitude, the resolution of the flight-test position data was on the order
of 1 ft. In future studies, higher resolution position estimates, including those from internal Pixhawk
sensor fusion, will be used to provide a more consistent comparison across simulation and flight-test.

4.1 Vertical Reposition
In the vertical reposition task, pilots are tasked with a vertical climb from a starting altitude of 6 ft to
a target altitude of 14 ft while holding their position. Once the target altitude is achieved, pilots are
tasked with maintaining their altitude, position, and heading for 5 seconds, followed by a return to the
initial starting altitude of 6 ft. Pilots should hold their position and heading throughout the maneuver
within the aforementioned tolerances and complete the maneuver within the allotted time.
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4.1.1 Best Runs
To give a sense of performance progression for each Group (A and B) within the study, representative
plots of the best runs of the vertical reposition task are superimposed below. Figure 8 shows the
vehicle trajectory as viewed from behind throughout the maneuver. This view shows pilot altitude
performance and lateral deviation through the maneuver. In both groups, the best participants had at
least adequate performance in longitudinal deviation and altitude holding throughout the maneuvers.

Figure 8 – Best participants in groups A (left) and B (right) for vertical reposition HQTE (altitude)

Figure 8 shows that even in the best runs, performance is notably worse during the flight-test sessions
when compared with the equivalent second training session of Group A. While the best pilots in both
Group A and Group B could achieve desirable performance in simulation, adequate performance was
the best these same pilots could achieve during flight testing.
Figure 9 shows the heading hold performance during vertical reposition tasks for the best Group A
and Group B participants. Similar to the results in Fig. 8, the best performance in the flight-test ses-
sion of Group B is notably worse than the equivalent Group A session in simulation (Fig. 9). However,
the degradation is primarily due to a consistent bias in the heading instead of an oscillatory behavior.
If the data were centered, the Group B participant would have maintained adequate heading hold
performance throughout the maneuver. Once again, the best Group A pilots could achieve desir-
able heading performance almost immediately in simulation, while even adequate performance was
unachievable in flight-test.

Figure 9 – Best participants in groups A (left) and B (right) for vertical reposition HQTE (heading)

While the best pilots could often achieve desirable performance in the simulation environment within a
few practice runs, this was not the case during the flight tests, indicating that there is a higher skill floor
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for the flight-tests. This also indicates that task mastery is more difficult (there is a higher skill ceiling)
for actual flight. Even the best pilots were unable to overcome the physical differences between
the drone handling in simulation vs. flight testing. Despite the differences in training, performance
continued to improve throughout the best piloted flight-test runs. Training in flight-test prepared the
best pilots just as well as simulation training in the final performance run, indicating that the decreased
session two performance did not directly result in diminished performance during the final simulation
test.

4.1.2 Stick Activity
The average stick activity RMS values for each of the pilot input axes are shown during the vertical
reposition task for session two in Fig. 10 to highlight the differences between simulation and flight-test.

Figure 10 – Vertical reposition average stick activity RMS for session two, all pilots (Group A, Group
B)

Intuitively, the vertical axis (δver) showed the greatest activity by a factor of at least 2. The critical
difference between Group A and Group B, as shown in Fig. 10, was the activity level of the secondary
axes δacc, δlat , and δdir. This increased activity is due to pilot action to maintain lateral and longitudinal
position and heading. This indicates that the autonomous position hold functionality was not sufficient
for pilots to believe they were maintaining desirable position tracking. During simulation, the FCS
completely or near completely automates this task for the pilot. Due to substantial differences in the
atmospheric conditions of the flight-test, the same FCS could not automate these tasks for the pilot
to the desired level, resulting in increased pilot workload and the poorer performance above, even in
the best runs. The degradation in position hold performance was also further exacerbated through
the use of raw GPS data (which has resolution limitations) for the position hold controller. This results
in position “jumps” throughout the flight, which would cause the vehicle to slightly deviate–something
pilots are likely to fight.

4.1.3 Performance Progression
The complete performance progression for pilots performing the vertical reposition task is given be-
low. The solid line plots in Fig. 11 and Fig. 12 show pilot performance from one individual run to the
next. Simulation sessions are marked with a circle (◦) while flight-test sessions are marked with a dia-
mond (⋄). The dotted lines show the associated second-order curve fit, fitted through each pilot’s first
result. Together, these plots show the general trend of each pilot’s performance throughout all three
trials. A negatively sloped line indicates increasing performance (reducing error), and a positively
sloped line indicates decreasing performance (increasing error).
The Group A learning curve exhibits a noisy exponential decay, while the Group B learning curve
is concave (Fig. 11). The concavity is a result of the dramatic increase in maneuver error during
flight-test trials. Pilot performance improves in each case on average, demonstrating the training
utility of both simulation and flight testing. The same increased difficulty of achieving desirable or
adequate results as demonstrated in the case of the best pilots in Fig. 8 and Fig. 9 suggests greater
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pilot workload. Decreases throughout the flight-test portion of Group B suggest that, while the skill
floor is much higher than in simulation, training is still effective.

Figure 11 – Vertical reposition altitude learning curves (Group A, Group B) in feet of deviation

As shown in Fig. 12, the Group A learning curve demonstrates consistent performance. In simulation,
the FCS autonomously manages the heading. There is essentially nothing for pilots to learn during
this task, entailing low pilot workload. A similar but more dramatic decrease in pilot performance
in the task is present during the flight-test portion of the training. Performance remains relatively
constant, if slightly improving, throughout the flight-test. After returning to simulation, Group B pilots
did just as well as those in Group A. The results suggest similar conclusions as Fig. 11; a greater
pilot workload, a higher skill floor, and the utility of incorporating subscale flight-test in training.

Figure 12 – Vertical reposition heading learning curves (Group A, Group B) in degrees of deviation

4.2 Pirouette
The pirouette task has pilots move centripetally around a central reference, clockwise and counter-
clockwise, while maintaining a fixed distance of 33 ft from the reference. Pilots must also maintain
their altitude during the maneuver, and complete two revolutions (one in each direction) within the
allotted time. Pilot performance is evaluated across their ground track RMS and the difference in
their heading from the direction of a line pointing from their current position to the center reference.

4.2.1 Best Runs
To give a sense of performance progression for each Group (A and B) within the study, representative
plots of the best runs of the pirouette task are superimposed in Fig. 13. The ground track is plotted
as viewed from above, and shows lateral and longitudinal position as the pilot maneuvers around
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the central reference point. Figure 14 shows a view of the maneuver projected onto the altitude and
heading axes, showing: (i) altitude as the pilot circles the central reference, and (ii) deviation of the
true heading from the desired direct heading track over time as the pilot moves along the circle.

Figure 13 – Best candidates in groups A (left) and B (right) for pirouette HQTE (ground track)

As shown in Fig. 13, performance during the flight-test portion of Group B is significantly worse than
the equivalent second training session of Group A. Despite the dramatic differences, the best pilots
in Group B showed similar improvements in final performance to those in Group A. In the final runs,
while desirable performance was only achieved by the best Group A pilot, the ground tracking errors
were similar. The best Group B pilot achieved desirable performance during the vast majority of the
final maneuver, illustrating the potential utility of incorporating flight testing in training.

Figure 14 – Best candidates in Group A (left) and B (right) for pirouette HQTE (heading)

Similar results to Fig. 13 are shown in Fig. 14. The best Group A and B initial and final performances
were similar, with dramatic differences in the flight-test portion of Group B. These results indicate that
both the skill floor and skill ceiling are much higher in the flight-test than in simulation. While desirable
results could be achieved in the equivalent second training session of Group A, Group B flight-test
results were far from adequate, suggesting significantly greater workload. Despite these differences,
as seen in the ground track performance, the best Group B pilots were able to perform as well as
Group A pilots in the final performance.

4.2.2 Stick Activity
The average stick activity RMS values for each of the pilot input axes during session two are shown
in Fig. 15 to highlight differences between simulation and flight-test.
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Figure 15 – Pirouette average stick activity RMS for session 2, all pilots (Group A, Group B)

Due to the FCS’s altitude hold, the pirouette should be a coordinated maneuver between two pri-
mary axes (δlat and δdir) as the pilot must move laterally while turning the vehicle’s heading towards
the center reference. Figure 15 suggests that, while coordination between δlat and δdir remained,
differences in the longitudinal (δacc) and vertical (δver) axis result from pilot corrections and compen-
sation for external disturbances which were not as severe in simulation. The pilots maneuver off the
intended path substantially (as suggested in Fig. 13), resulting in the need for substantial longitudi-
nal corrective action to move the vehicle toward or away from the center reference. This additional
stick activity during flight testing suggests greater pilot workload and possibly degraded ergonomics
(increased coupling) of the physical inceptor layout compared to the simulation setup.

4.2.3 Performance Progression
The complete performance progression for pilots performing the pirouette task is given in Fig. 16 and
Fig. 17. As illustrated in Fig. 11, the solid-line plots show pilot performance from one individual run to
the next. The plots are formatted as described in Sec. 4.1.3.

Figure 16 – Pirouette ground track learning curves (Group A, Group B) in feet of deviation

The Group A learning curve in Fig. 16 tends to show decaying improvement, with the exception of
subject A2, whose performance at the end inflected, potentially due to increased fatigue due to the
abnormal number of repetitions. The Group B learning curve exhibits a similar shape to the Group
B learning curves in Fig. 11. On average, performance was significantly worse during Group B’s
flight-test training. These results suggest greater pilot workload and a higher skill floor during flight
testing. Continued performance improvement throughout Group B illustrates the potential utility of
incorporating flight testing in training.
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Figure 17 – Pirouette heading learning curve (Group A, Group B) in degrees of deviation

The Group A and Group B learning curves in Fig. 17 share similar characteristics to other Group
A and Group B learning curves respectively. Improvement is essentially absent during the flight-
test portion of Group B’s training. Despite this, performance during the final test was similar. These
results suggest much greater pilot workload during the flight-test. Essentially, a task that is impossible
to improve in flight-test is easily mastered within a single training session of simulation. This suggests
that the skill floor of the task in flight testing is higher than the corresponding skill ceiling in simulation,
indicating substantially greater workload in subscale flight testing.

4.3 Turn-and-Hold
The turn-and-hold task begins with pilots at a heading due North with a commanded turn to a heading
due West, followed by a commanded turn back toward the initial heading, and vice versa, while
maintaining their position and altitude within reasonable allowances. Pilots must also complete the
maneuver within the allocated time. For this study, the task was split into two flights performed
sequentially. Pilots would perform either the North, West, North sequence or the West, North, West
sequence consecutively.

4.3.1 Best Runs
Figure 18 and Fig. 19 show a view of the maneuver projected onto the altitude and heading axes
showing altitude as pilots perform the required turns. Discontinuities in the plot are a result of pilot
activity in δdir, which disengages the heading hold. It is inferred that activation of the heading hold
implies that the pilot is satisfied with the vehicle’s current heading. Figure 20 shows the maneuver
projected onto the XY plane, as viewed from above the vehicle, and shows ground track position as
the pilot performs the required turns.

Figure 18 – Best candidate in Group A for turn-and-hold HQTE (heading)
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The results in Fig. 18 and Fig. 19 indicate that, similar to Fig. 13, pilots in Group B could not achieve
adequate performance in flight-test. This points to a dramatic difference in the skill floor and skill
ceiling of the maneuver in simulation vs. in flight-test, suggesting that mastery in simulation may not
correspond with even adequate performance in flight testing. Pilots in Group A eventually achieved
desirable performance. Group B pilots eventually achieved similar performance, if only adequate.
These results show the potential training utility of flight-test training, even when final evaluations are
conducted in a simulation environment. These differences may be an artifact of individual pilot skill
rather than a result of training differences, as indicated by the averaged progressions later in this
section.

Figure 19 – Best candidate in Group B for turn-and-hold HQTE (heading)

The best piloted performances in Fig. 20 are similar to Fig. 9, with the best Group B pilots achiev-
ing desirable performance. While these particular results may suggest that Group B participants
performed better in the final test, this may be an artifact of individual pilot skill rather than a result of
training differences, as indicated by the average progressions later in this section. Conclusions drawn
are similar–but not the same–as those drawn from the results presented in Fig. 17. Quick mastery
in simulation does not necessarily indicate the achievement of even adequate performance in flight
testing, due to dramatic differences in the skill floor and skill ceiling, respectively.

Figure 20 – Best candidates in groups A (left) and B (right) for turn-and-hold HQTE (ground track)

4.3.2 Stick Activity
The average stick activity RMS values for each of the pilot input axes are computed during the turn-
and-hold task for all runs in the second session to highlight differences across simulation and flight
testing.
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Figure 21 – Turn-and-hold average stick activity RMS for session two, all pilots (Group A, Group B)

The turn-and-hold task is dominated by the directional axis (δdir), as shown in Fig. 21. In simulation,
the small contributions to the other axes are primarily due to minor ergonomic coupling. This is not
the case for Group B, likely due to the reduced performance of the position hold during flight testing in
the presence of dramatically different atmospheric conditions. This increase in stick activity suggests
greater pilot workload during flight testing not present in simulation.

4.3.3 Performance Progression
The complete performance progression for pilots performing the turn-and-hold task are shown below,
with solid line plots depicting pilot performance from one individual run to the next and dotted lines
indicating the quadratic fittings. The plots are formatted as described in Sec. 4.1.3.

Figure 22 – Turn-and-hold heading learning curves (Group A, Group B) in degrees of deviation

The Group A and B learning curves in Fig. 22 are similar to those in Fig. 12 and suggest similar
conclusions. While the FCS does not handle the directional axes autonomously for the pilots, the
task is relatively simple (low skill floor) but difficult to master (high skill ceiling). The skill floor dramat-
ically ramps up in flight testing, indicating greater pilot workloads, while training continues to boost
improvement. Final performances remain similar across Group A and B, suggesting the potential
training utility of flight testing; although, this may be a result of the low skill ceiling in simulation rather
than differences in training utility.
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Figure 23 – Turn-and-hold ground track learning curves (Group A, Group B) in feet of deviation

Figure 23 shows that, after initial introduction, Group A and Group B pilots quickly make use of po-
sition hold during the turn-and-hold task in simulation. As seen in other performance criteria above,
differences in the atmospheric conditions and inceptor ergonomics of the flight-test and simulation
may have exacerbated these differences. Worse performance during the flight test portion suggests
increased pilot workload throughout the maneuver. As seen in Fig. 17, performance does not im-
prove during the flight-test to a noticeable degree, similarly suggesting that maneuver performance
in simulation may not translate to flight-test performance.

4.4 Eye Tracking, Pupil Diameter, and Workload
Heat maps and pupil diameter charts were generated for five pilots in Group A and one pilot in Group
B. Data from Group B were insufficient to support conclusions, but they demonstrate the type of
analysis enabled by the study design. This is further commented on in the conclusions of this paper.
Simulation pilots can be roughly categorized into two groups, those who strongly preferred to use the
FPV-style feedback, and those who split their attention between certain instruments (especially the
altimeter and compass) and the FPV-style feed. Figure 25 illustrates the heat mapping trends of each
view preference.

Figure 24 – Group A eye tracking, FPV-style view preference (left) and split fixation (right)

All simulation pilots used their instrument display to some degree. For certain tasks, the precise
feedback from instrumentation was more useful than the rough guide of the reference objects for
task completion. The utilization of the altimeter and heading indicator were likely correlated with
the nature of the vertical reposition and turn-and-hold courses respectively. Forward and lateral
velocities are near zero for the vertical reposition and turn-and-hold tasks, resulting in little to no pilot
fixation on these elements during these tasks. For the pirouette course, pilot attention is focused
on the FPV-style view, and instruments do not provide immediately useful feedback for maintaining
course tracking performance. The proximity of the altimeter and compass to the FPV-style view
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may also have increased their utilization. Most pilots frequently glanced but did not fixate on the
instrument display during all sessions and maneuvers. It may have been easier to keep the preferred
FPV-style view within their peripheral vision while looking at instruments nearer to that view. These
findings illustrate the potential utility of instrument displays which allow pilots to retain situational
awareness, such as on-screen displays, heads-up displays, and displays that are surrounded by
instrument readings.

Figure 25 – Group B eye-tracking in simulation (left) and flight-test (right)

In contrast to Group A, Group B exhibited unique visual attention, as evidenced by gaze behavior.
Participant B2 had a gaze concentration similar to that of the Group A participants during simulation
training. However, during the flight-test, the fixation appears to be scattered towards the bottom of
the displays. This could indicate that the participant frequently fixated on the control sticks. However,
during the test session, participant B2 showed gaze patterns similar to those in training session one,
with wider fixations than in simulation as degraded performance caused the location of reference
objects in their view to widen.
Pupil diameter plots are presented in Appendix A. It should be noted that trial numbers may vary,
as turn-and-hold runs were divided into two trials for the sake of pupil diameter measurement. A
relative increase or decrease in trial number merely indicates that the participant performed a greater
or fewer number of turn-and-hold tasks.
Among Group A participants, pupil diameter was generally below baseline throughout the task. This
pattern was predominantly seen in participants A1 and A5, who showed consistently negative values
across both training and test sessions, whereas A5 showed the most stable pupil diameter across
all trials. In contrast, the pupil diameter of participant A4 fluctuated across trials in all sessions, par-
ticularly in training session one, in which trials one, nine, and eleven were above the baseline pupil
diameter, possibly indicating elevated cognitive workload. Participant A2 showed the mildest change,
with pupil diameter consistently above the baseline in training session one. In comparison to the
Group A participants, participant B showed a contrasting pattern where training session two, which
was performed on the subscale, showed a decrease in pupil diameter from baseline, while training
sessions one and test sessions showed increases. Overall, training session one for participants A2,
A4, and B2 indicated a possible high cognitive workload during the session. Pupil diameter alone
therefore suggests that, in general, pilot workload decreased as sessions progressed. However, con-
clusions cannot be drawn from the results for Group B pilots, as the authors were unable to establish
a baseline in the flight-test environment and had to use the baseline from the simulation session
(session 1). The authors hypothesize that, had a baseline been performed for the B2 participant, the
pupil diameter would have shown a noticeable increase from the baseline due to the increased stress
levels during actual flight testing.

4.5 Subjective Assessments
To highlight differences in training utility across each group, this section summarizes the trends in
self reported handling qualities and workload through the Cooper-Harper and NASA-TLX surveys
conducted at the end of each session. Notable differences across these measures of perceived
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improvement are discussed. This section also summarizes the relationship between past experiences
with FPV drones and flight simulators and the resulting quantitative performance measures.

4.5.1 Cooper-Harper, NASA-TLX, and Training Utility
Figure 26 shows each pilot’s progressive Cooper-Harper handling qualities rating after each session.
These ratings allow pilots to quantify the relative ease or difficulty with which they controlled the vehi-
cle throughout the session. The Cooper-Harper handling qualities rating scale workflow is presented
in Appendix C.

Figure 26 – Cooper-Harper ratings in groups A (dashed) and B (solid)

Because training is evaluated in terms of relative improvement, Fig. 26 shows both raw and normal-
ized Cooper-Harper ratings. Considering the normalized rating trends, two Group A and three Group
B pilots reported improvement. Across both groups, pilots did not ever report an improvement in
handling qualities until the last training session. All Group B pilots felt that handling qualities had
improved following a return to simulation from flight testing, whereas some Group A pilots reported
worsening handling qualities after all sessions were complete. Incorporating flight testing may have
improved the training experience by boosting pilot perception of their performance in simulation by
connecting their experience with real flight.
Figure 27 shows surveyed NASA-TLX workload responses collected after each pilot completed a
training or test session. As training is a measure of relative improvement, Fig. 28 shows these survey
responses normalized to each pilot’s first response. When interpreting the results from the NASA-TLX
workload responses, the subfigures represent the ratings in response to the following categories:

• Mental: How mentally demanding was the task?
• Physical: How physically demanding was the task?
• Temporal: How hurried or rushed was the pace of the task?
• Performance: How successful were you in accomplishing what you were asked to do?
• Effort: How hard did you have to work to accomplish your level of performance?
• Frustration: How insecure, discouraged, irritated, stressed, and annoyed were you?
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Figure 27 – NASA-TLX ratings in groups A (dashed) and B (solid)

Figure 28 – NASA-TLX normalized ratings groups A (dashed) and B (solid)

The NASA-TLX ratings in Fig. 28 suggest that exposure to flight-test in Group B made pilots more
likely to perceive improvement in mental, physical, performance, and temporal demands, as well
as in managing the frustrations of flight in their final performance. In contrast, Group A pilots were
more likely to report a decrease in the effort demand for the final performance. The long duration
of Group B’s training sessions, considering the time to travel to, setup, and perform the flight-test,
may have contributed to increased fatigue and perceived effort demand. Flight testing, by connecting
pilots’ training with real flight, may have boosted morale and workload demand perception, as was
concluded from Fig. 26.
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4.5.2 Prior Experience and Performance
In Group A, as seen in the learning curves above, both the best (A5) and worst (A1) performers
were from pilots without FPV drone or flight simulator experience. All other pilots, both with (A3,
A4) and without (A2) flight simulator or FPV drone experience, were equally likely to perform as well
as the others. In Group B pilot B5, who did not have any flight simulator or FPV drone experience,
consistently performed better than the other pilots. Among the remaining pilots, those with (B1, B2,
B4) and without (B3) were equally likely to perform as well as the others.
The results from both groups do not suggest any change in performance associated with prior expe-
rience with FPV drones or flight simulators. This is potentially due to the utilization of a flight control
system developed around SVO, which emphasizes accessible and intuitive control of the vehicle for
pilots regardless of experience [12, 14]. Future work could explore how similarity in control system
familiarity from past experiences influences performance, and how the simplicity of the control system
affects performance.

4.5.3 Training Utility
The overwhelming majority of pilots in both Group A and Group B positively assessed their flight time
as a training exercise. Only some Group B pilots presented this assessment with caveats, emphasiz-
ing the difficulty of real flight and the necessity for additional training. One Group B pilot commented
on discrepancies between the control actuators in simulation and flight-test, indicating that coupling
was more common in flight-test, although another Group B pilot highlighted discrepancies in the at-
mospheric conditions across simulation and flight testing. Group A pilots also mentioned struggling
with coupling just in simulation. Across each group, pilots commented on high workload and stress.
Future work should improve consistency across atmosphere, inceptor ergonomics, and flight dynam-
ics models. These improvements could better illustrate the differences between training progression
across simulation and flight testing in an unbiased manner.

4.6 Conclusions
Pilot performance across all tasks was objectively worse in flight testing than simulation. When the
best Group A pilots achieved desirable performance in simulation, the best that any flight-testing
Group B pilot could achieve was adequate performance. In certain tasks, such as pirouette and
turn-and-hold, desirable performance in simulation could not be matched by adequate performance
in flight testing. These differences should be considered with the understanding that: (i) atmospheric
conditions modeled in simulation were significantly less severe than those present during flight test-
ing, (ii) the inceptor setup in flight testing was perceived to have more cross-axis coupling, and (iii)
the simulation model may have had different response characteristics. With these caveats, pilots im-
proved their performance in four measures during the flight-test portion of their training, suggesting
equal objective utility in training that incorporates flight testing and simulation only training.
Stick activity measurements across all tasks suggest greater pilot workload during flight testing.
Group B pilots averaged substantially more activity on secondary axes during flight testing than
Group A pilots in their corresponding second training session. Increased stick activity may have
been due to ergonomic inconsistencies mentioned by some Group B pilots. Future work will reduce
ergonomic inconsistencies between simulation and flight testing, likely targeting the use of hand-held
USB transmitters which do not require customized mounting solutions.
Eye-tracking and pupil diameter data during simulation indicated decreasing workload as training
sessions progressed, suggesting that Group A pilots learned to adapt to the demands of simulated
flight. Eye-tracking results also indicate the preference for some pilots to split their attention between
an instrument display and the FPV-style view. Eye-tracking and pupil diameter data were not collected
in enough abundance for conclusions to be drawn about Group B participants; though, the authors
hypothesize that the stress levels would have been increased during flight testing. Future work should
expand on the link between eye-tracking, pupil diameter, heart rate activity, and pilot workload in
training that incorporates simulation and flight testing, as well as the utility of instrument displays
alongside FPV-style views.
Subjective workload information, as well as background profiles on previous flight experiences, was
collected through surveys. Past experience with FPV drones and flight simulators was not directly
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shown to be associated with better performance, potentially due to the selection of an FCS devel-
oped around SVO. Future work should explore the relationship between the simplicity of the control
system and objective performance progression. The trends in subjective assessments of Cooper-
Harper handling qualities and NASA-TLX workload indicate that pilots whose training incorporated
flight testing were more likely than those who trained only in simulation to perceive that they im-
proved throughout the training sessions–at the expense of higher effort. Incorporating flight testing
into piloted training may have improved perceived handling-qualities and workload assessments by
improving pilot morale and connecting their experience with real flight. Put another way, the severe
degradation in performance during the flight-testing sessions may have led to a feeling of greater
improvement when Group B participants began their test sessions.
While the objective performance improvement of pilots whose training incorporated flight testing was
equal to that of pilots who trained in simulation only, there are notable differences in perceived training
utility and pilot workload. Pilots were more likely to report reductions in workload and improvements
in handling qualities in their final simulation session if their training incorporated flight testing. As a
preliminary paper, the results indicate that there is a potential benefit to incorporating subscale flight
testing into the pilot training workflow. Future studies will incorporate suggested improvements to
further refine these findings.
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A Pupil Diameter Plots

Figure 29 – Participant A1 pupil diameter

Figure 30 – Participant A2 pupil diameter

Figure 31 – Participant A3 pupil diameter
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Figure 32 – Participant A4 pupil diameter

Figure 33 – Participant A5 pupil diameter

Figure 34 – Participant B2 pupil diameter
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B Pilot Setups

Figure 35 – Simulation setup (simulation)

Figure 36 – Pilot setup (flight-test)
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C Participant Questionnaire

Handling Qualities Rating Scale
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NASA Task Load Index
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