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Abstract

First-Person View (FPV) drone is a recently developed category of drones
designed for precision flying and for capturing exhilarating experiences that
could not be captured before, such as navigating through tight indoor spaces
and flying extremely close to subjects of interest. FPV viewing experiences,
while exhilarating, typically have frequent rotations that can lead to visually
induced discomfort. We present TurnAhead, which uses 3-DoF rotational
haptic cues that correspond to camera rotations to improve the comfort, im-
mersion, and enjoyment of FPV experiences. It uses headset-mounted air
jets to provide ungrounded rotational forces and is the first device to support
rotation around all 3 axes: yaw, pitch, and roll. We conducted a series of
perception and formative studies to explore the design space of timing and
intensity of haptic cues, followed by user experience evaluation, for a com-
bined total of 44 participants (n=12, 8, 6, 18). Results showed that TurnAhead
significantly improved overall comfort, immersion, and enjoyment, and was
preferred by 89% of participants.

Keywords: User Experience Design; Haptic Device; Compressed Air

Jet; Virtual Reality; First-person Viewing Video
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Chapter 1

Introduction

First-person view (FPV) drone is a recently developed category of drones designed for
precision flying and for capturing immersive and exhilarating viewing experiences. They
are piloted using low-latency FPV goggles for high maneuverability, providing viewers
with a bird-like flying experience that simply could not be captured before and are increas-
ingly being used in blockbuster movie production. For example, FPV drones have enabled
viewers to fly under and in-between robots that are assembling a Tesla car throughout a
factory [B5], and enable viewers to experience a car chase by flying under and through
cars, bridges, and buildings [25].

As FPV footage becomes increasingly popular in movies, commercials, and social
media, the largest drone manufacturer, DJI, recently launched its first two models of con-
sumer FPV drones in 2021 and 2022. These ready-to-fly models have made FPV drones
accessible beyond a small but vibrant DIY community, and have further accelerated FPV
content creation. However, while FPV footage is exhilarating, current viewing experience
does not provide any haptic feedback to enhance the experience. Furthermore, the camera
motion, especially rotation, can lead to visually induced discomfort [[16].

We present TurnAhead, which uses rotational haptic cues in 3-DoF (degrees of free-
dom) to improve the comfort, immersion, and enjoyment of first-person viewing (FPV)
experiences. It uses headset-mounted air jets to provide ungrounded rotational forces that
corresponds to camera rotation in 3 axes: pitch, roll, and yaw. TurnAhead is inspired by

our prior system, HeadBlaster [[19], which used air jets to provide lateral force feedback

1 doi:10.6342/N'TU202303686



Figure 1.1: (a) TurnAhead explores the design space of applying 3-DoF rotational haptic
cues to the head to improve comfort, immersion, and enjoyment of first-person viewing
(FPV) experiences. In this example, a user is viewing a car chase scene from the movie
Ambulance (2022) shot by FPV drones [25] as the camera rotates to the right; (b) Our
device consists of 6 air nozzles that are mounted on the front of VR headset and placed
tangent to the head, and is the first wearable device capable of generating rotational forces
to turn left/right (yaw axis) that is in 84% of the rotations in FPV footage.

in 2-DoF for motion simulation. Because turning left/right (yaw) is the most common
rotation axis for FPV, yet not supported by HeadBlaster’s design, we iteratively devel-
oped new nozzle layouts to create the first wearable device to provide rotational forces in
3-DoF, as shown in Figure [L.1].

In particular, TurnAhead’s nozzles are placed to generate forces tangent to the head,
which is perceived as shear [37] and rotational forces; whereas HeadBlaster places nozzles
to generate horizontal forces perpendicular to the skin, which are perceived as pressure
and as lateral, translational forces. Additionally, we explored and evaluated haptic cue
designs through a series of perceptual threshold and haptic cue design studies to design
the timing and intensity of haptic cues, with a combined total of 44 participants.

To explore the design space, we first conducted a perception threshold study (n=12)
to model how rotational cue intensity and duration affect recognition rate. Based on these
findings, we then explored the haptic force curve and timing through two smaller-scale
formative studies (n=8, 6), to inform cue designs that convey the speed, angle, axes, and
timing of view rotations.

To evaluate the user experience of TurnAhead, we conducted an 18-person study to
compare the baseline viewing experience with two haptic timing designs: onset and an-
ticipatory, with the former providing haptic cue at the same starting time as rotation and

the latter providing haptic cues prior to rotation. Results showed that both timing designs

2 doi:10.6342/N'TU202303686



of TurnAhead significantly improved overall comfort, immersion, and enjoyment (p <
.01) with large effect sizes. In terms of overall preference, 89% of participants preferred
TurnAhead, and among them, the timing preference was evenly split with 48% preferring
onset and 52% preferring anticipatory.

The rest of the paper is structured as follows: we first present our quantitative analysis
of top FPV videos in terms of rotation speed, angle, axes, and frequency, which formed the
basis of our design exploration, formative studies, and evaluation study. We then discuss
our work in context of prior work, then present our device design and implementation. We
describe our design exploration through a perceptual study, two smaller-scale formative

studies, and a user evaluation study. Last, we discuss observations and limitations.
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Chapter 2

Background of FPV Drones and

Analysis of Top FPV Videos

2.1 Background of FPV Drones and Video Categories

The first consumer quadcopter drone, Parrot AR.Drone 1.0, was launched in 2010. It was
capable of live streaming QVGA (320x240) video over Wi-Fi to smartphones. By 2016,
consumer drones are equipped with computer-vision technologies for obstacle avoidance
and gimbals with intelligent subject tracking, designed for stable flights and cinematic
video capture.

Flight enthusiasts have been pushing the boundaries of maneuverability by develop-
ing DIY FPV goggles and high-speed drones for racing, aerial tricks, and have produced
a variety of viral FPV videos. Compared to non-FPV drones that use 2- or 3-DoF gim-
bals to provide stabilized footage with horizontal horizon, FPV drones have no gimbals
or only single-axis gimbals that allows rotation around roll and yaw with optional pitch
stabilization, making rotation around roll a unique signature of FPV footage.

Recognizing the growing popularity of FPV content, the largest drone manufacturer,
DIJI, launched its first ready-to-fly FPV drone with a top speed of 140km/hr in 2021. To
make FPV even more accessible to novices and for indoor flights, DJI launched a smaller

cinewhoop-style FPV drone, Avata, in 2022. It has built-in propeller guards to improve

4 doi:10.6342/N'TU202303686



crash protection and safety around people, and a joystick-like motion controller that al-

lowed novices to fly FPV without requiring several hours of simulator practice.

Figure 2.1: Example screenshots from two of the top 30 FPV videos that we analyzed:
(Top) flying through the window of a high-speed, moving car [26]; and (Bottom) flying
through a shopping mall and in and out of stores [4].

FPV drones have been specialized for racing, freestyle, and for capturing cinematic

content, and their videos can be generally categorized into the following 4 key categories:

* Racing: footage from FPV races performing high-speed maneuvers.

* Freestyle: showcasing technical flying skills, such as flips, spins, and through tight

openings, often for freestyle competitions.

* Pursuit: chasing and tracking specific moving subjects, such as a car chase at

140Km/hr and a mountain biker racing down a winding forest trail.

+ Cinematic: immersive, bird-like flying experience throughout a scene, venue, and
environment, such as winding through the insides of a bowling alley and diving

down the face of a waterfall.

2.2 Analysis of Rotation Speed, Angle, Axes, Duration,
and Frequency of FPV Videos

In order to characterize FPV viewing experiences to inform our design process and user
experience evaluation, we analyzed popular videos in terms of rotation speed, angle, axes,
duration, and frequency. The scope of this work is to design for popular FPV video view-

ing experience, rather than all possible videos, thus our video analysis focuses on content
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that are intended to be viewed by the general audience, rather than the more specialized
footage from races and for freestyle competitions.

We surveyed and selected a total of 30 of the most popular FPV videos from Youtube
and AirVuz [|13], which is the top video sharing site specifically for drone videos. Specifi-
cally, for Youtube, we searched by the keyword ”"FPV” and ranked by view count, and for
AirViiz that has categorized videos, we selected top videos across the ”Cinematic FPV”,
”Cinewhoops”, ”Car chasing by FPV” and "FPV Flythroughs” categories. The complete
list of 30 videos are listed Table [If in Appendices, and example screenshots from two of
these videos are shown in Figure R.1].

In order to analyze these videos in terms of rotation speed, angle, axes, and duration,
we first attempted using computer-vision tools to do automated analysis. However, be-
cause most tools required either additional sensor and depth data (e.g. IMU and depth
maps from LIDAR and stereoscopic cameras) or are trained on relatively stable videos
(e.g. self-driving cars), these tools worked poorly for FPV videos which have frequent
and fast rotations.

Therefore, we manually analyze and label these videos. We labeled rotations indepen-
dently by each of the roll, pitch, and yaw axes in terms of angle and timing, rounded to the
nearest multiples of 15 degrees. This approach captures both single-axis and multi-axis
rotations, and captures rotations for which the starting and ending times for each axis may
not fully overlap. For example, a rotation may start as single-axis (e.g. yaw), then later
become multi-axis rotation (e.g. yaw + roll). Overall, a team of two people independently
analyzed 79m:15s of FPV video, which took more than 40 person-hours at a analysis rate
of about 30 minutes per 1 minute of video, including discussions to resolve differences in

initial labeling.

Quantitative Results

Figure 2.2 shows the distribution of rotation time by axes, as percentages of the total
rotation time. Single-axis rotation (76%) is the most common followed by two-axis (21%)

and three-axis (4%) rotations. Overall, the most common rotation type is single-axis yaw
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rotation at 61%. Furthermore, the most common rotation axis is yaw, with 84% of all
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Figure 2.3: Empirical cumulative distribution functions (eCDF) of rotation speed and ro-
tation angle by each of the 3 axes, with dotted red horizontal lines indicating the 10th and
90th percentiles.

Figure .3 shows the empirical cumulative distribution functions of rotational speed
and angle by each of the 3 axes. We will use these results in our design process and user
experience evaluation. For example, using the 90th- and 10th-percentile values as the

upper-bound and lower-bound of rotational speed and angle.

7 doi:10.6342/N'TU202303686



Chapter 3

Related Work

Our device and haptic designs are inspired by the following prior work on head-mounted

haptic systems and air propulsion-based haptics.

3.1 Head-mounted Haptic Feedback

HeadBlaster [19] and Odin’ s Helmet [[12] create ungrounded 2-DoF translational force
feedback to the head for 2-DoF motion simulation (i.e. front/back, left/right) using air-
propulsion jets and propellers, respectively. Watanabe et. al [39] used 4 propellers to
create rotation in 2-DoF, yaw and pitch, and translation in 1-DoF (front/back). While air
jet-based approaches require a compressed air source compressor and tubing, it is lighter,
more compact, less noisy (70-80dB [19] vs. 100dB [12, 39]), and more responsive than
propeller-based approaches (20ms [38] vs. 300ms-500ms [11, B9]).

GyroVR uses headset-mounted spinning flywheels to create resistive force to simu-
late inertial forces [9]. Electrical head actuation [34] uses electrical-muscle-stimulation
(EMYS) of the neck muscles to turn the head in 2-DoF around its yaw (left/right) and pitch
(up/down) axis.

FacePush [3] generates normal force on the face for haptic feedback. They demon-
strated 1-DoF guidance in 360° video. HangerOVER [|17] utilizes the Hanger Reflex phe-
nomenon, an involuntarily head rotation about only the yaw-axis due to pressure applied

around the head; however, this reflex is not present on some users and the effect is impre-
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cise.

While prior approaches explored 1-DoF and 2-DoF translational and rotational feed-
back, FPV experiences rotate in all 3 DoFs, which motivated the development of our
device that is capable of rotation in all 3 axes. In particular, rotation around roll is a key
signature of FPV footage that is in 19% of rotations. While the lateral forces applied to
the head by HeadBlaster and Odin’s Helmet cause both translation and tilt in pitch and

roll, their designs do not support the most common (84%) rotation for FPV, yaw.

3.2 Air Propulsion-based Haptics

Ungrounded air propulsion forces can be generated using compressed air jets [|10, 36, |19,
28] and high-speed propellers [[11, 12, [14, 30, 39]. The key benefit of propellers is that
it can be powered by batteries, whereas air jet systems require compressed air sources,
either portable air tanks or air compressors. We selected air jets for TurnAhead because it
offers several key performance benefits for our use case: 1) significantly faster response
time and lower latency, on the order of 20ms [38] vs. 300-500ms [[11}, 39]; 2) significantly
lighter head-mounted weight and compact size; and 3) significantly lower noise, 70-80dB

vs. 100dB for head-mounted air jets [[19] vs. propellers [[12, 39].

3.3 Visuo-Vestibular Recoupling to Improve Comfort

There have been several approaches that physically stimulate the vestibular system to re-
duce discomfort and sickness in VR. Bone-conductive vibration (BCV) actuates bone-
conducted transducers near the ears during view rotation in VR to reduce sickness, but its
vibration frequency is audible and can be uncomfortable to users [40, 41]. Furthermore,
the stimulation is fuzzy in that it does not provide information on the direction of rota-
tion. Other approaches provide stimulation during locomotion in VR, such as walking by
physically striking near the ears [20] and unobtrusive vibration behind the ears [24] during
each footstep.

Galvanic vestibular stimulation (GVS) applies electric current via electrodes around

9 doi:10.6342/N'TU202303686



the mastoid part, and is capable of making the body sway about three axis, although precise
control remains challenging due to differences between people [|L, 7, 22, 31|, 41]. How-
ever, GVS can cause significant discomfort for some users, such as experienced mild to
moderate pain (91%), general discomfort (55%), and headache (36%) [L§].

Compared to the above approaches that provide stimulation during motion/rotation
events, we also explore the design of anticipatory cues that are provided prior to rotation,

to help users anticipate upcoming view rotation.
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Chapter 4

system design, implementation, and

validation

Our system design is inspired by HeadBlaster [[19], which provides ungrounded force feed-

back via headset-mounted air jets. While HeadBlaster provides lateral forces in 2-DoF,

we designed our device to provide rotational forces in 3-DoF. We have open-sourced the

entire system, including the 3D models of nozzle mounts, electronic schematics, Arduino

code, and control software written in C#lI

(Roll)

aWalhts ~
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B l B Subtraction @ 1

! a. ?+c
i ' (Pitch + Roll)

Addition @ ———+ ~

Figure 4.1: Nozzles activated for single-axis rotation: (a) pitch, (b) yaw, and (c) roll; (d)
Force addition and force subtraction calculation for multi-axis rotation that share nozzles

and use opposing nozzles, respectively.

'Open Source URL: https://github.com/ntu-hci-lab/TurnAhead
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4.1 Wearable Design

To keep the device light and easy to mount, we designed 3D-printed nozzle mounts that
attach to the front of the VR headset. Our first prototype used 10 nozzles mounted on
the Vive Pro headset, shown in Figure #.2(c), and based on user feedback, we reduced
complexity and weight of the design to use 6 nozzles on the Meta Quest 2 VR headset, as
shown in Figure [L.1/(b).

The wearable device, including 6 x Silvent 1001 noise-reducing nozzles, fittings, and
headset mount, weighs 102g (excluding tubing). The extended 250cm x 6 tubings from the
air compressor weigh a total of 240g, which can supported by a backpack or be supported
externally so that the weight is no felt on the head (e.g. suspended from the ceiling or
supported by the headset of a chair).

To generate rotational cues for each single axis, the corresponding nozzles to activate
are shown in Figure §8.1)(a)(b)(c). For multi-axis rotation, specifically pitch and roll, there
are two possible types of nozzle conflicts: 1) two rotations requiring the use of the same
nozzle, and 2) two opposing nozzles being activated at the same time, canceling out their
forces. We optimize nozzle and air usage by using force addition and force subtraction to

address these, respectively, with an example shown in Figure §.1)(d).

(A (8] (C)

Serial Connection
from PC

HMD

Pressure
Regulators x 3

Solenoid
Valves x 6

Nozzles x 6 Nozzles x 10

Figure 4.2: (a) The pneumatic control system; (b) Current (V2) version of the headset
mount with 6 nozzles; (c) V1 version of our prototype that used 10 nozzles.
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4.2 Pneumatic Control

Figure shows the pneumatic control system and the corresponding nozzles. Three
electro-pneumatic pressure regulators (SMC ITV2050) control force magnitude and six
solenoid valves (SMC SYJ712) control the direction of forces. Compressed air is sup-
plied via tubing 6mm in diameter, and 250cm in length from a FIAC SHP soundproof air

compressor, with a rated operating noise of 65dB measured at 1 meter.

4.3 Force Magnitude

To measure force magnitude, we attached a nozzle to an L-Shape fitting model and mounted
it on an IMADA ZTS20N load cell, which can record data at 2000Hz at up to 20N and
has an accuracy rating of 0.2% full scale (0.04N). We measured the force magnitude at
pressure increments of 50kPa, over the operating pressure range from 100-600kPa, with
tubing 6mm in diameter and 250cm in length. Figure §.3 shows the linear relationship

between force magnitude and air pressure.

@
2.0 ) ®
. ®
@
=15 ®
S @
£ 10 @® y=0.0041x-0.1802
@ R? =0.9993
@
0.5 @
&
0 100 200 300 400 500 600 700
Air Pressure (kPa)

Figure 4.3: Linear regression of force magnitude vs. air pressure.
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Figure 4.4: Average human head’s pivot point, and torque arm measurements from the
pivot point to nozzle locations for each axis.

4.4 Torque Arm Lengths and Torque Calculation

Relative to the pivot point of the head, different nozzles will have different torque arm
lengths. According to Yip et al. [42], the human head’s pivot point is shown in Figure §.4,
and we show the torque arm lengths for the nozzles for each axis using the average size of
the head. The torque for each axis can then be calculated by multiplying force magnitude

and torque arm length.

4.5 Actuation Latency

The actuation time of a haptic system measures the time between when a haptic command
is sent to the system and when force feedback begins. In a compressed air-based system,
this latency is primarily due to the time it takes pressure regulators to control the pressure,
solenoid valves to physically open, and compressed air to flow to the nozzle. We measured
the actuation latency by connecting the IMADA ZTS20N load cell, which samples at
2000Hz, to a PC and calculating the time between the PC sending an actuation signal and
the PC reading the corresponding load cell measurement, and then repeating the process
100 times. The average latency from a Unity 3D API call to actuation is about 52ms.
Therefore, we start the actuation 52ms in advance to correct the latency.
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4.6 Noise

We measured the nozzle noise by placing a decibel meter (WS1361C) at a distance of 1 me-
ter. The noise level is highest at 73dB when actuating at the maximum pressure of 600kPa.
In actual usage, the maximum pressure does not exceed 300kPa, and the noise level is
less than 67dB. To put this noise level in context, HeadBlaster [[19] reported that their
80dB noise could be effectively mitigated by using active noise-canceling headphones
and sounds from the virtual experiences, such that it was not noticeable to users. In addi-
tion, according to the Centers for Disease Control and Prevention (CDC), USA, the noise
level of 67dB is between the 60dB of ”Normal conversation, air conditioner” and 70dB of

“washing machine, dishwasher”.
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Chapter 5

Study #1: Directional Cue Recognition

Threshold

To understand the minimum duration and intensity of haptic cues that can be perceived and
correctly recognized by users, we conducted a perception study on recognition accuracy

vs. cue duration and intensity.

5.1 Study Design

The study design is based on the constant stimuli methodology of psychophysical stud-
ies [21], which determines a threshold by presenting an observer with a set of stimuli of
which some are above and below the threshold in a random order.

In this study, haptic cues with different intensity, duration, and direction are presented
to the users in random order, and participants are asked to report a recognized direction
or unknown (i.e. no forced choices). Based on a 4-person pilot study, we selected five
different intensities of torques and five different duration that when combined, range from
below recognition threshold (but above detection threshold) to above recognition thresh-
old. The 5 intensities (i.e. torque) are: 2, 4, 6, 8, and 10/N-cm and the 5 durations are:
100, 150, 200, 250, and 300ms. We enumerated all possible combination with 6 rotational
directions, for a total of 5 x 5 x 6 = 150 conditions, randomly shuffled and the set of 150

conditions were repeated twice for 300 total trials per participant.
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5.2 Study Procedure

Participants first put on a Meta Quest 2 VR headset with our device, and were presented
with practice haptic cues in all 6 rotational directions to become familiar and comfort-
able with the setup and process. Because no visual feedback was used, the VR headset
was powered off. Noise-canceling headphones playing white noise were used to avoid
extrinsic factors that would influence their judgement. After each cue was presented, par-
ticipants verbally indicated the recognized direction or unknown if they are not certain.
The cue could be repeated as requested by participants.

Participants would complete the 150-condition set twice, with a 5-minute break in be-
tween. After completing the second set, we conducted semi-structured interviews on how
participants recognized the directions, how they ranked the ease of recognizing directions
for the 3 axes, and any open-ended feedback. The entire study took an average of 35

minutes to complete.

5.3 Participants

We recruited 12 participants, 10 males and 2 females with age 21 to 27 (mean = 23.0,
SD =2.0), with Motion Sickness Susceptibility Questionnaire (MSSQ) score from 5.61 to
114.3 (mean = 49.6, SD = 32.7), which corresponds to 6th to 94th percentile [§]. Among
participants’ prior experience with VR, 7 had used VR more than once in the last three
months, 2 about once a year, and 3 never. For participants’ prior experience with FPV
videos, 6 had watched FPV videos more than once in the last month, 5 about once a year,

and 1 never. The participants received a nominal compensation for their participation.

5.4 Results and Discussion

Figure p.1) shows line charts of the percentage of participants that correctly recognized the
haptic cue direction (for both trials) vs. duration and torque, for all 6 rotational directions.

For completeness, we also provide the line charts for the percentage of participants that
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Figure 5.1: Percentage of participants that correctly recognized the haptic cue direction
(for both trials) vs. feedback duration and torque, for each of the 6 directions. The 5 lines
in each chart are colored from light to dark to represent increase in torque. Horizontal red
dotted lines indicate 75th-percentile accuracy (i.e. 75% recognition threshold).

recognized correctly in at least one of the two trials in Appendix [L0.

The results show the following trends:
* Recognition accuracy increases as duration increases, and as torque increases.

* Recognition accuracy is symmetrical about each axis. for example, the two direc-

tions around the pitch axis, i.e. up and down, have similar accuracy.
* Roll axis has lower recognition accuracy, while pitch and yaw have similar accuracy.

In psychophysical threshold studies, detection thresholds are typically defined as 50%
correct performance for yes-no rating experiments and 75% for 2-AFC experiments, al-
though these definitions are somewhat arbitrary and some authors define detection thresh-
olds using different values, such as 68% [21, 6]. For our purpose of designing directional
haptic cues recognizable by most participants, we use the higher threshold of 75%.

Based on the study results, for at least 75% of participants to correctly recognize cue
directions in all directions, the minimum duration is 250ms with torque: 4/N-cm in pitch
and yaw directions, and 8 N-cm in roll. We will use these torque values as the minimum

Recognition Threshold in subsequent feedback designs.
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Figure 5.3: Confusion matrix of the direction recognition study results.

Figure 5.2 shows participants’ subjective ranking of ease of recognition for the 3 axes.
The ranking results are consistent with the accuracy analysis that rotations around pitch
and yaw are similarly easy to recognize, while rotations around roll are significantly more
difficult to recognize. Figure 5.3 shows the distribution of recognition errors using a con-
fusion matrix, showing no clear confusion between two stimulus directions and that par-

ticipants reported unknown rather than guessing the directions.

Qualitative Feedback

We observed minimal head rotation throughout the study including at the strongest torque

and longest duration. Participants reported that the stronger cues can easily be recog-
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nized, except 2 participants reported that the roll axis was difficult even at the largest
torque setting (P5, P7). Two participants commented that they perceived different headset
vibration patterns (P9, P11) and slight lifting of the headset cushion (P6, P9) depending
on the nozzles being actuated. Some reported that turning right vs. clockwise, and left vs.

counterclockwise were confusing (PO, P4, P7, P8, P10).
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Chapter 6

Study #2: Small Formative Design

Study on Rotation Speed and Angle

6.1 Design Exploration

To explore feedback designs for rotational speed and angle, we conducted a small forma-
tive study to explore the design space. For rotational speed, we explored a design that
scales feedback intensity (i.e. torque) linearly to rotational speed, which is inspired by
HeadBlaster [[19] and AirRacket’s [36] designs that mapped feedback intensity linearly to
motion sensation and impact force magnitude, respectively. Also, to help users sense the
progress of the rotation, we explored a design that gradually decreases intensity, which is

inspired by the ease-out technique commonly used in animation.

(A (5]

Constant Scaled Fixed Force Ease-out

(Same magnitude regardless of speed) (Magnitude proportional to speed) (Constant magnitude over time) (Magnitude decreases over time)
[} [} ) [}
3 3 3 3
= T < <
S S S S
= = [ ]
" ! FPV Min FPV Max c
Rotation Speed Rotation Speed Time Time

Figure 6.1: Intensity mapping designs: (a) between feedback intensity (i.e. torque) and
rotational speed, showing constant feedback intensity regardless of rotation speed vs. lin-
early scaling of feedback intensity to rotation speed; (b) between feedback intensity and
progression, for both fixed intensity throughout vs. easing-out throughout the rotation.
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We based the range of torque of the intensity mapping functions on actual FPV footage
analysis data (Fig. 2.3)). To eliminate the effects of outliers and extreme values, we used
the 10th-percentile and 90th-percentile of the empirical cumulative distribution functions

of rotation speed and angle as the lower and upper bounds in the mapping functions.

6.1.1 Scaling Intensity based on Rotation Speed

There are numerous approaches to designing torque mapping functions to rotational speed,
each with its own set of trade-offs. We describe an example mapping function that pre-
serves the dynamic range of rotational speed to minimize clipping by linearly mapping
the range of rotational speed to the range of torque output above the recognition threshold
for each axis. This ensures that all rotational cues, when provided, would be perceivable
to users.

As shown in the Figure b.1/(a), based on the rotational speed within the common ro-
tation speed range in FPV, torque is linearly scaled to the system max torque from the
recognition threshold. If the rotation speed for an axis is below the lower bound (i.e.
floor), no haptic cue will be provided. Conversely, if the rotation speed is above the upper
bound (i.e. ceiling), the system max torque is provided. The lower bound helps reduce
noise/jitter in view orientation, and the upper bound helps increase the actual dynamic

range of feedback provided.

6.1.2 Easing-out based on Rotation Angle

We found it unsettling to keep pushing the head while the camera rotated, and there was
no way of expecting when the rotation would end. To this, we designed a curve with a
gradually decreasing force from the beginning to the end of the camera rotation. We can
gain several advantages from this design, including the fact that the user does not have
to constantly feel the force on the head and that we can effectively reduce the load of our
device on the jet volume. In addition, the force drop may indicate the end of the view-point
rotation to the user.

As shown in Figure .1/(b), The starting force at the beginning, decided by the rota-
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tional speed, gradually decreases to detectable threshold as the camera rotates, ensuring

that the user can feel the haptic feedback throughout the entire rotation.

Figure 6.2: Example VR 360 scenes used in Study 2 and 3, based on 3D environments:
(Top) Flooded Grounds [32)] and (Bottom) Sun Temple [33].
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6.2 Study Design and Procedure

The study uses a within-subjects design with the intensity mapping functions being the
independent variable and user preference and feedback being the dependent variable. The
study is structured as two phases: 1) the first rotation speed phase explores constant vs.
scaled torque based on rotation speed; and 2) the second rotation angle phase explores
fixed torque vs. ease-out.

Participants used the Meta Quest 2 VR headset to navigate four different paths in VR
scenes developed in Unity in first-person view (FPV) as shown in Figure 6.2. Passive
navigation consisted of forward movement and random rotation about an axis, based on
the rotation composition from our FPV video analysis (Sec. ).

Participants experienced two paths in the first rotation speed phase: one using con-
stant and the other scaled torque designs, in counterbalanced ordering. The second path
mirrored the first path (i.e. reversed the starting and ending points), in order to have the
exact composition of rotations and scenes, and to avoid users being able to predict the
next turn. To explore more speeds, the composition of rotations for each path was three
rotational speeds and two rotational angles (3 x 2) for each of the rotational axes, for a
total of 3 x 2 x 3 = 18 rotations.

Participants experience two paths in the second rotation angle phase: one with ease-
out and the other with fixed torque designs, in counterbalanced ordering. To explore more
angles, the composition of rotations for each path was two rotational speeds and three
rotational angles (2 x 3) for each of the rotational axes, for a total of 2 x 3 x 3 = 18
rotations. The second path is a mirrored version of the first path for the same reasons
above.

After an introduction to the study and filling out Motion Sickness Susceptibility Ques-
tionnaire (MSSQ), participants went through a practice phase to become familiar with the
VR environment and system, and experienced FPV with no force feedback for 30 seconds,
followed by several random force feedback. Within each phase, each path took about 2
minutes to complete, with a 5-minute break between them. At the end of each phase, par-

ticipants rated comfort and immersion of the two experiences on a 7-point Likert scale,
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reported their overall preference, and we conducted semi-structured interviews for quali-
tative feedback. For the second phase, participants additionally reported their preference
for a more predictable rotation progression. The entire study took about 40 minutes to
complete, including the initial introduction, MSSQ, practice phase, experiments, breaks,

and interviews.

6.3 Participants

We recruited 8 participants, 6 males and 2 females with ages ranging from 16 to 23 (mean
= 20.5, SD = 2.3), with Motion Sickness Susceptibility Questionnaire (MSSQ) scores
ranging from 0 to 71.3 (mean = 19.4, SD = 29.9), which correspond to Oth to 61th per-
centile [8]. Among participants’ prior experience with VR, 2 used VR more than once
in the last three months, and 6 about once a year. The participants received a nominal

compensation for their participation.

6.4 Results and Discussion

Rotational Speed: Constant vs. Scaled Feedback Intensity

B Strongly Prefer Constant Prefer Somewhat Prefer Neutral Somewhat Prefer Prefer Strongly Prefer Scaled

-75% -50% -25% 0% 25% 50% 75%

Constant Scaled

Preference

Comfort 3 1 2 2

Immersion “ 1 1 1 1 8]

50% 50%

Figure 6.3: Constant vs. Scaled feedback design for rotation speed: (Left) comfort and
immersion on a 7-point Likert scale; (Right) overall preference.

We observed small but noticeable head rotation for larger torque. Figure [6.3 shows
even split in overall preference, and minimal difference in comfort and immersion.

Participants liked the scaled design because of better matching of the feedback inten-
sity and camera rotation speed (P3, P6); however, some reported that the largest torque

in the scaled design can sometimes be too strong for too long (P1, P2, P5). The ease-out
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design should help maintain the positive aspects of the scaled design, while mitigating its

negative aspects.

Rotation Progress: Fixed vs. Ease-out Feedback Intensity

M Strongly Prefer Fixed Force Prefer Somewhat Prefer Neutral Somewhat Prefer Prefer Strongly Prefer Ease-out Fixed Force Ease-out

-75% -50% -25% 0% 25% 50% 75%
1 1 L I 1 1 L Predictability
' 25% 75%
Comfort 2 1 2 2 1 : :
. ' Preference
Immersion 1 1 1 1 & 1
. 37.5% 62.5%

Figure 6.4: Scaled + fixed vs. Scaled + ease-out feedback design for rotation angle: (Left)
comfort and immersion on a 7-point Likert scale; (Right) user preference on predictability
and overall preference.

Figure [6.4 shows that participants preferred ease-out for comfort and immersion. 75%
of participants found that the rotation angle to be more predictable with ease-out, and
overall 62.5% preferred the scaled + ease-out design vs. scaled + fixed design.

Participants reported that at the end of the fixed condition, the torque stopped instantly
causing an unexpected recoil/rebound effect, which was addressed by the ease-out de-
sign (PO, P4, P6). Some reported that the gradual decrease in force during the rotation
helped with understanding the progression of rotation, which felt more realistic (P3, P7)

and smoother (PO, P1).
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Chapter 7

Study #3: Small Formative Design

Study on Timing

7.1 Design Exploration

Inspired by prior studies’ observations that motion sickness is inversely related to the abil-
ity to anticipate future motion paths [5] (e.g. car drivers are less likely to get motion sick-
ness than passengers [27]), we explore feedback timing designs that provide anticipatory
cue prior to the view rotation.

We first experimented with timing designs by simply starting the force feedback prior
to rotation. However, users reported that the force magnitude was too large which led to
unexpected and confusing head rotation prior to view rotation, whereas our design goal
was to provide a recognizable cue. Therefore, we added an additional force feedback
phase, called the anticipatory cue phase prior to the view rotation phase, called the turning
phase.

For the turning phase, the force feedback adopts the scaled + ease-out design from
Study 2 (Sec. () that was most preferred by participants. As for the anticipatory cue phase,
which aims to provide a minimally recognizable cue, we use the recognizable thresholds
for torque and duration from Study 1 (Sec. B): 4N-cm for pitch/yaw and 8N -cm for roll

for 250ms or longer.
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7.2 Study Design and Procedure

The study uses a within-subjects design, with cue timing as the independent variable and
user preference and feedback as dependent variable. Participants used the Meta Quest 2
VR headset to navigate VR scenes developed in Unity in first-person view (FPV) as shown
in Figure 6.2.

Based on a 4-person pilot study, we selected three anticipatory timings to explore that
ranged from barely noticeable to sometimes too long, which were 300, 600, and 900ms.
We designed three distinct FPV paths that had the same rotation composition from our FPV
video analysis (Sec. f). For each path, there were three different rotational speeds and two
different rotational angles for each of the rotational axes, for a total of 3 X 2 x 3 = 18
rotations. The ordering of the paths and timing were counterbalanced.

After an introduction to the study and filling out Motion Sickness Susceptibility Ques-
tionnaire (MSSQ), participants went through a practice phase to become familiar with the
VR environment and system, and experienced FPV with no force feedback for 30 seconds,
followed by several random force feedback. Each path took about 2 minutes to complete,
with a 5-minute break between them. At the end, participants reported their preference for
comfort, immersion, predictability, and overall experience of the three experiences, and
we conducted semi-structured interviews for qualitative feedback. The entire study took
about 25 minutes to complete, including the initial introduction, MSSQ, practice phase,

experiments, breaks, and interviews.

7.3 Participants

We recruited 6 participants, 5 males and 1 female with age ranging from 21 to 26 (mean
=23.2, SD = 1.7), and with Motion Sickness Susceptibility Questionnaire (MSSQ) scores
ranging from 5.61 to 113.5 (mean = 52.6, SD = 47.4), which correspond to 6th to 93th
percentile [8]. Among participants’ prior experience with VR, 1 used VR more than once
in the last 1 month, 5 about once a year. For participants’ prior experience with FPV videos,

6 watched FPV videos more than once in the last 1 month. The participants received a
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nominal compensation for their participation.

300ms M 600ms M 900ms

Predictability 33.3% B10)7

Comfort 33.3% 50%

Immersion 66.7% 33.3%

Overall
Experience

50% 50%

Figure 7.1: Most preferred anticipatory cue timing for predictability, comfort, immersion,
and overall experience.

7.4 Results and Discussion

Figure shows the distribution of the most preferred timing for predictability, comfort,
immersion, and overall experience. Results show that the two longer anticipatory timings
were preferred more for predictability of the next rotations as well as comfort, immersion,
and the overall experience. The overall preference for 600ms and 900ms was even split

at 50% each.

Qualitative Feedback

Participants reported that the feedback intensity of the anticipatory cue phase was notice-
ably different from the intensity of the turning phase (P0, P2, P3, P4), and found the early
cue to be “interesting” (P2) and appealing” (P3). In addition, half of the participants
reported that: 1) 300ms was not perceived to be in advance of the rotation (PO, P2, P5);
2) 600ms and 900ms had little noticeable differences (PO, P1, P3); and 3) 900ms was too

long at times with noticeable incongruity (PO, P2, P5).
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Chapter 8

Study #4: User Experience Evaluation

To evaluate the user experience of TurnAhead, we conducted a user study to compare: 1)
anticipatory cue vs. 2) onset cue vs. 3) no cue as baseline. The cue force design used the
scaled + ease-out design from Study 2 (Sec. ) that was most preferred by participants.
The anticipatory timing was selected to be 600ms, because even though 600ms and 900ms
were preferred equally in Study 3 (Sec. [7), participants’ qualitative feedback showed
that while those who preferred 900ms reported similar experience with 600ms, those who
preferred 600ms were uncomfortable with 900ms. The onset condition provides cue at the

beginning of rotation.

8.1 Designing FPV Experience

In order to cover different FPV content type (ie. indoor vs. outdoor) and FPV viewing
scenarios (ie. VR and 2D videos), we developed: 1) a VR environment with indoor and
outdoor scenes and 2) selected popular indoor and outdoor FPV footage to be shown as

2D video via the HMD.

8.1.1 VR 360

Figure 8.1 shows example indoor and outdoor scenes from the VR environment we devel-
oped using Unity. To prevent users from remembering rotations from a repeated path, we
created 3 distinct paths based on the rotation composition from our FPV video analysis
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Figure 8.1: Example indoor scenes (top) and outdoor scenes (bottom) from the VR 360
environment used in Study 4, based on 3D Platform City [2].

(Sec. ), in terms of rotational axis, speed, and angle. Each path consists of 10, 2, and 2
rotations around yaw, pitch, and roll axis, respectively, to approximate the composition
from Figure 2.2, and the rotation speed and angle are uniformly sampled from their cor-
responding empirical cumulative distribution (Fig. R.3)). To make the paths appear more
organic, small random rotations of 1-2 degree/sec about each axis were added to each turn.

The duration of each FPV path is 1 minute.

8.1.2 2D Video

We grouped the videos from our FPV video analysis (Sec. P)) into indoor and outdoor
footage. Indoor videos primarily fly through different rooms and indoor spaces, and con-
sist of mostly yaw rotation, likely because of the lack of vertical space for pitch rotation
and disorientation due to roll. Outdoor videos have more rotation in pitch and roll direc-
tions, but generally have more cuts to travel through a variety of landscapes at a faster
tempo. In order to have 3 distinct videos that have similar visual, we identified 3 indoor
videos flying through bowling alleys and 3 outdoor videos of landscape and buildings,
and selected 1-minute segment from each that had similar rotation composition. To avoid
cropping the videos while viewing, the 2D videos are anchored to the HMD, similar to

personal home theater headsets.
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8.2 Study Design and Procedure

The study used within-subjects design, with the 3 cue conditions (anticipatory vs. onset
vs. no cue) as the independent variable, and users’ subjective ratings on comfort, immer-
sion, enjoyment, and overall preference as the dependent variable. The 3 cue conditions
were experienced for each of 3 scenario blocks: VR, indoor 2D video, outdoor 2D video,
in counterbalanced ordering. The ordering of the 3 scenario blocks were also counterbal-
anced.

After an introduction to the study and filling out Motion Sickness Susceptibility Ques-
tionnaire (MSSQ), participants went through a practice phase to become familiar with the
VR environment and system, and experienced force feedback in all 6 rotational directions.
Each condition was one minute, followed by a one-minute break. After each condition,
participants rated comfort, immersion, and enjoyment on a 7-point Likert scale. After each
scenario block, participants reported their overall preference and reasoning, and took a 5-
minute break. Additionally, participants were informed that they could take breaks at any
time and also drop out at any time if they felt too uncomfortable. At the end of the study,
we conducted semi-structured interviews for qualitative feedback. The entire study took

about 60 minutes to complete.

8.3 Participants

We recruited 18 participants (9 male and 9 female) with age ranging from 20 to 45 (mean
=23.4, SD = 5.6), and with MSSQ score from 2.64 to 80.2 (mean = 32.2, SD = 22.0),
which corresponds to 3rd to 86th percentile [8]. Among participants’ prior experience
with VR, 2 used VR more than once in the last three months, 8 about once a year, and 8
never. For participants’ prior experience with FPV videos, 1 watched FPV videos more
than once in the last 1 month, 6 about once a year, and 11 never. The participants received

a nominal compensation for their participation.
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Figure 8.2: Average ratings of comfort, immersion, enjoyment on a 7-point Likert scale
(with error bars showing standard deviation), as well as the distribution of the overall pref-
erence across three feedback conditions for: a) combined Overall results, and b) reported
separately for VR 360 and 2D Video.

8.4 Results and Discussion

Figure B.2(a) shows the overall average comfort, immersion, and enjoyment ratings on a
7-point Likert scale and overall preference across all 3 scenarios. Figure 8.2(b) separately
shows results for VR 360 and for 2D Videos, which shows the average of both indoor
and outdoor 2D videos. For Likert-scale ratings, effect size of each pairwise comparison
is calculated as r = TZN and interpreted using guidelines of 0.1 ~ 0.3 (small effect), 0.3
~ 0.5 (moderate effect), and > 0.5 (large effect) [29]. Friedman test showed significant
difference among the cue designs for comfort, immersion, and enjoyment overall (p <.05).
Two-tailed Wilcoxon matched-pairs signed-rank test with Bonferroni correction are used
for pair-wise statistical significance.

Overall, participants rated both timing designs of TurnAhead to have significantly
higher comfort (p = 0.0080 onset, 0.0118 anticipatory), immersion (p = 0.0003, 0.0007),
and enjoyment (p = 0.0003, 0.0023) vs. the baseline, all with large effect sizes (r >
0.5). The average ratings are slightly higher for onset vs. anticipatory cues, though the
differences were not statistically significant.

Looking at different scenarios, for VR 360, participants rated both onset and antic-
ipatory cues to have significantly higher comfort (p = 0.0011, 0.0068), immersion (p =
0.0012, 0.0038), and enjoyment (p = 0.0005, 0.0023) for both timing designs compared
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to baseline, all with large effect sizes (r > 0.5). For 2D video, both timing designs had
significantly higher immersion (p = 0.0005, 0.0038) and enjoyment (p = 0.0042, 0.0116)
vs. baseline with large effect sizes (r > 0.5). However, although both timing designs had
slightly higher comfort ratings vs. baseline, the differences were not statistically signifi-
cant.

In terms of overall preference, 89% of the participants preferred TurnAhead, and
among them, the timing preference was split with 48% preferring onset and 52% pre-
ferring anticipatory. For VR 360, all participants preferred TurnAhead, with an even split
between onset and anticipatory. For 2D video, 83% of the participants preferred TurnA-
head, and among them, the timing preference was split with 46% preferring onset and 54%

preferring anticipatory.

Qualitative Feedback

During the pilot study, a participant whose research area is motion sickness in VR, ex-
claimed that the anticipatory cue provided the best FPV experience ever and was “excit-
ing” to use. More than half of the participants thought that anticipatory cue reduced their
motion sickness because it let them know the direction of the next rotation in advance
(P1, P3, P4, P5, P6, P7, P8, P9, P10, P11, P13, P15). Some reported that it helped them
anticipate the cue of the turning phase which was at times too abrupt (P1, P4, P9, P10,
P15). On the other hand, some found the anticipatory cue unreal (P11, P12, P15, P17) and
was unnecessary for consecutive rotations with very short intervals (PO, P3, P10). A few
participants felt that onset cue was more realistic because of the synchronization of view-
point and actual head rotation (P2, P4, P7). Many participants reported that not knowing
the direction of the next rotation in the no cue condition which lead to discomfort (P2, P4,
P7, P8, P11, P13). However, a few participants preferred no cue for 2D video, because
they were used to watching 2D video without haptic feedback, and felt weird when our

device turned their heads forcibly (P10, P14).
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Chapter 9

Discussion and Future Work

9.1 Adaptive Anticipatory and Onset Cues

User experience evaluation showed split preference for anticipatory and onset cue (52%
vs. 48%). Feedback showed that some preferred anticipatory cues for improved pre-
dictability of the next rotations, while some preferred onset cues for better synchronization
of vestibular stimulation and visual perception, as well as the unpredictability which was
more exhilarating.

The choice of anticipatory vs. onset can be adaptive to the content and the intended
perception, and can even vary throughout a single FPV experience. For example, a FPV
experience may start as a relaxing, cinematic overview of a theme park, using anticipatory
cues, and then transition to an exciting segment that follows a roller coaster ride, using
onset cues for less predictability and a more exciting viewing experience. We plan to
explore the experience of combining and varying timing to better understand how it affects

user experience.

9.2 General Model and Personalization

As the first exploration of using rotational cues for FPV experiences, we designed and
evaluated a general model in our design process and studies. However, we observed split

preference for anticipatory timing (600ms vs. 900ms) in Study 3 and anticipatory vs. onset
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in Study 4. Also, two users in Study 1 reported difficulty in recognizing cue directions
even at the largest torque and longest duration, and some users in Study 2 reported the cue
intensity being too high.

While the general model we designed serves as a good default setting, providing op-
tions to personalize timing and feedback intensity should further improve the experience.
For example, providing the option to increase/decrease the intensity of cues should help
improve cue recognition for some, while not being too strong for others (i.e. similar to
how some games provide low/med/high options for game/FX sounds). Also, providing
the option to select between 600ms, 900ms, and even adaptive timing based on rotation

speed (e.g. longer timing for fast turns and shorter timing for slow turns).

9.3 Automating Rotation Analysis of FPV Videos

Automating FPV video analysis of rotations will help more content to become available
for haptic feedback, by using our system and possibly with motion platforms. Although
our survey of existing computer vision tools cannot fully automate the rotation analysis,
optical flow analysis [23], which detects displacement of visual features, can partially
help by inferring the direction and timing of rotation. While optical flow analysis cannot
detect rotation angle/speed without depth information, we are exploring semi-automated
analysis tools as well as evaluating ways to combine it with other automatic depth map

generation techniques.

9.4 Comfort and VR Sickness

VR sickness occurs when the human brain receives contradictory sensory signals between
visual and vestibular/body movement. User experience evaluation results showed that
participants reported higher comfort ratings for TurnAhead in both scenarios, and the im-
provement was statistically significant (p <.01) for VR 360 but the improvement was not
significant for 2D video. One possible reason is that VR 360 caused more discomfort than

2D videos, which is reflected in its lower comfort rating with no cue (4.2 vs. 4.5), thus
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the improvement was more noticeable.

FPV footage often use speed ramps in the editing process to speed up and slow down
the video, resulting in apparent linear camera acceleration and deceleration. Speeding up is
typically used in unimportant segment to speed up the tempo, while slowing down is used
to allow the audience to pay attention and better observe what is going on around them.
The speed ramps amplifies the inconsistency between the vestibular and visual systems,
but the linear motion cues would need to be provided by systems such as HeadBlaster. To
further improve the viewing experience of FPV, we are exploring designs that can provide
lateral forces in 2-DoF and rotational forces in 3-DoF at the same time, that is, 5-DoF

feedback.
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Chapter 10

Conclusions

We presented TurnAhead, which uses 3-DoF rotational haptic cues to improve the com-
fort, immersion, and enjoyment of FPV experiences. It uses headset-mounted air jets to
provide ungrounded rotational forces that corresponds to camera rotation. We conducted
a series of perception and formative studies to explore the design space of timing and
intensity of haptic cues, followed by user experience evaluation, for a combined total of
44 participants. Results showed that both timing designs of TurnAhead, onset and an-
ticipatory, significantly improved overall comfort, immersion, and enjoyment, and was
preferred by 89% of participants. We are exploring personalize timing, content-based

adaptive approaches, and 5-DoF feedback to further enhance the user experience.
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Top 30 FPV Videos used in Rotation

Analysis

Table 1: Links to the top 30 FPV videos analyzed in Section [.

No. Video
1 DJI FPV | ANEW WORLD
2 Madeira | Cinematic FPV
3 KOLD - My Best Drone Clips 2019
4 SANDSCAPE - Johnny FPV
5 | 6 Minutes Of Mountain Surfing in Norway | FPV Cinematics
6 Johnny FPV x Beautiful Destinations - Turkey
7 Cinematic FPV - Flying Over Switzerland
8 |  Drive2Extremes: Taycan Cross Turismo x Johnny FPV
9 Flying Through Giga Berlin
10 Right Up Our Alley
11 Topgolf FPV Venue Tour
12 Downtown Cinematic FPV
13 Morning Dives : Urban FPV
14 Formula 1, but in the streets of Miami...
15 American Muscle
16 DUBAI CHASING
17 Lucas Oil Interior // Final Four FPV
18 |  Good Morning America - Oscars After Party FPV Opener
19 The Quack Attack is Back
20 Music Festival FPV
21 | Porsche Museum: The 30,000 Horsepower Aerial Drone Tour
22 Bowling Alley FPV Tour At Lightspeed
23 L’ Automobile Paris - Cinematic FPV
24 Mercedes Benz Museum fly-through
25 Palazzo Farnese
26 One Take, Everybody Knows The Rules
27 Kudos Shanghai | FPV One Take
28 Envelopment
29 The Glensheen Experience
30 | The National United States Airforce Museum FROM THE AIR!
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https://www.youtube.com/watch?v=DkkQu2ffjn8
https://www.youtube.com/watch?v=NcBjx_eyvxc
https://www.youtube.com/watch?v=kTWoeqPXpuo
https://www.youtube.com/watch?v=wMOlR1qNMuk
https://www.youtube.com/watch?v=6whHTP6L2Is
https://www.youtube.com/watch?v=f3lv65BFmaA
https://www.youtube.com/watch?v=oyrq-qzOx1U&ab_channel=DannyMcgee
https://www.youtube.com/watch?v=CBRwF0LU3Ys
https://www.youtube.com/watch?v=7-4yOx1CnXE
https://www.youtube.com/watch?v=VgS54fqKxf0
https://www.youtube.com/watch?v=vpAtiPaWZ48
https://www.airvuz.com/video/Downtown-Cinematic-FPV?id=6041364772b9ce0fa9b08623&ccid=5ec95ea2019ba30007e23907
https://www.airvuz.com/video/Morning-Dives--Urban-FPV?id=5bfdd07c6002e92ed809eea6&ccid=5ec95ea2019ba30007e23907
https://www.airvuz.com/video/Formula-1-but-in-the-streets-of-Miami?id=625ec7310fccb80009eac354&ccid=5b2be4ba47e1ed0d55ea7c19
https://www.airvuz.com/video/American-Muscle?id=5e9f35b1f88601283adc751f&ccid=5b2be4ba47e1ed0d55ea7c19
https://www.airvuz.com/video/DUBAI-CHASING?id=5ca389cf876a1158fe3dc227&ccid=5b2be4ba47e1ed0d55ea7c19
https://www.airvuz.com/video/Lucas-Oil-Interior--Final-Four-FPV?id=607d8b9dd4f4e60fc33920d3&ccid=5ec8a885dbedf4000709a707
https://www.airvuz.com/video/Good-Morning-America---Oscars-After-Party-FPV-Opener?id=60984b067ad2330ffce87223&utm_source=Facebook&utm_medium=Wall&utm_campaign=FPV&utm_content=Xizmo%20Media%20Good%20Morning%20America%20-%20Oscars%20After%20Party%20FPV%20Opener
https://www.airvuz.com/video/The-Quack-Attack-is-Back?id=6089755ca2211232261fd940&ccid=5ec8a885dbedf4000709a707
https://www.airvuz.com/video/Music-Festival-FPV?id=613f74c2b22348306ecd8053&ccid=5ec8a885dbedf4000709a707
https://www.airvuz.com/video/Porsche-Museum-The-30000-Horsepower-Aerial-Drone-Tour?id=609a6b94b476836092e13b5a&ccid=5ec8a885dbedf4000709a707
https://www.airvuz.com/video/Bowling-Alley-FPV-Tour-At-Lightspeed?id=60db3f9d7f3e4520404f3f6d&ccid=5ec8a885dbedf4000709a707
https://www.airvuz.com/video/LAutomobile-Paris---Cinematic-FPV-?id=5ca90bc4aa78b05fcadfda66&ccid=5ec8a885dbedf4000709a707
https://www.airvuz.com/video/Mercedes-Benz-Museum-fly-through?id=5f2bdd4066be350fa34568a7&ccid=5ec8a885dbedf4000709a707
https://www.airvuz.com/video/Palazzo-Farnese?id=6201c8119defa30009fb0e56&ccid=60bfa65c3b75a900082035d7
https://www.airvuz.com/video/One-Take-Everybody-Knows-The-Rules?id=61aa1dafaedc90204ab7a7b4&ccid=60bfa65c3b75a900082035d7
https://www.airvuz.com/video/Kudos-Shanghai--FPV-One-Take-?id=62f739c0eab2cf000962b4a4&ccid=60bfa65c3b75a900082035d7
https://www.airvuz.com/video/Envelopment?id=5c2114f9ea14e10c91643b7d&ccid=60bfa65c3b75a900082035d7
https://www.airvuz.com/video/The-Glensheen-Experience?id=60d0b9885237160fa9164f12&ccid=60bfa65c3b75a900082035d7
https://www.airvuz.com/video/The-National-United-States-Airforce-Museum-FROM-THE-AIR?id=5e5e8ccd2da101145bf8bf1d&ccid=60bfa65c3b75a900082035d7

Line charts for the percentage of

participants that recognized correctly in

at least one of the two trials from Study
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Figure 1: Percentage of participants that correctly recognized the haptic cue direction
(in at least one of the two trials) vs. feedback duration and torque, for each of the 6
directions. The 5 lines in each chart are colored from light to dark to represent increase in
torque. Horizontal red dotted lines indicate 75th-percentile accuracy (i.e. 75% recognition

threshold).
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