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Figure 1: (a) View of VE from one eye with no FOV modification. Study waypoint (lit vertical post) appears at center. (b) Same view restricted
by 90° FOV soft-edged circular cutout. While clearly visible at small size shown here, slow restriction to this FOV was imperceptible to
majority of study participants when viewed in HWD. (c) Geometry of FOV restrictor and view frustum used to create subfigure a. Cutout
is opened wide enough to not affect FOV. (d) Geometry of FOV restrictor and view frustum used to create subfigure b, viewed from same
location as in subfigure c. Note that FOV restrictor is scaled about its center in its plane and does not translate relative to center of projection.

ABSTRACT

Virtual Reality (VR) sickness can cause intense discomfort, shorten
the duration of a VR experience, and create an aversion to further
use of VR. High-quality tracking systems can minimize the mis-
match between a user’s visual perception of the virtual environment
(VE) and the response of their vestibular system, diminishing VR
sickness for moving users. However, this does not help users who
do not or cannot move physically the way they move virtually, be-
cause of preference or physical limitations such as a disability.

It has been noted that decreasing field of view (FOV) tends to
decrease VR sickness, though at the expense of sense of presence.
To address this tradeoff, we explore the effect of dynamically, yet
subtly, changing a physically stationary person’s FOV in response
to visually perceived motion as they virtually traverse a VE. We
report the results of a two-session, multi-day study with 30 par-
ticipants. Each participant was seated in a stationary chair, wear-
ing a stereoscopic head-worn display, and used control and FOV-
modifying conditions in the same VE. Our data suggests that by
strategically and automatically manipulating FOV during a VR ses-
sion, we can reduce the degree of VR sickness perceived by par-
ticipants and help them adapt to VR, without decreasing their sub-
jective level of presence, and minimizing their awareness of the
intervention.
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sentation]: Multimedia Information Systems—-Artificial, aug-
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1 INTRODUCTION

Virtual reality (VR) head-worn displays (HWDs) are on their way to
becoming mass-market products. However, one potential barrier to
adoption is VR sickness, which can cause symptoms similar to those
of motion sickness [12]. These symptoms include headaches, stom-
ach awareness, nausea, vomiting, pallor, sweating, fatigue, drowsi-
ness, and disorientation [11], and are explicitly listed in the “Health
and Safety Warnings” accompanying current VR platforms (e.g.,
[15]). In earlier work on vehicle simulators using a variety of dis-
play technologies, researchers noted that people develop a tolerance
to the related experience of simulator sickness [9] over multiple ses-
sions, and that by having users undergo an adaptation program, such
as through increasing exposure time by session, users might more
easily adapt to the experience [14]. However, given the unpleasant-
ness of some of the symptoms, having a bad first experience can
potentially deter users from trying a system again.

High-precision low-latency tracking, high—frame-rate rendering,
and short-persistence displays have sometimes been claimed to
eliminate or drastically reduce VR sickness, insofar as they can
minimize the mismatch between a user’s visual perception of the
virtual environment (VE) and the response of their vestibular sys-
tem [5, 18, 11, 33]. While this can help moving users, it does not
address users who do not or cannot move physically the same way
they move virtually. This can be the case when the user’s tracked
environment is significantly smaller than the VE they wish to ex-
plore, when the user prefers to remain relatively stationary phys-
ically when moving virtually, or when the user is simply unable
to move physically because of a disability. In these scenarios in
which actual physical and intended virtual motion are significantly
and inescapably mismatched, VR sickness cannot be eliminated by
tracking and responding to physical motion with greater accuracy.
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How might we address these situations? We begin by noting the
well known relationship between display Field of View (FOV) and
VR/simulator sickness —Decreasing FOV, in general, can decrease
sickness (e.g., [5, 13]). However, there is also a well known rela-
tionship between FOV and presence, the subjective experience of
being in one environment, even when one is physically situated in
another [32]—Decreasing FOV can reduce the user’s sense of pres-
ence (e.g., [4, 23, 34]).

To reconcile these two effects, we decided to investigate the util-
ity of dynamically decreasing FOV in situations in which a larger
FOV would be likely to cause VR sickness (when the mismatch
between physical and virtual motion increases), and dynamically
restoring it in situations in which VR sickness would be less likely
to occur (when the mismatch decreases). Could this increase a
user’s comfort in a VE? Further, would it be possible to change
the FOV in a sufficiently subtle way that users might not perceive
that the change was occurring, yet could still benefit from it while
not experiencing a noticeably decreased sense of presence?

To explore this possibility, we implemented a software testbed
for dynamic FOV modification, example views from which are
shown in Figure 1(a—b). Our testbed uses the Oculus Rift DK2
stereoscopic HWD and is built by modifying the player controller
of the Tuscany demo that ships with it. We first ran pilot studies
to determine suitable parameters for the virtual geometry used for
FOV modification (Figure 1c—d) and the rate with which it should
change, to achieve an encouraging tradeoff between VR sickness
and presence. We then performed a formal study with seated par-
ticipants (Figure 2) to determine how well our intervention works.

This paper thus makes the following contributions:

1. We present the first study of which we are aware that explores
the effects of automatically and continuously changing a par-
ticipant’s FOV throughout the duration of a VR session.

2. Our study shows that dynamic FOV modification can reduce
perceived VR sickness.

3. We demonstrate that FOV modification can be made suffi-
ciently subtle that most users do not notice when it occurs and
do not experience a noticeable change in presence in sessions
in which they experience it.

In the remainder of this paper, we first review previous related
work. Then, we introduce the design and implementation of dy-
namic FOV modification. Next, we present a user study that ex-
plores the effectiveness of our approach compared with an unmodi-
fied FOV control condition, for physically stationary users virtually
exploring a VE. Following this, we discuss the results of the study.
Finally, we present our conclusions and directions for future work.

2 PREVIOUS WORK

Researchers have long studied the relationship between FOV, pres-
ence, and VR/simulator sickness. For example, Prothero and Hoff-
man used physical eye masks to reduce the FOV of a wide-FOV
HWD [19]. Their study supports the idea that a wider FOV is nec-
essary for a higher degree of presence.

While simulator sickness and VR sickness are closely related,
symptoms tend to be more severe with HWDs than with screen-
based simulators [28, 17, 24]. Lin et al. explored the effects of FOV
on presence, simulator sickness and various other variables using a
screen-based simulator [13]. Their study employed a within-subject
design, with data from 10 participants at four FOVs (60°, 100°,
140°, and 180°). Participants showed higher simulator sickness
and presence scores as FOV increased. Seay et al. [23] performed
a multi-screen driving simulator study, and found that higher FOV
correlated with some aspects of higher presence and simulator sick-
ness, suggesting that a large FOV is a “double-edged sword.” Other
researchers have explored the effects of placing objects near the

Figure 2: Seated study participant wearing HWD and holding
gamepad used for virtual navigation.

face that affect a user’s FOV. For example, Whittinghill et al. de-
scribe how the presence of a virtual nose viewed in an HWD re-
duces VR sickness [31].

In addition to decreasing presence and VR sickness, smaller
FOVs have also been shown to reduce performance in tasks in
VR. Wells and Venturino explored the question of how much
reducing the FOV of an HWD affects performance in a visual
search/monitoring task, and showed that smaller FOVs hamper task
performance [30]. These findings were mirrored by Arthur [2],
who noted that FOV was significant in predicting performance of
two tasks: searching for targets through head turns, and walking
through a simple maze while avoiding walls.

While these studies all use a single FOV throughout a VR ses-
sion, some attempts have been made to change the FOV in discrete
steps during a session. Kim et al. [10] used a real-time cybersick-
ness detection system that monitored biosignals from participants in
a multiple-projector virtual environment (VE). Their system tem-
porarily narrowed the FOV in discrete steps and presented an au-
dio message telling the participant to slow down and take a deep
breath when their electrophysiological inputs indicated they were
experiencing cybersickness. More recently, one contributor to an
online forum devoted to the Oculus Rift placed in front of each
virtual camera FOV restrictors, which were simple textures with a
transparent circle through which to look [22]. The FOV could be
changed manually through keyboard presses. The developer of the
application intended it to be used to acclimate users to large FOV
VR without experiencing as much VR sickness at the beginning, by
increasing FOV over a series of sessions.

The work cited thus far involves no changes or discrete de-
tectable changes to the FOV during a session. In contrast, research
in perception has explored how large features in a scene can be
changed discretely [26] or slowly [25], without being detected by
a majority of observers. Intentionally imperceptible change was
later used in the development of techniques for redirected walking
in VR [20], in which the mapping of physical rotation to virtual ro-
tation [20] or the layout of the VE itself [29] are dynamically mod-
ified during a session. This earlier research inspired us to explore
whether imperceptible modifications to FOV could be effective in
reducing VR sickness.

Finally, the closest work to our own is a patent application we
found while writing up the results of our study, which proposes dy-
namically modifying FOV in response to physiological and motion
signals from a user, in order to decrease or prevent VR sickness [3].
However, it does not describe a user study testing the concept, and
does not suggest the potential to vary FOV in such a way that the



Figure 3: (a) FOV restrictor texture with IFOV (red circle) and OFOV (blue circle). IFOV-OFOV pairs generated by preferred cutout texture
(see Section 4.1): (b) 120°-155°, (c) 68°-120°, (d) 58°-110°, (e) 50°-100°, (f) 43°-90°, (g) 36°-80°.

user is unaware of it.

3 EQUIPMENT

We use an Oculus Rift DK2 HWD with integrated 6DOF position
and orientation tracking, driven by Oculus SDK 0.4.4 on an AMD
Phenom II X4 965 Black Edition Quad Core Processor (3.4 GHz),
8GB RAM, with Nvidia GeForce GTX 680 running Windows 8.1.
6DOF head tracking allows the seated user to translate and rotate
their head within the tracking volume of the DK2, as shown in Fig-
ure 2, with the DK2 cable loosely guided by a Manfrotto 143 Magic
Arm and 275 Mini Spring Clamp attached to the back of the chair.
In addition to 6DOF-head-tracked control of the view, a Logitech
Gamepad F310 controller is used to translate along the ground and
rotate around the up axis. The application was developed by mod-
ifying the Oculus Rift Tuscany demo using Unity 4, and runs at an
average of 75 frames per second, with a measured latency of 15—
30ms.

4 DESIGN AND IMPLEMENTATION OF DYNAMIC FOV RE-
STRICTORS

To manipulate the perceived FOV of the DK2, we created two rect-
angles, each of which was placed close to and in front of the center
of projection of one of the two view frusta, and parallel to its base,
one for the left eye, and one for the right eye. We call these rectan-
gular structures FOV restrictors (Figure 1c—d). Each FOV restrictor
was mapped with a texture containing a black opaque rectangle with
a variable transparency circular hole in the center, which forms a
see-through cutout. Each FOV restrictor is placed at the same fixed
distance from its center of projection, and when scaled up or down,
respectively, about its center, increases or decreases the perceived
FOV, up to the maximum of the display.

The variable transparency circular hole is defined by an inner ra-
dius and an outer radius. These two radii specify an annulus, shown
in Figure 3(a), that linearly increases in opacity from completely
transparent within the inner radius (red circle), corresponding to
an inner FOV that we refer to as IFOV, to completely opaque be-
yond the outer radius (blue circle), corresponding to an outer FOV,
OFOV. To implement a hard edge cutout, we set IFOV = OFOV.
To create a soft edged cutout, we set IFOV < OFOV, causing trans-
parency to decrease linearly from /FOV to OFOV, as shown in Fig-
ure 3(b—g).

We ensure that a FOV restrictor is scaled no smaller than the
planar cross section of the camera frustum in which it resides, to
prevent the scene from being viewed around it. However, if a FOV
restrictor is scaled much larger than that cross section it could ex-
tend into and partially occlude the other camera frustum. To prevent
this, each FOV restrictor is rendered only by its own camera, allow-
ing it to be arbitrarily large. Although only one person experienced
our study at a time, restricting rendering this way in a multi-person
VE would ensure that a user’s FOV restrictors were invisible to oth-
ers. Finally, to ensure that the FOV restrictors are rendered on top
of all other scene content in our Unity testbed, each FOV restrictor
is assigned to a copy of the scene camera for its eye. This special
camera, which has a high “depth” value, renders the FOV restrictor
last after clearing the depth buffer.

4.1 FOV Restrictor Appearance Parameters

To determine appearance parameters for the FOV restrictors, we de-
signed a set of formative pilot experiments, which we ran with eight
participants. To find a suitable minimum FOV (minF OV), a partic-
ipant wearing the DK2 was placed at a set location in the modified
Tuscany VE (see Section 5.2). While physical head movement was
tracked with the DK2 6DOF tracker, participants remained seated
and moved relatively little. The participant was given a gamepad
with which to translate on the ground and rotate about the vertical
axis in the VE. We used cutouts with a hard circular edge (/FOV =
OFOV), where the view through the cutout is completely transpar-
ent, and the rest of the FOV restrictor is opaque. Participants were
not told about the existence of the FOV restrictors.

With the gamepad initially disabled and starting from an initial
FOV (120°) greater than that of the DK2 FOV, the experimenter
scaled down the FOV quickly in steps of 2.5° relative to the eye (ca.
1s per step), while the participant was told to report if they noticed
any visual effect. At the point at which the participant reported
noticing something, they were asked what they noticed. Partici-
pants first noticed a change at an FOV of 95° (mode, max 107.5°,
min 75°), and all then noted that the FOV was decreasing. At that
point, the participant was allowed to move using the gamepad. The
experimenter continued to decrement the FOV, while the participant
was asked to report when they thought the incrementally decreased
FOV detracted from the experience. This point was 80° (mode,
max 100°, min 75°). Then, the participant was told to report when
the FOV no longer detracted from the experience, and the experi-
menter started incrementing the FOV until the participant indicated
this was the case, which occurred at an FOV of 90° (mode, max
100°, min 75°). We will refer to this as the participant’s preferred
minFOV.

In earlier experimentation, we had noticed that hard-edged
cutouts are relatively easy to see and distracting, especially as they
change in scale. To address this issue, we created FOV restrictors
with soft-edged cutouts, as described above. We used a set of 11
textures, each defined by the same outer radius and a different in-
ner radius. Assume that each of these 11 textures is mapped to a
FOV restrictor scaled such that OFOV = 100°. The first texture
we used up to this point (texture 1) was generated so that its inner
and outer radii were equal, and thus /FOV = 100°, forming a hard-
edged cutout. At this scale, each successive texture has an /FOV
10° smaller than the IFOV of the previous texture, such that the
second texture (texture 2) would have IFOV = 90°, texture 3 would
have IFOV = 80°, and so on, down to texture 11, with IJFOV = 0°.

At this point, our pilot-study participants were using FOV re-
strictors with IJFOV = OFOV preferred minFOV for that partici-
pant. Our next step was to determine the type of soft-edged cutout
participants prefer. That is, while maintaining OFOV = preferred
minFOV (to ensure that anything beyond the participant’s preferred
minFOV remained completely occluded), we wished to determine
a preferred IFOV that traded off the distraction caused by a harder-
edged cutout against the brightness reduction caused by a smaller
IFOV.

To determine an appropriate /FOV, each participant used the
gamepad to travel in the VE, during which we successively replaced
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the cutouts, by switching among our 11 textures. This way, we
changed the IFOV, while maintaining OFOV = preferred minFOV.
The participant alternated between pairs of /FOVs, similar to how
an ophthalmologist’s patient compares lenses, until the participant
decided on an /FOV.

Participants confirmed through verbal feedback that hard-edged
cutouts (created by texture 1) were distracting, as were the Mach
bands caused by an /FOV close to the OFOV. Assuming FOV re-
strictors scaled such that OFOV = 100°, strong Mach bands were
visible for IFOV between 90° — 70° (textures 2—4), but were greatly
reduced for IJFOV between 60° —40° (textures 5-7). Decreasing
IFOV further (textures 8—11) completely eliminated visible Mach
bands, but at the expense of a level of brightness reduction that par-
ticipants also found undesirable. I[F OV = 50° (texture 6) was unan-
imously preferred by participants, and was what we finally chose.

We then initialized this texture by scaling it such that /JFOV =
120° while resting, placing it outside the DK2 FOV. Noting that the
IFOV and OFOV of any texture are scaled differentially, since each
is determined by scaling the tangent of half its angle, this resulted
in OF OV = 155°. IFOV and OFOV change in tandem as the FOV
restrictor geometry is scaled, producing the images shown in Figure
3(b-g)

4.2 FOV Restrictor Scaling-Rate Parameters

After determining appearance parameters for our soft-edged
cutouts, we had to determine an appropriate restrictor scaling rate.
The tradeoff here was between scaling fast enough to reduce VR
sickness, but slow enough to minimize distraction. To accomplish
this, we ran an additional pilot study, in which we changed the FOV
restrictor scale as a function of gamepad speed and angular velocity,
ignoring physical head motion. We noted that participants were less
aware of the FOV restrictors converging during gamepad-controlled
rotation. They also felt more uncomfortable making these rota-
tions; therefore, we decided to scale down the restrictors at a much
quicker rate as angular velocity increased. Based on these informal
pilot experiments, the FOV restrictors were intially set to contract
at rate CRate, defined as:

CRate = Abs(angularVelocity/20) + (overallSpeed x 4),
where angularVelocity is the rate at which the participant rotates
using the gamepad in °/s, and overallSpeed is the gamepad trans-
lation speed, which is controlled by the gamepad joystick position,
and is capped at a maximum of 1.5 m/s.

FOV restrictors contracting at the same rate were more notice-
able at a small FOV than at a large FOV. This suggested changing
the contraction rate based in part on the FOV. Recall the 80° (mode)
FOV at which pilot-study participants considered hard cutouts to
detract from the experience. In the following description, we as-
sume that cutouts stop contracting at a minimum FOV (minFOV)
of 80°. Based on further informal experimentation, we decided on
the following approach.

For a virtually moving participant, when OFOV > 130°, then
IFOV > 80°. Here, OFOV is not in the participant’s FOV, and
rapid contraction or expansion of the transparent part of the cutout
is not as noticeable. Thus, we set CRate = CRate 3. When 120° <
OFOV < 130°, we converge the FOV restrictors at CRate. When
80° < OFOV < 120°, then CRate = CRate % 0.5, as cutout move-
ments are most noticeable here. When OFOV = 80°, we maintain
the FOV restrictor’s current state.

For a virtually stationary participant, when IFOV < 80° and
OFOV < 130°, FOV change is more noticeable. Here, we use
CRate = —3°/s. When 80° < [FOV < 120°, constant changes in
FOV are not as noticeable. Here, we use CRate = —9°/s. When
IFOV = 120°, as seen in Figure 3(b), no part of the circular cutout
occludes any of the VE. Here, there would be no further enlarge-
ment or contraction of the restrictors when the participant is sta-
tionary.

15 participants

(a)

15 participants

15 part|C|pants 15 part|<:|pants

Session 1 N1-90° N1-80° R1-90° R1-80°
Session 2 R2-90° R2-80° N2-90° N2-80°
(b)

Figure 4: Design of two-session experiment. (a) Division into two
groups, counterbalanced as to condition order. (b) Further subdivi-
sion of groups by minimum FOV of restrictors used in R session.

Finally, note that while 6DOF head-tracking also controls the
view, the FOV restrictors respond only to gamepad translation and
rotation.

Figure 5: Overhead view of modified Tuscany VE villa, with red
dots representing waypoint positions and yellow lines delineating
study path. (Roof was removed for image, but not for study.)

5 USER STuDY
5.1 Experiment Design

We employed a two-session mixed experimental design, testing the
effectiveness of a dynamically changing FOV vs. the unmodified
FOV of the HWD. A total of 32 affiliates of our institution were
recruited through email and posters to participate in the experiment;
of these, 30 were present for both sessions, and only their data was
analyzed. Each participant’s two sessions were held on different
days, counterbalanced by condition.

When experiencing the intervention, the dynamically changing
FOV was set to converge to OFOV = 90° at minimum for 15 par-
ticipants, and OFOV = 80° at minimum for the other 15. We chose
these values because our pilot study participants determined 90°
(mode) to be the preferred minFOV and 80° (mode) to be the largest
FOV that detracted from their experience. All participants were
numbered by the order in which they performed their first session;



Figure 6: Bird’s-eye view of modified Tuscany VE, with waypoint
posts joined by yellow lines delineating the study path. Villa is at
bottom right.

for example, the first participant was 1, and the tenth participant was
10. In their first session, odd-numbered participants experienced
the control condition (N = No Restriction), while even-numbered
participants experienced the intervention condition (R = Restric-
tion). When a participant returned for their second session, they
experienced the other condition.

We refer to a group of participants with the notation
Restrictor[Session][-F OV], where Restrictor is N or R, optional
Session is 1 or 2, and optional FOV is 80° or 90°. As shown in Fig-
ure 4(a), of the 30 participants analyzed, the 15 who started with the
control condition are N1, and the 15 who started with the restric-
tors are R1. N1 participants used restrictors in their second session
(referred to as R2), while R1 participants used the control in their
second session (referred to as N2). As another example, Figure
4(b) shows that the eight participants in N1-90° experienced their
second session as R2-90°.

5.2 Virtual Environment

The VE used was a modification of the original Tuscany demo from
Oculus SDK 0.4.4, as shown in Figures 5-6. A set of 168 sequen-
tial waypoints, only one visible at a time, were added to guide the
participant’s movement in the VE. Each waypoint is a vertical post
with a surrounding particle effect animation and lit base (Figures 1,
3, and 7). Beginning with the first waypoint, as a participant ap-
proached within 1.3m of a waypoint, it would disappear, and the
next would appear in an easily detectable location.

The scene was also modified to make the land outside the walled
villa accessible. Several objects were added to make the outskirts
more interesting, including an additional house with a smoking
chimney. All textured 2D billboard objects within the outer grassy
environment were removed.

5.3 Procedures

Upon arriving for the first session, each participant was given the
Stereo Optical Co. Inc. Stereo Fly Test to screen for stereo vision.
The participant then completed a questionnaire about their demo-
graphics (gender, susceptibility to motion sickness, prior use of
VR devices and typical computer use and frequency) and a pre-
exposure Simulator Sickness Questionnaire (SSQ) [8]. Following
this, they watched an instructional video that explained how to tra-
verse the VE using the gamepad. They were instructed to follow
the set of waypoints at their own pace, as each appeared. After
every five waypoints, gamepad translation and rotation were dis-
abled (although 6DOF head tracking still controlled the view) and

the participant was asked the question, “On a scale of 0-10, O being
how you felt coming in, 10 is that you want to stop, where are you
now?” (the same question used by Rebenitsch and Owen) [21]), as
shown in Figure 7. The participant was instructed to use a set of
dedicated buttons on the gamepad to enter their response, which we
refer to as their discomfort score,

The 6DOF position and rotation of the participant’s avatar in the
VE was tracked every frame. Participants were free to do what they
wanted as they progressed through the VE, as long as they followed
the waypoints. Participants were instructed in advance that if they
reached discomfort score 10 the experiment would terminate. They
were also told that they could terminate the experiment immedi-
ately if they hit a predefined combination of buttons or notified the
experimenter. Otherwise, the experiment would end when the par-
ticipant reached the last waypoint. Upon completing or terminating
the experiment, participants were asked to fill out a post-experiment
questionnaire, including a Witmer—Singer presence questionnaire
[32] and the second half of the SSQ. In addition, participants were
explicitly asked if they noticed anything strange happening in their
virtual experience (as described below).

During the second session, the participant completed the pre-
experiment questionnaire, performed the experiment using the con-
dition they had not yet tried, and ended by answering the same post-
experiment questionnaire.

Figure 7: Question asked to determine participant discomfort score.

5.4 Information Gathered

Information was collected through our instrumented VE and pre-
and post-session questionnaires. All questionnaire data was ob-
tained using Google Forms. At each frame, the VE recorded the
position and orientation of the participant in the VE, the position
and orientation of their head in the physical world, and their most
recently entered discomfort score. We assume that each recorded
discomfort score is representative of the participant’s level of dis-
comfort up until their next recorded discomfort score. This made
it possible to compute the participant’s time-weighted average dis-
comfort score (ADS) over the duration of their session. We also
computed an ending discomfort score—the value at which the par-
ticipant ended the experiment (10 if they terminated the experiment;
lower otherwise).

Each post-session questionnaire also included a set of questions
to gauge whether the participant noticed the FOV restrictors in ac-
tion, and if they did, whether the restrictors hampered their experi-
ence. These questions were based on those used by Suma et al. to
determine the effectiveness of their application of change blindness
to redirected walking [29]. Participants were asked to rate the fol-
lowing seven questions (of which only italicized questions 3 and 5
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relate to the FOV restrictors) on a scale of 1-7, where 1 was “Did
not notice or did not happen” and 7 was “Very obvious”:
1.1 saw the virtual environment get smaller or larger.
2.1 saw the virtual environment flicker.
3.1 saw the virtual environment get brighter or dimmer.
4.1 saw that something in the virtual environment had changed
color.
5.1 felt like my field of view was changing in size.
6. I felt like I was getting bigger or smaller.

7.1 saw that something in the virtual environment had changed
size.

Following these questions, participants were asked to answer yes
or no to the statement, “I noticed at least one of the things listed
in this section or something else unusual.” They were given an
additional set of five questions if they answered yes:

—_

. Based on your last answer, what did you notice the most?

2. Rate on a scale of 1-7 how confident you were about noticing
this, where 1 was “Did not notice or did not happen” and 7 was
“Very obvious.”

3.Do you think this made the virtual environment more or less

comfortable. If so, how?

4.Do you think this made the virtual environment more or less
enjoyable? If so, how?

5.Rate on a scale of 1-7 whether you would want this to be in-
cluded in future virtual experiences, where 1 was “Do not want
in future virtual experiences” and 7 was “Definitely want in fu-
ture virtual experiences.”

Participants were then asked to respond with either yes or no to
the question “I noticed one more of the things listed earlier or some-
thing else unusual.” If they responded with yes, they were instructed
to answer the same five questions about what they noticed the sec-
ond most. Finally, participants were asked, “Is there anything else
you would like us to know?”

5.5 Hypotheses

Based on results from a pilot study, we formulated four hypothe-
ses, where the first three involve the user’s level of discomfort and
the last one addresses their awareness of the FOV restrictors. Re-
call that participants who did not use FOV restrictors in their first
session (N1), used them in their second session (R2). Similarly,
participants who used FOV restrictors in their first session (R1), did
not use them in their second session (N2).

H1 N1 participants will report more discomfort than R1 partic-
ipants. This relationship is expected if the FOV restrictors
reduce VR sickness. Note that the comparison is between
participants and involves no order effects.

H2 N1 participants will report more discomfort than R2 partici-
pants. We expect this if the FOV restrictors reduce VR sick-
ness. However, we note the possibility that R2 participants
might experience less discomfort because it was their second
session, and in this within-subject comparison, they might be
more inclined to preemptively terminate their second session
if they had a bad experience in N1.

H3  R-90° participants will report more discomfort than R-80°
participants. We expect that the wider FOV will not be as
effective in decreasing the level of VR sickness.

H4 A majority of R-90° participants will not notice the FOV
change, while a majority of R-80° participants will notice
the FOV change. Note that our pilot experiment identified an
80° FOV as detracting from the experience.

6 PARTICIPANTS AND GROUPS

Of the 32 participants recruited, 30 (11 female, age 20-27, average
22.1) attended both sessions, and are the only participants whose
data was considered in our data analysis. The remaining two at-
tended only the first session. Of these two, one used N, and ter-
minated the session, communicating that he did not want to attend
the next session because of an unpleasant initial experience. The
other participant who quit also experienced N, but finished the ses-
sion with an ADS under one. However, this participant could not
attend his next session due to an unforeseen schedule conflict. No
participants failed the Stereo Fly Test.

Stanney and Kennedy [27] note that 30-40% of participants in
flight-simulator studies do not experience simulator sickness, but
only 5-10% of participants in early VR studies are asymptomatic.
We also expected some of our participants would not experience
VR sickness, noting further that there have been many changes in
the technology being used since those early studies. Inspecting our
data, we observed that 6 out of the 30 participants had ADS< 1 (all
< 0.65) in both their R and N sessions.

As we are interested in users who do experience VR sickness
symptoms, we decided to remove from our data and analysis the
six participants who were essentially unaffected by VR sickness,
leaving 24 participants. Upon making these adjustments, we found
that our data was normally distributed, as verified by an Anderson—
Darling normality test with a confidence of 83.07%

Of the 24 participants whose data we used to evaluate H1-H3,
12 started in N1, and the other 12 started in R1. Generally, males
are less prone to VR sickness [6, 16]. The N1 group had 9 male
and 3 female participants, while R1 had 7 male and 5 female par-
ticipants. There are good correlations between motion sickness and
VR sickness [7]. N1 had two people susceptible to motion sickness,
while group R1 had none. As H4 addresses detection of the FOV
restrictors, we used all 30 participants to analyze it.

We used a Bonferroni-corrected o = 0.025 (0.05/2) as a thresh-
old for significance.

Table 1: Participant Discomfort By Session

Completed (12) Mean ADS (SD) Mean SSQ (SD) Mean RDS
(SD)
N1 1 4.95 (1.35) 61.1 (30.4) 7.33(1.92)
N2 9 3.16 (1.94) 48.4 (44.4) 4.63 (3.07)
R1 6 2.97 (1.24) 57.7(17.2) 5.18 (3.01)
R2 6 3.93(2.25) 48.1 (30.2) 5.05 (2.86)
7 RESULTS
H1: N1 vs. R1

In Figure 8(a), N1 vs. R1, each thin line provides the progression of
discomfort scores of a single participant over time. The thin dark
orange lines represent N1 participants, and the thin green lines rep-
resent R1 participants. The circle or diamond at the end of each
line represents the point at which a participant either terminated
(finished early) or completed the session. One of 12 N1 and 6 of
12 R1 participants completed the first session. The lower right por-
tion of the graph, which corresponds to spending a longer time in
the VE with lower discomfort scores, consists mainly of R1 partici-
pants, while the upper left portion, which corresponds to those who
terminated early, contains a higher proportion of N1 participants.
The discomfort scores of all N1 participants were averaged at
each point in time to produce the thick dark orange line, represent-
ing the mean discomfort score at each point in time. If a participant
terminated early, a score of 10 was used for them from that point
on, until the last user finished. If a participant finished without ter-
minating (i.e., completed), their ending score was used from that
point on, until the last user finished. This was also done for the
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R1 participants to produce the thick green line. Figure 9 compares
these mean discomfort scores for R1, N2, N1, and R2.

Comparing ADS for N1 and R1 (Table 1) supports H1 (two-
sample ¢-Test, df = 22, t = 1.717, p = 0.00057*). Comparing SSQ

scores did not yield a significant difference (two-sample ¢-Test, df
=17,t =0.336, p = 0.370). (We compare only post-exposure SSQ
scores throughout.) Since these are participants in their first ses-
sion, there are no order effects to compromise our results.

While ADS and SSQ scores may be good measures of subjective
discomfort at the time at which a participant completes the exper-
iment, they may not be the best measure of a participant’s relative
performance if they terminate early. For example, two participants
could finish the session with the same ADS and SSQ scores, yet
one participant could have spent much more time in the VE before
finishing. While we could compare ADS and SSQ scores for just
those participants who completed the session, we did not do this
because the pool of participants who completed sessions was rela-
tively small (Table 1, “Completed”). To address this, we propose a
metric that takes time spent in the VE into account, which we call
the Relative Discomfort Score (RDS).

To calculate RDS for each participant, we first find the time #,,4
at which the last participant finished. In our experiment, the longest
time a participant spent in the VE was 1945s (=~ 32.5 mins). How-
ever, this participant was an outlier. Using the times only of com-
pleted sessions as input to Grubb’s test, this value was the only
outlier (n = 22, mean = 1288s, SD = 180s, Z-crit = 2.75, Z= 3.65).
Therefore, we set 4 to the second longest completion time of
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1470s (24.5 mins, Z = 0.615).

If a participant terminated before r=1470s, their last discomfort
score (10) is repeated each second from the time the participant
terminated until #,,,,c. Similarly, if a participant finished early with
a score less than 10, this finishing score is repeated. In both these
cases, we refer to the stop time as f,p, the discomfort score at zg,),
as DSgp, and the discomfort score at each second i prior to fg,, as
DS;. Next, we integrate the resulting discomfort score values from
the time of the participant’s first movement, to .y, and then divide
that value by #,,,4, to yield:

Z DSi + (tmax - tslop + I)Dsstup
0<i<tyop

RDS =

lmax

Note that if a participant terminated the experiment with DSgp=
10, at the beginning of the experiment, their RDS is approximately
10, yet if the participant completed the experiment without ever
incrementing their discomfort score, RDS = DSy, = 0.

Comparing RDS for N1 and R1, using the Mann—Whitney U-
Test, Z = 1.6454, p = 0.04947*. Assuming the two groups are
normal and comparing them using a two-sample ¢-Test, df = 19,
t =1.729, p = 0.0258". While these values are not significant af-
ter Bonferroni correction, given our small sample size, we believe
that these results indicate an encouraging trend, in support of the
restrictors being effective.

H2: N1 vs. R2

Mean discomfort scores over time for N1 participants and R2 partic-
ipants can be compared in Figure 8(b). Comparing ADS for N1 and
R2 does not support H2, after Bonferroni correction (two-sample ¢-
Test: df = 11, t = 2.1436, p = 0.02763 *). While comparing SSQ
scores does not indicate a significant diference (paired z-Test: df =
11, t = 1.25, p = 0.119), comparing RDS supports H2 (Wilcoxon
Signed-Rank Test, Z = —2.7456, p = 0.00298%).

We hypothesized that there would be a few factors contributing
to these results. First, we expected that participants would gener-
ally perform better in their second session due to order effects [9].
However, we also expected that some participants would perform
worse because an unpleasant N1 session could make them intoler-
ant to R2. This idea was supported by a few of our participants. A
participant who terminated earlier in R2 than in N1, wrote in the ad-
ditional information section, “After the previous experiment, I felt
really bad for a very long time, more than 8 hours. I had small
headaches and nausea for the whole time. They wouldn’t disap-
pear before I got asleep. For today experiment, I didn’t last as long
as the last experiment because I didn’t want to feel as bad as last
time. I stopped right after I started having a little headache.” In
addition, as mentioned earlier, one participant whose results we did
not analyze did not show up for their second session, because of an
unpleasant N1 experience. If it wasn’t for this sort of aversion, R2
scores could on average be even lower. Yet generally, participants
performed better as shared by a participant after R2, “The second
experiment, compared to the first was much easier, I felt used to it.
Thus, I didn’t get nauseous as the first time. I was able to go further
and enjoy more the experiment.”

Taking this into account, it would be interesting to examine how
R1 compared with N2. From Figure 8(b), we see that N2 perfor-
mance was similar to that of R1. Comparing R1 and N2, we see
no statistical significance in any of our measures. This is likely
due to the combination of two effects. First, N2 follows R1, noting
that order effects likely play a role here. Second, an N condition
is likely more uncomfortable than an R condition. If order effects
were the sole contributor to better performance, we would expect a
larger drop in scores from R1 to N2. Thus, if the FOV restrictors
did not make a difference, we would also expect N1-R2, and R1-
N2 session pairs to have similar differences in scores. This is not

the case: we found the mean score differences for participants be-
tween their N1 and R2 sessions were ADS (mean = 1.02, SD = 1.65)
and RDS (mean = 2.28, SD = 2.24), and the mean score differences
for participants between their R1 and N2 sessions were ADS (mean
= —0.192, SD = 2.21) and RDS (mean = 0.551, SD = 2.49). We
do not find significant differences in ADS (two-sample ¢-Test, df =
20, ¢ =1.52, p =0.0718), but when comparing RDS, given that our
samples were normally distributed, our data suggests that this could
be the case (two-sample ¢-Test, df = 22, t = 1.79, p = 0.0437%). It
could also be the case that R1 helps participants acclimate to future
N sessions, beyond order effects. Because of this, the R1 session
might reduce the intolerance that we saw in N1 — R2, which could
be another reason why N2 scores on average are lower, rather than
higher.

One participant finished N1, while nine finished N2. Compar-
ing ADS using a two-sample 7-Test: df = 20, t = 2.6264, p =
0.0081*. Comparing SSQ scores reveals no significant difference
(two-sample ¢-Test: df =19, ¢t = .814, p =0.2130. Comparing RDS,
using two-sample ¢-Test: df= 18,1t =2.5797, p =0.0094*; Wilcoxon
Signed-Rank Test, Z-Score is 2.0496, p = 0.02018%).

As can be seen, participants who use R first are affected less
by the N condition. Noting that N1 was more uncomfortable than
R1 and that N2 participants did not report a significantly differ-
ent level of discomfort than R2 participants, this suggests that par-
ticipants who start with the R condition generally have a better
experience in their combined VR sessions, and further suggests
that FOV restrictors might help VR users have a more comfortable
launch,“warming up” to their initial VR experiences.

H3: FOV: 80° vs. 90°

While both 80° and 90° minimum FOVs (minF OV's) reduce dis-
comfort, we found no significant differences when comparing R-
80° ADS (mean = 3.74, SD = 2.21) and R-90° ADS (mean = 3.16,
SD = 1.43) using a two-sample, two-tail #-Test: df=19,¢=0.761, p
=0.456271878. Comparing R-80° RDS (mean = 5.19, SD =2.87),
and R-90° RDS (mean = 5.037, SD = 3.01), we found no signfi-
cance using a two-sample two-tail #-Test: df = 22, ¢t = 0.128, p =
0.899.

A participant who noticed the 80° FOV restrictors, when asked
in the questionnaire if the FOV restrictors made him more or less
comfortable, stated, “Less comfortable. I had to rotate a lot and the
rotation was making me nauseous.” As his vision was constrained,
he had to rotate more using the gamepad to find his path, and ac-
cording to most participants, it was rotation using the gamepad that
contributed the most to nausea. Thus, to understand if R2-80° in-
deed worked effectively, it would be valuable to look at how perfor-
mance with only natural tracked rotation without a gamepad, would
compare. Finding a technique to reduce nausea felt through such
rotation could potentially help resolve this issue.

Presence: Nvs. R

Considering the original 30 participants, the difference in Witmer
and Singer presence scores [32] was not signficant between N-90°
(mean = 154, SD = 13.1) and R-90° (mean = 153.7, SD = 15.0)
conditions, using a paired ¢-Test: df = 14, t = 0.0935, p = 0.463,
even when taking order effects into account. We see that smaller
FOV restrictor size did not result in a signficant decrease in pres-
ence scores either for N-80° (mean = 144.5 SD =18.9) or R-80°
(mean = 147.7, SD = 19.8), using a paired two-tail #-Test: df = 14,
t=—0.7910, p = 0.4421.

Taking into account all 30 N and R sessions, the differences in
presence scores were not significant between N (mean = 149.267,
SD = 16.72) and R (mean = 150.733, SD = 17.53), using a paired
two-tail, t-Test: df =29, r = —0.598, p = 0.554.
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Figure 10: Average Scores for participant observation questions,
where 1 was “Did not notice or did not happen” and 7 was “Very
obvious.” Error bars show Standard Error.

H4: Participant Observation Questions

Figure 10 shows how our two target questions compare with the
distractor questions. Note that FOV observations in R-90° are gen-
erally between the means of the distractor questions 1, 2, 4, 6 and 7
(described in Section 5.4). However, this is not necessarily the case
with brightness. As shown in Figure 11, 3 of 15 R-90° participants
noticed the environment dim with a score greater than 5, while only
2 of 15 participants noticed the FOV shrinking with a score greater
than 3. These individuals had a score of 7. Still, the majority did
not notice these changes. For example, 11 of 15 R-90 participants
marked a 1 (“Did not notice or did not happen”) for FOV change
and 9 of 15 marked a 1 for brightness change, clearly indicating
that it was imperceptible to them.

We will now look for differences between the same participants
in their N-90° and R-90° conditions. Using the Wilcoxon Signed-
Rank Test for comparison, N-90° participants (mean = 2.20, SD
= 1.97) and R-90° participants (mean = 2.73, SD = 2.52) did not
notice the environment darken, W=4, W-crit (n = 5, p < 0.05) =
0, so the result is not significant at p < 0.05. These participants
also did not notice FOV reduce within the N-90° condition (mean
=1.93, SD = 1.58) and R-90° condition (mean = 2.07, SD = 2.12).
Using the Wilcoxon Signed-Rank Test for comparison W = 8.5, W-
crit (n=6,p <0.05) = 2. Thus, this result is also not significant at
p <0.05.

However, the distributions of the answers to the FOV-related
questions relative to the distractor questions seem visually anoma-
lous for R-80°, as shown in Figure 10. In addition, looking at Fig-
ure 11, we see a shift of values from the left to the right, between
N (top) and R (bottom) graphs. We analyzed whether R-80° par-
ticipants felt that the restrictors dimmed the environment (mean =
3.40, SD = 2.10) more than N-80° participants (mean = 2.53, SD =
1.81), using a Wilcoxon Signed-Rank Test (Z=-1.89, p=0.0294) and
whether R-80° participants sensed that something was happening to
their FOV (mean = 3.50, SD = 2.29) more than N-80° participants
(mean =2.33, SD = 1.63), also using a Wilcoxon Signed-Rank Test
(Z=-1.78, p = 0.03754%). However, these results were not signifi-
cant under Bonferroni correction. Though participants noticed the
changes using the 80° FOV restrictor, they were still, on average,
uncertain about the change, given that a score of 1 was “Did not
notice or did not happen” and 7 was “Very obvious.”

Even though some participants noticed aspects of the restrictors,
were the restrictors a desirable part of the VE? To explore this ques-
tion we will take a deeper look at the self-response section of the
questionnaire.

Six of 30 participants marked a 6 or higher after their R session,
regarding noticing FOV change. Three of these participants also
marked a 6 or higher on noticing the brightness change (as did an
additional two participants not among the six). One other partici-
pant mentioned noticing an FOV change, when asked if he noticed
anything changing, but marked a 3, when asked the same question
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Figure 11: Histogram of responses to participant observation ques-
tions relevant to FOV restrictors. (a) N sessions. (b) R sessions.

in the form of a Likert-scale question. No other comments were
made about brightness or FOV. Thus, there were nine participants
in total who mentioned changes in either brightness or FOV in R.
Five of these nine participants either left a comment on this issue
or answered the question, “Do you think this made the virtual en-
vironment more or less comfortable. If so, how?”, and “Rate on a
scale of 1-7 whether you would want this to be included in future
virtual experiences.”

One participant who noticed the light dim after her R1-90° ses-
sion mentioned that, “Dimming of the lights was more comfort-
able.” She selected a 5 for having it in future experiences. The
second participant, who mentioned after his R2-80° session that he
noticed “Change in size of vision (i.e. could see less in the periph-
ery)” selected a 7, definitely wanting this feature to be available in
future virtual experiences. According to him, the experience was,
“More comfortable. The head movements made me less dizzy and
seemed more natural.” “Yes. I feel better today than I felt yester-
day.” The third participant after his R2-90° session said, “my view
at the corner of my eyes was non-existent. so I could only see things
that were directly in my line of sight. rest were blurred or removed.
brightness was reduced.” When asked, “Do you think this made the
virtual environment more or less comfortable. If so, how?” he re-
sponded with a 7 (“Definitely want in future virtual experiences”),
explaining, “Much comfortable. I wasn’t able to complete the study
yesterday, I was much more comfortable today. I think removing
extra information helps...More enjoyable, as I was able to adjust
easily there was less acclimitizaton.” The fourth person who se-
lected a 7 in brightness and FOV reduction after his R2-80° session
mentioned “The second experiment, compared to the first was much
easier, I felt used to it. Thus, I didn’t get nauseous as the first time.
I was able to go further and enjoy more the experiment.” Finally, as
mentioned earlier, one participant in his R2-80° session, mentioned
that additional head rotation necessitated by the reduced FOV was
undesirable, giving it a 1 for future virtual experiences.

8 CONCLUSIONS AND FUTURE WORK

We performed a two-session within-subject user study that explored
the effects of dynamically, yet subtly, changing a seated partici-
pant’s FOV in response to visually perceived motion as they virtu-
ally traverse a VE. Even though we had a relatively small number
of participants, our data indicates that FOV restrictors helped par-
ticipants stay in the VE longer and feel more comfortable than they
did in the control condition. Our data also suggests that FOV re-
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strictors helped participants experience less discomfort on their first
experience, which in turn helped them transition into their next (V)
session.

FOV restrictors were unnoticed by the majority of participants,
with 15 out of 30 participants selecting 1 (definitively stating “Did
not notice or did not happen”) in response to whether they noticed
the FOV decrease during the session in which they experienced the
FOV restrictors. Furthermore, 11 of 15 R-90 participants marked a
1 for FOV change and 9 of 15 marked a 1 for brightness change,
clearly indicating that it was imperceptible to the majority experi-
encing that condition. Yet those who did notice the restrictors gen-
erally preferred to have them. FOV restrictors thus seem helpful,
as long as they do not restrict the FOV to an undesirable level. Fu-
ture work should explore using different restrictor types and shapes.
Further experimentation with scaling parameters could make the
FOV restrictors more subtle and effective. While we reduced FOV
as a simple function of speed and angular velocity, it would be in-
teresting to see how this would compare to reducing FOV based
on parameters such as biosignals (e.g., Kim et al. [10]) or optical
flow (similar to how Argelaguet [1] automatically adjusts naviga-
tion speed based on optical flow).

Future studies should also examine how FOV restrictors could
help acclimate users to VR experiences. A larger number of par-
ticipants would have helped increase the certainty of our results. In
addition, there are two conditions that could provide valuable data
points to help validate the effectiveness of FOV restrictors in future
studies: A group of participants who use N in both their sessions,
and another group who use R twice, to help us compare perfor-
mance between successive sessions with and without FOV restric-
tors, given the known tendency for VR sickness to decrease in later
sessions [9].
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