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ABSTRACT

Although virtual reality has been gaining in popularity, users con-

tinue to report discomfort during and after use of VR applications,

and many experience symptoms associated with motion sickness.

To mitigate this problem, dynamic field-of-view restriction is a com-

mon technique that has been widely implemented in commercial

VR games. Although artificially reducing the field-of-view during

movement can improve comfort, the standard restrictor is typically

implemented using a symmetric circular mask that blocks imagery

in the periphery of the visual field. This reduces users’ visibility of

the virtual environment and can negatively impact their subjective

experience. In this paper, we propose and evaluate a novel asymmet-

ric field-of-view restrictor that maintains visibility of the ground

plane during movement. We conducted a remote user study that

sampled from the population of VR headset owners. The experiment

used a within-subjects design that compared the ground-visible re-

strictor, the traditional symmetric restrictor, and a control condition

without FOV restriction. Participation required navigating through

a complex maze-like environment using a controller during three

separate virtual reality sessions conducted at least 24 hours apart.

Results showed that ground-visible FOV restriction offers benefits

for user comfort, postural stability, and subjective sense of pres-

ence. Additionally, we found no evidence of negative drawbacks to

maintaining visibility of the ground plane during FOV restriction,

suggesting that the proposed technique is superior for experienced

users compared to the widely used symmetric restrictor.

CCS CONCEPTS

• Human-centered computing → Virtual reality; • Comput-

ing methodologies→ Virtual reality; Perception.

KEYWORDS

virtual reality, field-of-view, cybersickness, postural stability

This work is licensed under a Creative Commons
Attribution-NonCommercial-ShareAlike International 4.0 License.

SUI ’21, November 9–10, 2021, Virtual Event, USA

© 2021 Copyright held by the owner/author(s).
ACM ISBN 978-1-4503-9091-0/21/11.
https://doi.org/10.1145/3485279.3485284

ACM Reference Format:

Fei Wu, George Bailey, Thomas Stoffregen, and Evan Suma Rosenberg.

2021. Don’t Block the Ground: Reducing Discomfort in Virtual Reality

with an Asymmetric Field-of-View Restrictor. In Symposium on Spatial User

Interaction (SUI ’21), November 9–10, 2021, Virtual Event, USA. ACM, New

York, NY, USA, 10 pages. https://doi.org/10.1145/3485279.3485284

1 INTRODUCTION

In recent years, virtual reality (VR) technology has developed rapidly.

VR technology has been widely used in entertainment, healthcare,

education, and commercial activities. However, many users report

discomfort during and after use of VR applications and experience

symptoms associated with motion sickness. Users who encounter

so-called “cybersickness” may discontinue the experience early or

potentially avoid trying a VR system again in the future. Physical

discomfort can also reduce task performance and the overall effec-

tiveness of virtual reality applications [28]. Unfortunately, many

studies have documented biological sex differences in motion sick-

ness [27], with motion sickness more prevalent among women than

among men. This phenomenon therefore introduces important ac-

cessibility concerns, especially as immersive technologies become

more widely used in work-related contexts.

In a VR application, users’ virtual motions may not perfectly

match their physical movements in the real world. These discrep-

ancies may be unintentional due to technological factors such as

tracking error or system latency, or they may be the result of design

decisionsmade by content creators. For example, virtual locomotion

techniques are commonly implemented using handheld controllers

to allow movement through virtual environments that are larger

than the real world workspace. The resulting mismatch between

physical and virtual movements is commonly acknowledged as a

major factor that contributes to visually-induced motion sickness

in virtual reality.

Dynamic field-of-view (FOV) restriction, also known as “tunnel-

ing”, is one of the most popular techniques for mitigating cyber-

sickness and has been widely used in commercial VR games [4, 16].

This approach partially obscures the user’s visual field by display-

ing a black opaque texture mask in the periphery that dynamically

changes size according to movement velocity. Previous researchers

have noted a positive correlation between FOV size and VR mo-

tion sickness [30]. The FOV restrictor decreases optical flow in the

periphery, a perceptual cue widely thought to be associated with
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visually-induced motion sickness. In a formal study, Fernandes and

Feiner confirmed that a dynamic FOV restrictor can indeed reduce

discomfort during virtual locomotion [16].

Although restricting the field-of-view during movement is a

common approach to mitigate cybersickness, it also reduces users’

visibility of the virtual environment and can negatively impact

their sense of presence [11, 42]. The standard implementation uses

a symmetric circular mask to obscure the peripheral FOV, and may

or may not include a semi-transparent buffer to smooth the edges

of the restrictor. However, the effects of restricting different visual

regions have not been sufficiently investigated; and asymmetric

restrictors that separate the vertical, horizontal, binocular regions

may provide a better cost-to-benefit tradeoff. For example, restrict-

ing the lower periphery where the ground plane is displayed may

impact the user’s postural stability or ability to maneuver around

close obstacles, whereas restricting the upper periphery will only

mask out portions of the skybox or ceiling.

In this paper, we propose and evaluate a novel variant of FOV

restriction, which we refer to as the ground-visible restrictor. This

technique uses an asymmetric mask that obscures the upper and

side regions of the periphery, but leaves the lower region unoc-

cluded. We then conducted a study to compare the ground-visible

restrictor with the standard symmetric FOV restrictor during nav-

igation through a complex maze-like virtual environment. Our

results showed that the ground-visible restrictor can improve user

comfort during virtual locomotion, and also provides benefits for

postural stability and subjective sense of presence. Furthermore,

we did not observe any negative effects compared to the traditional

symmetric restrictor, and we conclude that the ground-visible tech-

nique appears to be a generally superior form of FOV restriction. To

the best of our knowledge, this is the first study about the effects of

restricting different peripheral regions of the FOV on cybersickness.

2 RELATEDWORK

2.1 Motion Sickness in Virtual Reality

Motion sickness is a natural response of otherwise healthy individu-

als that can happen in unfamiliar motion environments. Historically,

motion sickness has been associated with inertial motions that char-

acterize vehicular travel (e.g., seasickness). Increasingly, motion

sickness is a problem with motions that are visual rather than iner-

tial, which are commonplace in video games, virtual environments,

VR systems, remotely operated vehicles, and numerous other inter-

active technologies. In the context of virtual reality, cybersickness

has been publicly acknowledged (e.g., by Oculus and other headset

manufacturers) as a major limiting factor of contemporary interac-

tive technologies [17].

Cybersickness has similar symptoms to motion sickness, includ-

ing nausea, oculomotor discomfort, and/or disorientation induced

by visual stimuli. Sensory mismatch and postural instability are the

commonly postulated causes of cybersickness in virtual reality [39].

The sensory conflict theory claims that motion sickness is caused

by a mismatch between current patterns of sensory input about

self-motion and expected patterns based on previous experience.

In the context of virtual reality, visually induced motion sickness

is often associated with virtual imagery that does not correlate

with physical motion of the body [19, 28]. The sensation of illu-

sory self-motion in the absence of physical movement, also known

as vection, has been discussed in many studies related to visually

induced motion sickness [25, 37]. According to the postural insta-

bility theory, the loss of postural control is not only a consequence

but also a causative factor for motion sickness [40]. Differences in

postural sway have been observed during exposure to potentially

nauseogenic motion in a variety of contexts, such as during stance

in a moving room [10], during use of console video games [47], and

while wearing a virtual reality headset [34].

2.2 Mitigating Cybersickness in Virtual Reality

A variety of methods have been previously proposed to avoid or

mitigate symptoms of cybersickness. The first category focuses

on addressing technological shortcomings that are associated with

visually-induced motion sickness. For example, latency has long

been a concern for VR developers, and dynamic variations have

been particularly implicated in cybersickness [45], especially at fre-

quencies near 0.2Hz [26] [44]. Also, the accommodation/vergence

conflict has long been posited to lead to visual discomfort, and some

research has found reduced levels of cybersickness when visuals

are presented in 2D rather than in stereo [23].

Although some cybersickness can occur when the user’s view-

point maintains a 1:1 mapping with physical body motion, this

phenomenon is most commonly associated with virtual locomo-

tion techniques. A common approach is to avoid continuous visual

representations of motion by requiring the user to teleport in the

virtual environment [7] [41], although this is often tedious and

can lead to diminished spatial awareness [6]. Several variants on

this theme have been explored, including “viewpoint snapping”

[15], “jumping” [51], “dashing” [32], and “blinking” [20]. Some re-

searchers have noted a reduced incidence of cybersickness when

smoothed virtual motions are presented during the virtual traversal

of terrain that would normally afford a bumpier trajectory [13]. As

another approach to minimizing optical flow cues, it has been pro-

posed to apply a Gaussian blur to the entire presented view during

rapid movements [8], to apply a static blur in only the peripheral

region [31], to selectively blur pre-defined parts of a scene [35],

or to dynamically detect and pre-emptively mask regions of high

optical flow in user’s visual field [29].

2.3 Mitigating Cybersickness using FOV
Restriction

As explained in Section 1, dynamic FOV restriction has become

one of the most widely used mitigation strategies during virtual

locomotion [4, 16]. This technique is based on the hypothesis that

peripheral optical flow is an aggravating factor for cybersickness.

FOV restriction has been shown to be effective in mitigating VR

sickness for both sexes [2]. However, it should be noted that FOV re-

striction is not without potential downsides, and current approaches

have not proven beneficial under all circumstances [36] [33]. In

particular, FOV restriction may not be desirable in the nasal por-

tion of the periphery in the view from each eye, and vertical FOV

restriction might be inadvisable to the extent that it occludes the

ground plane and horizon line, which people may rely on as a stable

reference [21]. Some researchers have instead suggested to employ
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strategies that focus attentional resources on the foveal region with-

out explicitly occluding the periphery [50]. In our current work,

the proposed ground-visible restrictor is intended to address these

concerns.

Related to the idea of focusing attention away from the periph-

ery, it has long been recognized that stable elements, referred to

as “rest frames” may help reduce cybersickness [38] [46]. Varying

implementations have been proposed, such as a small reticle super-

imposed over the center of the visual field [5], a fixed virtual nose

[52], a wireframe model of physical world in the periphery [53]

and an independent background that fills the entire field of view

[14]. While much of this research has been done using rotating

drums or projection-based displays, similar effects have also been

verified in the context of VR headsets [9]. While the mechanism

by which rest frames achieve their sickness-mitigating effects is

not yet fully understood [18], both eye movements and postural

stability appear to also be affected, as stationary eye fixation also

helps to stabilize posture [49]. In addition, the explicit use of passive

restraints is a related but somewhat less practical cybersickness

mitigation strategy that has been studied in the context of postural

stability [24].

3 FIELD-OF-VIEW RESTRICTOR DESIGN

The FOV restrictor was implemented in Unity using VR Tunneling

Pro, an open-source asset that provides a computionally lightweight

dynamic FOV restrictor that can be tuned using a variety of param-

eters [48]. The industry standard symmetric FOV restrictor was a

straightforward use of this asset, as shown in the Figure 1(a). The

user’s view through each eye is obscured using a circular mask

with a black opaque texture in the periphery and a transparent cir-

cular hole in the center, and the edges of the opaque region can be

optionally smoothed using a semi-transparent effect. The circular

cutout is placed at a fixed distance from the center of projection and

scales up and down based on the user’s velocity, thereby increasing

or decreasing the visible FOV.

FOV restrictors are typically displayed only when the participant

is moving, and their size is dynamically scaled up to a defined outer

radius, which determines how much of the screen is vignetted at

maximum motion. An inner radius also defines the intermediate

region that transitions linearly between 0 (no opacity) and 1 (full

opacity). Although the implementation details vary in different

applications, these parameters that are often tunable in VR game

menus based on the users’ preferences. We attempted to select

parameters that were similar to those we observed in commercial

games, and conducted internal pilot testing to verify that they

provide a comfortable experience. In this experiment, we set the

outer radius to 0.60 and the inner radius to 0.1. Note that these

parameters are screen space measurements with respect to the

overall FOV; precise angular values are difficult to provide because

they will vary based on the optics of individual headsets. The speed

of the dynamic scaling was set to 0.25 seconds from non-existence

to appearance, or from existence to disappearance.

To create the ground-visible FOV restrictor, we modified the

shader to generate a custom texture mask. Instead of rendering the

restrictor symmetrically, the horizontal and vertical effects were

separated, and new variables were added to control the radius of

(a) (b)

Figure 1: (a) The standard FOV restriction technique uses a

circular blackmask to block the periphery of the visual field.

(b) The ground-visible restrictor uses an asymmetric mask

to preserve view of the lower periphery.

the circular cutout in each direction. The bottom of the vertical

effect was then effectively removed by setting the radius to be the

maximum vertical FOV of the VR headset. All the other parameters

remained consistent with symmetric restrictor. The ground-visible

FOV restrictor is shown in the Figure 1(b).

The design of this technique is intended to preserve important

perceptual cues provided by the ground plane. It is a metric for

egocentric visual space that is used to perceive distance, estimate

time-to-collision, and judge the relative size of objects. The optical

flow of the observer translating relative to the ground plane can be

used to compare spatial intervals [3]. In a study of foveated FOV

restriction, which uses an eye tracker to dynamically move the

restrictor, results showed that the most frequent area of focus of the

participant’s eyes was not in the center of the visual field, but rather

in the lower region [1]. This suggests that people subconsciously

look downwards when walking, and supports the design decision

to keep the ground plane visible during movement.

4 USER STUDY

4.1 Experiment Design

The effectiveness of the ground-visible restrictor was evaluated

using a within-subjects design with the following three conditions:

• Symmetric restrictor (S)

• Ground-visible restrictor (GV)

• No FOV restriction (N)

In general, we hypothesized that the ground-visible restrictor would

provide the overall best subjective experience for participants across

a range of measures, including discomfort, visibility, and sense of

presence, and would also exhibit quantitative differences in pos-

tural stability metrics derived from motion tracking. Our specific

measures and experimental hypotheses are described in more detail

in sections 4.5 and 4.6.

The experiment was divided into three virtual reality sessions,

one for each condition. Each session lasted 15-20 minutes and was

conducted at least 24 hours after the previous session. This was

necessary because cybersickness compounds over time and can po-

tentially last for hours; it would therefore not be empirically valid to

conduct all three conditions in a single session. The order in which
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each condition was distributed to participants was counterbalanced

across the study.

This experiment was originally designed to be conducted in a

tightly controlled lab setting. However, due to the COVID-19 pan-

demic, it was necessary to redesign the study for remote deployment

over the internet. This introduced a number of logistical challenges

to automate the experiment procedure and required specifically

recruiting participants with existing access to consumer virtual

reality equipment. The online study protocol was reviewed and

approved by our University’s Institutional Review Board (IRB).

4.2 Participants

Participants in this experiment were recruited through online post-

ings on SteamVR online forums and Reddit interest groups. In the

study, participants received study materials through emails and

completed each session using their personal equipment. Partici-

pants were required to have normal or corrected-to-normal vision

and be able to communicate in spoken and written English. Con-

sent materials instructed participants that were pregnant or had

a history of epilepsy or severe motion sickness not to participate

due to safety concerns. Each participant was compensated with a

$15 Amazon gift card upon completion of all three virtual reality

sessions.

A total of 41 participants completed the study. A total of 38

participants self-identified as male, and only three participants re-

ported as women. Due to prior findings of sex differences in motion

sickness, our original study protocol had called for recruiting a bal-

anced sample. However, we discovered that the number of women

with access to virtual reality equipment at home remains a very

small proportion of the population. This sampling bias is expected

to be a major challenge for the virtual reality research community

until it becomes possible to safely resume in-person human studies.

Participant ages ranged from 18 to 61 years old (M = 30.5, SD =

9.1). Two participants reported that they regularly play video games

0-3 hours per week, eight reported 4-7 hours, 11 reported 8-11

hours, seven reported 12-15 hours, and 13 reported 16 or more

hours per week. Although this would be expected when sampling

from a population with access to their own VR equipment, it should

be noted that this is a more experienced group than we typically

see when recruiting from a university student pool or the general

population.

Participants were using their own equipment because the study

was conducted remotely due to the COVID-19 pandemic. The fol-

lowing headsets were used in the study: Valve Index (11), HTC

Vive (7), HTC Vive Cosmos (1), Oculus Rift S (5), Oculus Rift (4),

Oculus Quest with Link Cable (4), and Windows Mixed Reality (9).

It should be noted that these devices do have varying technological

characteristics such as refresh rate and field-of-view. Because the

field-of-view restrictor is defined in screen space (as commonly

implemented in commercial VR games), the visible field-of-view

displayed using different headsets will vary. In a between-subjects

experiment, this could potentially represent a confounding factor.

However, the impact of technological differences on the experiment

is mitigated by the within-subjects design. Because all participants

experienced every experimental condition, we can still empirically

compare the relative effects of no restriction, a moderate level

Figure 2: A partial overhead view of the virtualmaze. The en-

vironment contains complex pathways and frequent turns.

The locations of coins and arrows, which are used as way-

points, are indicated in gold and red.

(a) (b)

Figure 3: (a) Participants traversed through the maze and

collected gold coins. (b) Red arrows were displayed at cross-

roads to indicate the correct direction.

of symmetric restriction, and ground-visible restriction, and tech-

nological differences between headsets cannot cause a spurious

association between the independent and dependent variables.

4.3 Virtual Environment

The virtual environment (VE) was designed to be a maze that con-

sists of complex pathways and turns, as shown in Figure 2, which is

a close quarter environment. The maze was procedurally generated

using an open-source Unity asset [43] and was consistent for all

participants. The overall size of the maze was 10 square meters,

and the width of each passageway was 1.5 meters. A set of gold

coins and red arrows were placed in the maze as waypoints to guide

participants through the VE. This was done so that all participants

followed the same paths through the maze, because individual ex-

ploration strategies would result in different locomotion behavior.

Participants were instructed to follow the arrows and collect the

gold coins, as shown in Figure 3. When a participant approached a
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coin, it would disappear, and the next one would appear in a readily

visible location.

Participants were required to stand during the virtual reality

experience. The participants navigated through the VE using a

handheld controller. Virtual locomotion was achieved using view-

directed steering, and participants turned using their physical body

only. It should be noted that some VR controllers have analog sticks

for velocity control, but others only have touchpads, and these

input controls have different sensitivity profiles. Therefore, the max

velocity was implemented at a rate of 2.5 meters per second in a way

that would be consistent across devices. When participants pushed

the joystick or clicked the trackpad, the velocity would smoothly

accelerate until the max velocity was reached, and then would

smoothly decelerate when the joystick/trackpad was released After

extensive pilot testing, we determined that implementing smooth

acceleration and deceleration over 0.25 seconds provided a good

balance between comfort and responsiveness. Because the exper-

imenter could not be physically present to direct the participant

if they became lost in the maze, we implemented a function to

teleport back to the last waypoint. This could be accessed via a

spatial menu activated by the grip button on the controller.

Participants were asked to rate their subjective discomfort at

six checkpoints throughout the VR session. We adapted the same

procedure from the original FOV restrictor study by Fernandes and

Feiner [16], using the question “Please rate the discomfort level you

are experiencing right now on a scale from 0 (not discomfort at all)

to 10 (severe discomfort).” Responses were provided in the virtual

environment using the graphical user interface shown in Figure

4. The participant was instructed to use a laser pointer attached

to the controller to select their response, which we refer to as the

discomfort score. After completing the checkpoint, the next path

would be generated and the participant would be relocated to a

different starting point in the maze.

The virtual environment was implemented in Unity 2018.3.6f1

and Steam VR, and was designed to be computationally lightweight

with low-poly art assets. During pilot testing using a variety of

computers and VR setups, we observed framerates consistently

above the headset refresh rate. To verify this after the experiment,

we computed the frame rate for each participant from the data files

and verified that the virtual environment was rendered at the user’s

headset refresh rate.

4.4 Procedures

Participants initially registered for the study through an online

form and subsequently received an email containing the materials

for the first session. In the first session, participants reviewed the

information sheet andwatched an instructional video that explained

their tasks and demonstrated how to traverse through the VE using

the controller. After starting the application, they completed the

Kennedy-Lane Simulator Sickness Questionnaire (SSQ) [22] on their

computer monitor using a keyboard and mouse. After completing

the SSQ, the application instructed them to put on the headset and

follow the instructions to start the virtual reality session.

Each session consisted of a pre-training trial and six experimen-

tal trials. Participants would first perform a short practice trial to

ensure that they understood the control mechanisms of the virtual

Figure 4: Participants selected a discomfort score using a spa-

tial menu at multiple checkpoints throughout each VR ses-

sion.

environment. Because the task was limited to just simple movement,

and participants were already familiar with using their own VR

equipment, the practice trial was brief and could be completed in

approximately 30 seconds. After the practice trial, the experiment

was started automatically. Each experimental trial required follow-

ing the path through the maze as described in Section 4.3. This

process was designed to last approximately two minutes, although

the actual completion time varied between participants. The start

and end points for each of the six virtual paths were pre-defined

and different for each trial, and the path order was determined

pseudo-randomly.

At the end of each trial, participants encountered the checkpoint

to capture their discomfort score. Participants were informed in

advance that the session would be terminated if they reported a

discomfort score of 10. They could also quit immediately by opening

a menu with a controller button and selecting the “quit” option.

They were also explicitly instructed in both the written and video

materials to discontinue the session if they experienced motion

sickness. Otherwise, the session would end automatically when the

participant completed the final checkpoint.

Upon completing or terminating the VR session, the participants

completed the SSQ post-test and a brief feedback questionnaire.

In the third session, the participants also needed to complete a

demographic questionnaire at the very end of the experiment. All

data collected during the study were automatically compressed into

a ZIP file. Participants submitted the data through a link in the

email and waited for an email containing the materials for the next

session or a gift card to be delivered 24 hours later.

4.5 Measures

Discomfort Scores. Similar to the metrics proposed by Fernandes

and Feiner [16], we compute two dependent variables from the

discomfort scores for each session: the participant’s time-weighted

Average Discomfort Score (ADS) and the Relative Discomfort Score

(RDS). We assume that the discomfort score was 0 at the beginning,

and each reported score represents the degree of discomfort before

the next checkpoint. The RDS is then computed using the following
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equation:

RDS =

∑

0≤i≤tstop

DSi + (tmax − tstop + 1)DSstop

tmax
(1)

The value tmax represents the longest completion time of all par-

ticipants. The completion time of each participant was tstop . The

discomfort score at tstop was recorded as DSstop . DSi was the

discomfort score at each second i prior to tstop . If a participant ter-

minated before tmax , their DSstop was recorded as 10 and repeated

each second from the terminated time until tmax . Similarly, if a

participant finished early with a discomfort score less than 10, their

final score was used as DSstop and repeated.

Cybersickness. The responses on the Simulator Sickness Ques-

tionnaire (SSQ) were used to compute the overall SSQ score before

and after each VR session. It should be noted that the SSQ and

discomfort scores are not strictly redundant, as they are measur-

ing distinct phenomena. While the SSQ reflects the magnitude of

specific symptoms related to cybersickness, the discomfort score

encompasses a broader scope that could include sensations not

assessed by the SSQ. Additionally, to specifically identify motion

sick participants, we also added the following yes/no question on

the questionnaire, “Are you motion sick now?”

Subjective Experience. The feedback questionnaire included two

sections regarding their experiences in the virtual environment.

In the first part, participants were asked to rate their feeling for

the three conditions using a 7-point Likert scale from 1=“strongly

disagree” to 7=“strongly agree.”:

(1) I felt that my ability to see the virtual environment was

restricted.

(2) I had a sense of “being there” in the virtual environment.

For the purposes of readability, the responses for the first question

were reversed so that higher ratings are associated with positive

outcomes. We referred to these two criteria as visibility and pres-

ence, respectively. In the second section of this questionnaire, free-

response questions were included to gather qualitative comments

and suggestions.

Postural Stability. Movement data was recorded automatically

by the VR application. During each frame, the system recorded the

position and orientation of the participant in the VE, as well as the

position and orientation of the participant’s head in the physical

world. We then computed several variability measures based on

only the frames when the participant was moving virtually and

the FOV restrictor would be visible. This was done by calculating

the standard deviation of the physical movement deltas along a

particular degree of freedom (x-axis, y-axis, roll rotation, and pitch

rotation). We adapted these postural stability metrics from motion

sickness literature in the field of kinesiology [12, 34]. For this exper-

iment, we are particularly interested in pitch variability, because

the differences between the restrictors could result in different head

tilt behavior. If participants were compensating for reduced vertical

visibility of the virtual environment when using the S restrictor,

increased head tilt variability could contribute to visually-induced

motion sickness.

Task Performance. The system also recorded the task completion

time and the number of completed trials per participant.

4.6 Hypotheses

We formulated six scientific hypotheses regarding the dependent

variables collected during this experiment:

• H1: Participants would report lower discomfort scores with

the GV restrictor compared to the N and S restrictors.

• H2: Participants would report lower SSQ scores with the GV

restrictor compared to the N and S restrictors.

• H3: Participants would report better visibility with the GV

and N restrictors compared to the S restrictor.

• H4: Participants would report greater sense of presence with

the GV and N conditions compared to the S restrictor.

• H5: Postural stability metrics would exhibit greater variabil-

ity with the S restrictor compared to the GV and N restrictors.

• H6: Task performance measures would be superior with the

GV and N restrictors compared to the S restrictor.

5 RESULTS

Shapiro-Wilk tests of normality were conducted for all variables,

and the results indicated that none of these data were normally

distributed. Because our experiment was within-subjects and non-

parametric, we applied the Friedman Rank Test to analyze dif-

ferences between the three FOV conditions for each dependent

variable. Descriptive statistics are therefore reported using median

(Mdn) and interquartile range (IQR). All statistical tests used a sig-

nificance value of α = 0.05. When a Friedman Rank Test rejected

the null hypothesis, we conducted post-hoc analysis using pair-

wise Conover tests with a Holm-Bonferroni correction for multiple

comparisons. One participant had missing data due to accidentally

uploading the wrong file, and was therefore excluded from the

analysis.

Discomfort Scores. Results for the average and relative discomfort

scores are shown in Figure 5. The analysis for ADS revealed sig-

nificant differences among the three FOV conditions, χ2(2) = 6.33,

p = .04. The GV restrictor (Mdn = 0.35, IQR = 0.86) was more com-

fortable than the N condition (Mdn = 0.86, IQR = 1.92), p = .04.

However, ADS ratings for the S restrictor (Mdn = 0.41, IQR = 1.56)

were not significantly different from the GV restrictor, p = .36,

or N condition, p = .36. The analysis of RDS was also significant,

χ
2(2) = 12.42, p = .002. Post-hoc comparisons indicated that the

GV restrictor (Mdn = 0.44, IQR = 1.03) was more comfortable

than the N condition (Mdn = 1.01, IQR = 2.32), p = .003. The S

condition (Mdn = 0.69, IQR = 1.62) was also more comfortable

than N condition, p = .03. RDS ratings for the GV and S restrictors

were not significantly different, p = .33. These results partially

support hypothesis H1.

Cybersickness. Analysis of deltas between the pre- and post-SSQ

scores did not indicate any significant differences among the three

conditions, χ2(2) = 1.77, p = .41. Although we found no empirical

support for hypothesis H2, SSQ scores were extremely low in all

three conditions (see Table 1). Furthermore, participants reported

motion sickness on the yes/no question in only 9 out of 120 trials.

Taken together, these results suggest a floor effect.
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Figure 5: Box plots of the average discomfort score (ADS) and

relative discomfort score (RDS) for each condition. Users re-

ported significantly greater discomfort when using the N re-

strictor compared to the GV restrictor for both measures.

Table 1: SSQ Scores and Completion Times

Condition Mdn SSQ (IQR) Mdn Completion Time (IQR)

N 7.48 (22.44) 784.35 sec. (130.22)

S 7.48 (14.96) 750.72 sec. (89.37)

GV 7.48 (15.90) 747.60 sec. (89.56)

Subjective Experience. Results from the feedback questionnaire

are shown in Figure 6. The analysis of visibility ratings revealed

a significant difference among the three FOV conditions, χ2(2) =

58.23, p < .001. The N condition (Mdn = 6, IQR = 3) was given

favorable visibility ratings compared to the S restrictor (Mdn = 1,

IQR = 1), p < .001, and the GV restrictor (Mdn = 2, IQR = 2),

p < .001. However, there was no significant difference observed

between the GV and S restrictors, p = .12. These results partially

support hypothesis H3.

The analysis of presence ratings was also significant, χ2(2) =

27.37, p < .001. Participants reported a greater sense of presence

in the N condition (Mdn = 6, IQR = 1.75) compared to both the

S restrictor (Mdn = 5, IQR = 3.75), p < .001, and GV restrictor

(Mdn = 5, IQR = 2.75), p = .002. However, presence ratings for the

GV restrictor were also significantly higher than the S restrictor,

p = .05, thereby fully supporting hypothesis H4.

Postural Stability. Analysis of pitch variability was significant,

χ
2(2) = 8.40,p = .02. Participants exhibited greater pitch variability

when using the S restrictor (Mdn = 0.16, IQR = 0.08) compared

to the GV restrictor (Mdn = 0.14, IQR = 0.06), p = .02. The N

condition (Mdn = 0.14, IQR = 0.07) was not significantly different

from either the S restrictor, p = .08, or the GV restrictor, p =

.29. Analysis of x-axis variability was also significant, χ2(2) =

6.91, p = .03. Participants exhibited greater side-to-side motion

variability when using the S restrictor (Mdn = 0.00131, IQR =

Figure 6: Box plots of visibility and sense of presence ratings

for each session. The direction of the scale was adjusted so

that higher values are associated with positive outcomes.

0.00053) compared to the GV restrictor (Mdn = 0.00130, IQR =

0.00053), p = .03. The N condition (Mdn = 0.00136, IQR = 0.00057)

was not significantly different from either the S restrictor, p = .39,

or the GV restrictor, p = .39. The analysis for z-axis variability

was not significant, χ2(2) = 5.20, p = .07, nor was roll variability,

χ
2(2) = 1.60, p = .45. These results partially support hypothesis

H5.

Task Performance. Only one participant stopped a VR session

early; all others fully completed the six trials in all three conditions.

This outlier was therefore excluded from the analysis. Median com-

pletion times for each condition are shown in Table 1. The test did

not reveal any significant differences among the three conditions,

χ
2(2) = 1.95, p = .37. We therefore did not find any empirical

support for hypothesis H6.

6 DISCUSSION

Participants reported the lowest levels of discomfort when using

the GV restrictor, as measured through both average and relative

discomfort scores. The GV restrictor was the only intervention that

significantly improved comfort compared to the condition without

restriction. Although the discomfort scores reported when using

the GV and S restrictors were not significantly different, we did not

find any evidence that would suggest maintaining ground visibility

during FOV restriction would be detrimental.

SSQ scores were extremely low overall, which was surprising

for a 15-20 minute VR experience that involves controller-based

locomotion. These results, along with the very sparse self-reports of

motion sickness, suggest a floor effect, and it was unlikely that the

restrictors had significant opportunity to further reduce cybersick-

ness. We noted much higher self-reports of cybersickness during

pilot testing, and this result was therefore surprising. We therefore

cannot make any definitive conclusions regarding the effects of GV

restriction on symptoms specific to motion sickness. However, we

also note that in the original FOV restrictor study by Fernandes

and Feiner [16], SSQ scores were also not significantly different

between conditions. Their primary finding of their study involved

subjective discomfort ratings, and similar effects were observed in

our results.

There are several possible explanations for unusually low cy-

bersickness levels in this experiment. Chief among them is the
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sampling bias inherent in recruiting online participants with pre-

existing access to VR equipment. Generally speaking, these par-

ticipants are early adopters, and it stands to reason that people

who are more prone to cybersickness would be less likely to invest

in a VR setup for personal use. It should also be noted that this

population was heavily dominated by men, and we were able to

recruit very few women for this study. This is unfortunate due to

previous findings that have suggested women are more susceptible

to motion sickness compared to men [34]. These issues are very

difficult to address during the COVID-19 pandemic, and we plan

to conduct follow-up studies that sample from a wider population

after it becomes safe to resume in-person experiments. However,

we believe that results from studies of active VR users are still valu-

able, as this population is the primary consumer of virtual reality

games where techniques such as FOV restriction are widely used.

To our knowledge, the effects of FOV restriction on postural

stability have not been previously evaluated, and this analysis is

an additional source of novelty in this experiment. The increased

pitch rotation variability when using the S restrictor was likely

caused by the need to compensate for reduced vertical visibility.

The lower region of the periphery provides perceptual cues that are

valuable for close quarters maneuvering, and participants may have

needed to tilt their head up and down more often to see imagery

that was readily visible when using the GV restrictor. Additionally,

the S restrictor also produced an increase in side-to-side positional

variability, which is indicative of postural sway, despite the fact

that the left and right regions of the periphery were the same as the

GV restrictor. These results suggest that the keeping the ground

visible during FOV restriction facilitates stability in control of the

body.

It is unsurprising that the condition without restriction was rated

highest by participants for both environment visibility and sense of

presence. Although the original study by Fernandes and Feiner did

not find any significant differences in presence, it should be noted

that their experiment used a more conservative FOV restrictor that

was designed to be imperceptible to the user [16]. In contrast, we

modeled our restrictor design more similarly to implementations

commonly present in commercial VR applications such as Skyrim

VR or Google Earth VR. In this context, it is notable that the GV

restrictor provides benefits for sense of presence compared to S

restrictor. Although the visibility score for the GV restrictor was

also generally higher, these subjective ratings exhibit a high degree

of variability that prevents us from making any definitive scientific

conclusions.

Although we had hypothesized that the different conditions

would influence navigation task performance, no significant ef-

fects were found for completion times. The sampled population,

which primarily consisted of experienced users, should again be

considered when interpreting these results. We suspect that FOV

restriction could have a greater impact on task performance for

users that are less familiar with navigation using virtual reality

controllers or for people that have greater susceptibility to mo-

tion sickness. Therefore, we still consider this to be an interesting

question to revisit in future studies.

It is also valuable to consider how the virtual environment de-

sign may have influenced the results. In the free response ques-

tions, some participants mentioned that the S restrictor sometimes

blocked part of the gold coins and red arrows, which led them to

stop more often to increase their visibility of the virtual environ-

ment. The GV restrictor reduces this problem, which makes it more

useful for environments that require close quarters maneuvering.

However, for large open environments with objects at a distance,

the GV restrictor would have fewer opportunities to provide an ad-

vantage. That said, we have not observed any negative effects from

using the GV restrictor compared to the S restrictor, and given the

potential advantages, we conclude that it appears to be a superior

technique for virtual environments that contain a visible ground

plane. However, this may not be the case for environments that

involve flying through mid-air or open space, and further study

would be necessary to evaluate the effects of GV restriction under

these conditions.

Finally, as in any study, the scope and generalizability is limited

by the specific parameters tested in the experiment. FOV restrictors

inherently require a tradeoff between comfort and other aspects of

the subjective experience, and the ideal balance is different for every

user. In VR applications intended for practical use, we believe that

parameters such as restrictor size and speed should be customizable

based on the users’ individual preferences and tolerances for virtual

locomotion.

7 CONCLUSION AND FUTUREWORK

In this paper, we proposed and evaluated ground-visible FOV re-

striction, a novel form of a widely used technique for mitigating

cybersickness in virtual reality. We conducted a within-subjects

user study across three separate sessions that compared the pro-

posed method with a traditional symmetric restrictor and a control

condition without FOV restriction. Our results showed that the

ground-visible restrictor offers potential benefits for user comfort,

postural stability, and subjective sense of presence. We found no ev-

idence of potential drawbacks to keeping the ground visible during

FOV restriction. We therefore conclude that this form appears to

be superior to symmetric restrictors when navigating through en-

vironments with a visible ground plane. However, this experiment

specifically focused on existing VR headset owners, and further

study would be needed to generalize these results to naive users or

the overall population.

In the future, we plan to further explore the design space for

FOV restrictors. This study specifically evaluated the effects during

forward and backward locomotion, and these techniques have not

been thoroughly investigated during different types of movement,

such as turning and side-to-side strafing. It stands to reason that

other forms of asymmetric restriction that obscure the left and right

periphery in different ways may provide benefits during lateral mo-

tion. Additionally, this study was conducted online by recruiting

participants with pre-existing access to virtual reality equipment.

When it eventually becomes possible to safely resume in-person

user studies, we plan to conduct follow-up experiments in a con-

trolled lab setting with a more diverse group of participants and a

balanced distribution between the sexes. We also plan to further

investigate the relationship between cybersickness mitigation in-

terventions and postural stability, including postural precursors

before and during virtual reality exposure.
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