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This document offers additional information and details on the
following topics:

• (S1) Pilot psychophysical experiment (previous to the main
experiment described in Section 3 in the main document).

• (S2) Additional details on the main psychophysical experi-
ment (Section 3 in the main document).

• (S3) Translation gain for complex scenes: expansion (Section
4 in the main document).

• (S4) Application to improving 6-DoF viewing (Section 5.1 in
the main document).

• (S5) Application to overcoming physical space constraints
(Section 5.2 in the main document).

• (S6) Application to reducing motion discomfort (Section 5.3
in the main document).

• (S7) Experiment questionnaires (Sections 3 and 5 in the main
document).

S1 PILOT EXPERIMENT
To measure detection thresholds, we firstly aim to investigate which
factors have an impact on how users perceive motion manipulation
in virtual scenarios. To gather this information, we conducted a
perceptual experiment based on a 2AFC task. In each trial, subjects
had to choose between a stimulus without manipulation (i.e., real
headmotion and virtual cameramotionmapped 1 : 1), and a stimulus
with compression applied to camera movement (the amount of
compression varied between trials with a head-camera mapping
(1 : 𝑔𝑇 ). The question we asked in each trial was: In which of the two
scenes did your virtual movement map better to your real movement?

Stimuli. Participants viewed a realistic, stereoscopic virtual envi-
ronment. The environment was a squared room with some furniture
to provide depth discontinuities and natural motion parallax cues.
It was designed to be natural and detailed to increase immersion,
but at the same time generic and without highly conspicuous par-
allax cues, so it would not interfere with threshold measurements.
During each trial, in each scene, three planes appeared in front of
the user in three out of four random locations (always in between
the user and the room walls, parallel to the latter). Behind one of
these planes, there was a hidden coin; the location of the coin was
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also random, making sure it was located behind a plane. The sub-
jects’ task was to find this coin. We introduced this task in order to
prompt a small range of head motion without making our intention
of inducing motion parallax explicit. Our stimuli sample five differ-
ent levels for compression ratio (translation gain for compression)
𝑔𝑇 = {0.4, 0.55, 0.70, 0.85, 1.0}. The compression ratio defines a map-
ping 1 : 𝑔𝑇 between the real head motion and the virtual camera
motion (i.e., a lower value of this ratio indicates more compression
of the virtual camera motion with respect to the real head motion).
We sample two additional factors: distance between the front plane
and the subject’s starting point 𝑧𝑝 = {1𝑚, 2𝑚, 3𝑚}, and distance
between the coin and the front plane 𝑧𝑐 = {0.5𝑚, 1𝑚, 1.5𝑚}. This
resulted in a total of 45 conditions.

The size of the room was fixed, so the distance between the room
walls and the subject’s starting point was always 𝑧𝑏 = 5𝑚. The
width of the front plane varied as a function of 𝑧𝑝 and 𝑧𝑐 so it would
always require a virtual camera motion of ±35𝑐𝑚 from the starting
point [Serrano et al. 2019; Thatte and Girod 2018] in order to find
the coin, irrespective of the other conditions. This is designed with
our target use case scenario of moderate (accidental) head motion
in mind.
Participants. Twenty-two participants (18 male and 4 female,
average age 27.5 years old, 𝜎 = 7.13) from a local university were
recruited to voluntarily participate in the study. They all reported
normal or corrected-to-normal vision. We asked participants to
provide their previous experience with VR head-mounted displays
(HMDs): 18 of them had tried an HMD before, and from these, 5 of
them used HMDs frequently.
Hardware and procedure. Stimuli were presented on an HTC
Vive Pro with a nominal field of view of 110◦, and a resolution of
1440 × 1600 pixels per eye, and a frame-rate of 90 fps. A stereo
view of the scene was presented in the HMD depending on head
position and orientation. The experiment routine was designed and
controlled in Unity. Subjects interacted and provided their answers
with an HTC Vive controller. Subjects were sitting on a rotating
stool without wheels during the experiment.
At the beginning of the experiment, there was a short stage in

which subjects’ were presented with the scene used during the
different trials, but without the planes and coin that would appear
during the experiment. We asked them to look around and explore
the room, encouraging them to move their head; this was specially
important for people with no experience with HMDs, since they are
not acquainted with the 6-DoF capabilities and they are less prone to
engage in headmovement on their own.When they were ready, they
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could press the trigger on the controller tomove onto the experiment.
Before the actual experiment began, the experimenter explained the
task, and the question they would be asked to answer. During the
experiment, each subject was presented with 15 trials featuring a
random subset of the (45) conditions plus two control trials. Control
trials were like ordinary ones, except with a 0.1 compression ratio.
The uncompressed and compressed stimuli within each trial were
presented at a random order. For each stimulus in a trial, 3 planes
would appear randomly at three of the four possible locations, and
a coin would appear at a random location, hidden behind one of the
planes. Subjects were instructed to press the trigger when they found
the coin in each stimulus; we set a time limit of 40 seconds per stimuli
for this task, and none of the participants reached this limit. After
presentation of each pair of stimuli, a screen was presented asking
the subjects In which of the two scenes did their virtual movement
map better to their real movement?. They had to select their desired
option with the controller, and press the trigger to confirm their
choice. After each trial, subjects were asked to relocate back to a
comfortable position in the chair. We ensured that each of the 45
conditions was seen by at least 5 participants.
Analysis and results. We collected the following data from each
user: head position and orientation at 90 fps, time taken to complete
each task, and actual answer to the 2AFC question. We also collect
eye tracking data at a frequency of 90 fps. From our 22 participants,
5 were discarded due to the control trials (we discarded a user if, in
one or more of the control questions, they did not choose the un-
compressed stimulus when answering the question). No participant
reported relevant symptoms of sickness.
We conducted a statistical analysis of the subjects’ answers to

investigate which of our three factors had a significant influence
on the subjects’ responses. We employed a general linear mixed
model with a binomial distribution, which is well-suited for binary
dependent variables like ours. Since we could not assume that our
observations were independent, we modeled as a random effect
the potential effect of each particular subject viewing the stimuli.
We included in the regression all three factors (𝑔𝑇 , 𝑧𝑝 , and 𝑧𝑐 ). We
also included the order of appearance of each trial. Since we had
categorical variables among our predictors, we re-coded them to
dummy variables for the regression. The effect of the subject was
found to be non-significant (𝑝 = 0.404). Therefore, samples could
be considered independent, and we applied a general linear model
with a binomial distribution.

The compression ratio 𝑔𝑇 was found to have a significant effect
on subjects’ answers (𝑝 < 0.001). The distance 𝑧𝑝 from the subject to
the plane was found to have a significant effect as well (𝑝 < 0.001).
This was to be expected, since relative retinal velocity varies as
𝑧𝑝 varies, and relative retinal velocity affects the computation of
relative head movement, and relative depth. Since the compression
ratio resulted to be significant, we decided to include expansion
ratios in our next experiments. In the same line, as the effect of 𝑧𝑝
was statistically significant, we increased the distance points to be
measured to include a larger distance range.
On the other hand, the distance 𝑧𝑐 from the plane to the coin

did not have a significant effect on the answers (𝑝 = 0.505). This
was related to the fact that we designed our experiment so that the

virtual camera motion required to see the coin was kept constant,
and it was the real head motion that changed with compression ratio
(to do this, the width of the planes changes accordingly). Given this,
𝑧𝑐 was established to a fixed position for the experiment described
in Section 3 in the main document.

S2 ADDITIONAL DETAILS ON THE MAIN
PSYCHOPHYSICAL EXPERIMENT

In this section we provide additional details on themain psychophys-
ical experiment carried out to measure detection thresholds (Section
3 in the main document).

S2.1 Additional details on statistical analysis
In this section we provide additional details on the statistical anal-
ysis of which the results are summarized in Figure 4 in the main
document. As described in the main document, our data is not nor-
mally distributed (𝑝 < 0.05 for the Shappiro-Wilk test), hence we
employ a Friedman test (non-parametric equivalent of repeated mea-
sures ANOVA) with Dunn-Bonferroni post-hocs, and Bonferroni
correction for multiple comparisons. Table 1 shows the results of
pairwise comparisons for our significance analysis. Note that values
that are statistically indistinguishable yield a result of 𝑝 > 0.05.
Refer to main document’s Section 3 for more information.

S2.2 Statistical analysis with the complete user pool
As described in Section 3.3 in the main document, we aim for a
conservative approach when determining our robust thresholds;
therefore, our robust thresholds are computed with the users that
clearly perceived the manipulation in the translation gain we used as
a sentinel question (𝑔𝑇 = 2.5, i.e., a 150% expansion). In this section
we perform the same analysis for the complete user pool, and show
that not including such users indeed leads to more conservative
thresholds, while the trends and main insights observed in the main
document remain.

Table 1. Results for the Friedman test (non-parametric equivalent of re-
peated measures ANOVA) with Dunn-Bonferroni post-hocs, and Bonferroni
correction for multiple comparisons for significance in PSE, 25% DT and 75%
DT for all 𝑧𝑝 values, for the robust thresholds users. Note that values which
are statistically indistinguishable yield a significance value of 𝑝 > 0.05.

𝑧𝑝 values (m.) 𝑝-value
for PSE

𝑝-value
for 25% DT

𝑝-value
for 75% DT

1.00 - 1.75 1.000 1.000 1.000
1.00 - 2.50 0.132 0.171 0.087
1.00 - 3.25 0.003 0.019 0.000
1.00 - 4.00 0.000 0.006 0.000
1.75 - 2.50 0.132 0.453 0.630
1.75 - 3.25 0.003 0.066 0.008
1.75 - 4.00 0.000 0.023 0.000
2.50 - 3.25 1.000 1.000 1.000
2.50 - 4.00 0.087 1.000 0.057
3.25 - 4.00 1.000 1.000 1.000
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Table 2. Results for the Friedman test (non-parametric equivalent of re-
peated measures ANOVA) with Dunn-Bonferroni post-hocs, and Bonferroni
correction for multiple comparisons for significance in PSE, 25% DT and 75%
DT for all 𝑧𝑝 values, for the complete pool of users. Note that values which
are statistically indistinguishable yield a significance value of 𝑝 > 0.05.

𝑧𝑝 values (m.) 𝑝-value
for PSE

𝑝-value
for 25% DT

𝑝-value
for 75% DT

1.00 - 1.75 1.000 1.000 1.000
1.00 - 2.50 0.160 0.080 1.000
1.00 - 3.25 0.037 0.048 0.062
1.00 - 4.00 0.000 0.002 0.000
1.75 - 2.50 0.662 0.373 1.000
1.75 - 3.25 0.200 0.247 0.114
1.75 - 4.00 0.000 0.015 0.000
2.50 - 3.25 1.000 1.000 1.000
2.50 - 4.00 0.200 1.000 0.019
3.25 - 4.00 0.662 1.000 0.662

We first perform a statistical analysis using the PSEs and DTs
obtained per participant to confirm whether the trends held and
whether the dependency on 𝑧𝑝 observed for the robust thresholds
users (see main document) is also significant in the case of the
complete user pool. As described in the main document, and also
commented in the previous subsection, our data is not normally
distributed (𝑝 < 0.05 for the Shappiro-Wilk test), hence we employ
a Friedman test (non-parametric equivalent of repeated measures
ANOVA) with Dunn-Bonferroni post-hocs, and Bonferroni correc-
tion for multiple comparisons. Table 2 shows the results of pairwise
comparisons for the significance analysis with the complete pool of
users, while Figure 2 summarizes them and shows the PSE and DT
values, confirming the trends remain consistent. Note that values
that are statistically indistinguishable yield a result of 𝑝 > 0.05. We
show in Figure 1 the measured pooled results and fitted psychomet-
ric curves for the detection performance for the complete pool of 30
users. It can be observed that the trends of the curves closely follow
the ones displayed in Figure 3 in the main document, while our
robust threshold computation indeed produces more conservative
thresholds. With these more conservative thresholds we allow our
technique to be applied in natural, free-viewing scenarios reducing
the probabilities of a user noticing it.

S2.3 Head motion
We have conducted statistical analyses of the subjects’ head mo-
tion, to further corroborate that our experiment was carried out as
planned, and to understand user behavior during the different con-
ditions of the experiment. We analyze the average real head speed,
and the real peak head amplitude as a function of the translation
gain 𝑔𝑇 .

Neither of these three variables follow a normal distribution (𝑝 >

0.05 for the Shapiro-Wilk test). Therefore, we employ a general linear
model with a gamma distribution, since this was the distribution that

Fig. 1. Measured pooled results (errorbars represent the standard error of
the mean) and fitted psychometric curves for the detection performance for
different values of 𝑧𝑝 , for the complete pool of users. The x-axis shows the
applied translation gain 𝑔𝑇 , and the y-axis shows the probability of estimat-
ing that the virtual translation was larger than the physical translation. The
point of subjective equality (PSE) for each curve is marked with a colored
dot. Note that the trends of the curves closely follow the ones displayed in
Figure 3 in the main document.

Fig. 2. Values for PSE and DTs (compression and expansion) obtained from
the pooled psychometric functions in Figure 1, and results of pairwise
comparisons for the different plane distances (𝑧𝑝 ). Values in the same set are
statistically indistinguishable. Note that our robust threshold computation
(Figure 4 in the main paper) indeed produces more conservative thresholds,
while the trend with 𝑧𝑝 remains consistent..

better fitted our data according to the omnibus test1. Significance
values for the tested variables as a function of the factors and their
first order interactions are shown in Table 3.
For the average physical head speed, the translation gain 𝑔𝑇 has

a significant influence according to Wald’s test (𝜒2 = 25096, 𝑑 𝑓 =

6, 𝑝 < 0.001). This is an interesting insight: It suggests that subjects
accommodate the real head speed in order to maintain a constant vir-
tual camera speed, i.e., the real head speed is lower for higher trans-
lation gains, resulting in an approximately equivalent virtual camera
speed for the different translation gains (Figure 3, center). This in
turn creates an approximately constant retinal velocity through
different translation gains.
For the peak head amplitude, the translation gain 𝑔𝑇 has a sig-

nificant influence (𝜒2 = 44873, 𝑑 𝑓 = 6, 𝑝 < 0.001): Real peak head

1Omnibus tests measure the overall significance of the explanatory variables. It tests
whether the explained variance of the model is significantly greater than the unex-
plained variance
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amplitude was higher for lower translation gains (stronger com-
pression), as shown in Figure 3, top; this is to be expected, since,
as explained above, the virtual camera movement required to see
the coin was kept constant for different values of 𝑔𝑇 . This confirms
that participants behave as expected regarding side-to-side head
movement, reaching head amplitudes as planned.

The distance 𝑧𝑝 also has a significant influence on the head speed,
and the peak head amplitude (𝑝 < 0.001).Specifically, we can observe
increasing peak head amplitudes, and head speeds for increasing
values of 𝑧𝑝 ; however, this is a very small effect (the maximum
observed difference between different values of 𝑧𝑝 is 3.6𝑐𝑚 for peak
head amplitude, and 1.9𝑐𝑚/𝑠 for the head speed. Our experiment
was initially designed to span always a virtual camera motion of
±35 cm by varying the width of the front plane varied as a function
of 𝑧𝑝 ; however in practice, since we do not constrain users’ head
movement in any manner, these small variations occurred, possibly
due to inertial movement resulting from larger head displacements.

Fig. 3. Box plots for real peak head amplitude (top), average real head speed
(middle), and average time in completing the trials (bottom) for different
translation gains.

Table 3. Significance results of the influence of the factors 𝑔𝑇 , 𝑧𝑝 , and their
first order interactions in the measured variables real head amplitude, real
head speed, and time.

Var. Factor Wald’s 𝜒2 DoF 𝑝-value

Real head amp.
𝑔𝑇 44873.657 6 <0.001
𝑧𝑝 65.995 4 <0.001
𝑔𝑇 * 𝑧𝑝 208.138 24 <0.001

Real head speed
𝑔𝑇 25096.331 6 <0.001
𝑧𝑝 85.550 4 <0.001
𝑔𝑇 * 𝑧𝑝 413.212 24 <0.001

Time
𝑔𝑇 84.905 6 <0.001
𝑧𝑝 6.492 4 0.165
𝑔𝑇 * 𝑧𝑝 232.505 24 <0.001

S2.4 Time to completion
We additionally analyzed the time spent by participants in each
stimulus of each trial, using the same model, and found that users
take slightly less time in completing the task for high values of
𝑔𝑇 (𝜒2 = 84.905, 𝑑 𝑓 = 6, 𝑝 < 0.001). We found that, on average, it
takes users 10% less time to complete the task for 𝑔𝑇 = 1.67 and 19%
less time for 𝑔𝑇 = 2.5 than for smaller translation gains (Figure 3,
bottom).

S2.5 Eye-tracking data
We have additionally carried out a qualitative analysis of the col-
lected eye-tracking data. In particular, we have monitored the items
of the scene that participants are looking at throughout each trial
by computing the final gaze (taking into account head position and
orientation, and the eye-tracked gaze). Based on head position and
orientation, and gaze position, we trace a ray towards the scene
until it collides with one of the scene’s items. In this way, despite
the natural viewing conditions that our experiment features by de-
sign, we can monitor whether the participant’s behavior during the
trial is as expected and they do not incur in non-natural viewing
behaviors. In particular, we can ensure that all participants devote
a significant part of the time to looking at the planes (their task is
to find the coin behind one of them), which are actually the most
critical case for detecting our manipulations (fixation on a depth
discontinuity, as explained in the main document).

S2.6 Sickness
In our experiments, we gathered sickness information from our
participants. After each of the two sessions, they completed a sim-
plified version of the VRSQ questionnaire [Kim et al. 2018] (Figure 7).
Around 10% of the users reported some mild discomfort symptoms
at the end of the first session, and only 4% of users reported them at
the end of the second session. Three participants explicitly reported
that the second block felt more comfortable than the first one.
Motion sickness has been reported to be reduced or eliminated

by repeated exposure to motion [Hill and Howarth 2000], further,
most of our participants had limited previous experience in VR, thus
we hypothesize that this decrease in sickness symptoms was due to
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an habituation effect. However, the order of trials was randomized
to avoid influence of this habituation effect, and the session in
which the data was recorded did not have a significant effect in
the participants’ answers (therefore it did not affect our threshold
computation).

S3 TRANSLATION GAIN FOR COMPLEX SCENES:
EXPANSION

We include in this section the resulting fitted curve for expansion
(see Figure 4), and refer the reader to the main document’s Table 1
for the parameter values 𝑎1, 𝑎2, 𝑏1 and 𝑏2, as well as the goodness of
fit, for translation gain (expansion) as a function of retinal velocity.

Fig. 4. Measured translation gain thresholds for expansion as a function of
retinal velocity 𝑑\/𝑑𝑡 , and corresponding fitted functions 𝜙 (please refer to
the main document for more details).

S4 APPLICATION TO IMPROVING 6-DOF VIEWING
We include here additional details and results for the implementation
and validation of our 6-DoF viewing application.

S4.1 Implementation details
Since we work with 6-DoF viewing of 360◦ RGBD content, the
input to compute these maps are 360◦ RGBD images or videos. The
translation gain maps for compression are computed as described
in Section 4 in the main document.
In dynamic scenes (video), when computing retinal velocity, we

need to take into account the movement in the scene. We leverage
the work by Gogel et al. [1982], which reported that the apparent
motion of a physically stationary object concomitant with a lateral
motion of the head is perceptually indistinguishable from apparent
motion resulting from the physical motion of the object. Follow-
ing this finding, we compute the retinal velocity by taking into
account the optical flow [Lucas and Kanade 1981] from the dynamic
scenes together with users’ head motion. In our implementation,
when computing head translation ℎ, we assume a constant virtual
head speed 𝑣 . This is based on the analysis of head motion from
Section S2.3, which shows that users change real head speed for dif-
ferent translation gains in order to keep an approximately constant
virtual head speed 𝑣 = 0.2𝑚/𝑠 (see Section 6 in the main document
for a discussion on this). Nevertheless, head translation can also
be obtained in real time based on positional tracking. Additionally,
for video, we smooth the resulting translation gain maps in the

temporal dimension using a window of 0.5 seconds (15 frames in
our videos) in order to avoid temporal flickering in the translation
gain maps.

We store the translation gain maps as grayscale image (or video)
panoramas. During real-time playback, for a given head orientation,
we find the intersection between the camera forward vector and the
mesh inwhich the scene is projected, andwe fetch the corresponding
translation gain value, which is applied to the camera movement.
In this way, the validation can demonstrate that the method can
work without eye tracking, just using head orientation as a proxy
for gaze position.

S4.2 Scenes
We include in Figure 5 representative frames of four sample scenes
used in our experiments (top row), together with the corresponding
translation gain maps for compression (bottom row), also shown in
the main document.

S4.3 Validation experiment description

S4.3.1 Validation for static scenes (images). Stimuli. The stimuli
consists of a set of eight different 360º RGBD images, three cap-
tured for this experiment and five from a publicly available dataset
[Serrano et al. 2019]. These images are obtained from the videos
used for evaluating dynamic scenes (one frame). Each image was
displayed during 15 seconds (following [Sitzmann et al. 2018]).
Participants. Fourteen participants (4 female, 10 male), ages 22 to
31 (AVG 25.43, 𝜎 = 2.96) took part in our experiment. They voluntar-
ily signed up for our experiments, and all of them reported normal
or corrected-to-normal vision. The participants were naïve to the
purpose of the experiment and were previously informed that they
could stop the experiment at any point if they felt uncomfortable
(none requested to stop).
Procedure. Since our technique does not depend on any particular
6-DoF viewing system, we used a publicly available implementa-
tion [Serrano et al. 2019]. Each participant viewed each of the eight
images twice, resulting in sixteen trials. In each trial, users had to
complete a two-interval forced choice task. They viewed each image
once with compressed camera motion and once without compres-
sion, back to back. Both the image and compression mode were fully
randomized, except for not allowing the same image to appear in
two successive trials.

After watching each compressed-uncompressed pair, participants
were asked to choose which one had the best image quality, and
which one better reproduced the real motion in the virtual world. The
full experiment took around 10 minutes per user.
Results. The results of the experiment are presented in main
document’s Figure 9, showing the number of votes received by the
compressed and uncompressed methods. We perform a significance
test of the vote differences, to reveal whether the two methods
produced results that were perceived as clearly different. Following
the approach of Rubinstein et al. [2010], we need to find a value
𝑉 ′ for which the variance-normalized range of votes within each
group is lower or equal. In other words, to consider the difference
between the two methods statistically significant, the difference in
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Fig. 5. For a set of three sample scenes: (top row) RGB panorama and (bottom row) translation gain map for compression.

vote counts needs to be greater than 𝑉 ′. Given a confidence level 𝛽
(we set 𝛽 = 0.05),𝑉 ′ can be computed so that 𝑃 [𝑉 ≥ 𝑉 ′] ≤ 𝛽 , using
the following equation [David 1963]:

𝑃 (𝑊𝑡,𝛽 ≥ (2𝑉 ′ − 0.5)/
√
𝑡𝑛) (1)

where 𝑡 is the number of methods tested (in our case, two), and
𝑛 is the total number of votes. The values of𝑊𝑡,𝛽 were tabulated
by Pearson and Hartley [Pearson and Hartley 1966]. In our case,
𝑊2,0.05 = 2.8, which yields 𝑉 ′ = 10 for the image experiment. We
observe a statistically significant preference in image quality in
favor of our compressed motion, while there were no significant dif-
ferences in the answers to which method had a better reproduction
of the real movement in the virtual world.

Last, participantswere asked upon completion of the tests whether
they felt sickness or discomfort following a simplified version of the
VRSQ questionnaire [Kim et al. 2018] (Figure 7). Only one partici-
pant reported slight symptoms of sickness with both compression
methods, suggesting that our camera motion compression does not
induce additional sickness nor discomfort in the user.

S4.3.2 Validation for dynamic scenes (videos). Stimuli. The stim-
uli consists of a set of eight different 360º RGBD videos, three
recorded for this experiment and five from a publicly available
dataset [Serrano et al. 2019]. Each video was displayed during 30
seconds.
Participants. Twelve participants (3 female, 9 male), ages 22 to
31 (AVG 25.33, 𝜎 = 2.86) took part in our video experiment. They
voluntarily signed up for our experiments, and all of them reported
normal or corrected-to-normal vision. The participants were naïve
to the purpose of the experiment and were previously informed that
they could stop the experiment at any point if they felt uncomfort-
able.
Procedure. We followed the same procedure as for the validation
for static scenes (images). Both the video and compression mode
were fully randomized, except for not allowing the same video to
appear in two successive trials. The full experiment took approxi-
mately 20 minutes per user.
Results. The results of the experiment are presented in main doc-
ument’s Figure 9, showing the number of votes received by the

compressed and uncompressed methods. We use the same signif-
icance test of the vote differences as for the validation of static
scenes (images). Given the different number of votes, the difference
in vote counts in order for it to be significant results 𝑉 ′ = 9 for the
video experiment. We observe a statistically significant preference
in image quality in favor of our compressed motion, while there
were no significant differences in the answers to which method had
a better reproduction of the real movement in the virtual world.
Upon completion of the experiment, participants were asked

whether they felt sickness or discomfort again following a simplified
version of the VRSQ questionnaire [Kim et al. 2018] (Figure 7). No
participant reported any symptoms of sickness, suggesting that our
camera motion compression does not induce additional sickness
nor discomfort in the user.

S5 APPLICATION TO OVERCOMING PHYSICAL SPACE
CONSTRAINTS

We include here additional details of the experiments performed for
validation.

S5.1 Experiment #1: Translation gain noticeability
The goal of this experiment is to validate the use of our thresholds in
a dynamic scenario. In particular, we are applying a lateral (x-axis)
virtual motion gain which is under our thresholds for expansion
noticeability. This way, users need to move less in the physical space
to reach a virtual point than when no gain is applied, hence reducing
the required physical space, but always keeping the manipulation
unnoticeable.
Stimuli. In the virtual world, participants stand in a simple corri-
dor (2 m in width, 2.5 m in height, and virtually infinite depth), with
no obstacles in it. Columns, 0.4 meters wide, appear every 𝜏 seconds
(𝜏 is a random value between 1.00 and 1.75 seconds) at a distance of
10 meters from the user, in a random position in the x-axis. These
columns approach the user at a constant speed (randomly chosen
between 3.85 and 4.50 m/s). Users have to avoid colliding with them
by horizontally shifting left and right (see main document’s Figure
10, left).
Procedure. The experiment consists of 17 consecutive trials. In
seven of these trials there is no manipulation of the real-to-virtual
mapping, while in seven of them the real-to-virtual mapping is
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altered to expand the real movement in an unnoticeable manner
according to our computed thresholds (varying from 𝑔𝑇 = 1.28
to 𝑔𝑇 = 1.96, depending on the distance to the incoming column).
Finally, the remaining three trials act as sentinels, and have a high,
clearly noticeable, gain applied to the real-to-virtual mapping (𝑔𝑇 =

2.5). The order of the trials is fully randomized for each participant.
Before the first trial begins, users have unlimited time to explore the
scene and get used to the environment. When they press the trigger,
the first trial begins, and users have to dodge approaching columns
during 15 seconds. Users are asked to inform if they notice any
manipulation in the virtual camera movement, assuming that if they
do not report it trough the whole trial it means that no manipulation
has been perceived. This is a commonly used procedure in RDW
evaluation [Sun et al. 2018]. After this time, columns stop appearing
and users can reallocate themselves and then press the trigger to
start the next trial, until the seventeen trials are completed. The
experiment runs at 90 FPS, and users’ position and orientation are
logged for posterior analysis. The experiment takes between 6 and
8 minutes per participant. Any participant that fails to detect two
or more sentinel questions is discarded.
Participants. Six users (4 male, 2 female) between 22 and 29 years
(AVG 23.83, 𝜎 = 2.78) voluntarily participated in the experiment. All
of them reported normal or corrected-to-normal vision. All of them
gave previous consent to the experiment and were aware they could
stop it at any point if they felt uncomfortable. They were all naïve
to the purpose of the experiment.
Results. One of the six participants was discarded due to failing 2
out of the 3 sentinel questions. Results discussion can be found in
Section 5.2 in the main document.

S5.2 Experiment #2: Physical translation reduction
Once we have shown that the gain dictated by our thresholds can
be applied without users noticing any manipulation, we evaluate
whether this gain offers some advantage in terms of a reduced
horizontal displacement for local interactions.
Stimuli. The design is the same as in the previous experiment,
the only difference being that the pattern of column positions is
fixed, and so is the speed at which the columns approach the user.
We fix these to be able to perform a systematic analysis of the
displacements.
Procedure. In this case, there are two consecutive blocks, with
seven trials each. One of the blocks has no manipulation of the
cameramovement, whereas a gain based on our thresholds is applied
to camera movement in the other block. The order of the two blocks
is randomized for each participant.
Participants. Five users (4 male, 1 female) between 22 and 25
years (AVG 23, 𝜎 = 1.09) voluntarily participated in the experiment.
All of them reported normal or corrected-to-normal vision. All of
them gave previous consent to the experiment and were aware that
they could stop it at any point if they felt uncomfortable. They were
all naïve to the purpose of our experiment.
Results. No participant nor trial was discarded during this exper-
iment. Results discussion can be found in Section 5.2 in the main
document.

S6 APPLICATION TO REDUCING MOTION SICKNESS
We include here additional details of the experiment performed for
validation.

We conducted this experiment to assess whether our compression
thresholds can reduce discomfort in VR.
Stimuli. Participants are presented a scene consisting of an artifi-
cial forest composed by three layers: one static background layer at
10m from the user representing the sky, and two dynamic layers at
3m and 1.5m from the user, where different trees appear periodically.
The camera trajectory is planned such that it always moves towards
the same direction in the x-axis, parallel to these layers, creating mo-
tion parallax as the trees pass by and generating a vection illusion.
Layers’ initial speed is 1.0 m/s and 2.5 m/s for the closest and the
lattest foreground layer respectively, with an uniform acceleration
of 0.022 m/s2 and 0.025 m/s2 respectively [Hu et al. 2019]. When
participants move their head, this motion is added to that of the
camera. We apply a compression on head movement based on our
thresholds 𝑔𝑇 = 0.56 (see main document’s Figure 10, right).
Procedure. The experiment consists of two sessions, one with our
compression thresholds applied and another one with no camera
manipulation, separated at least 1 hour to avoid interference in the
measured sickness levels. The order of the sessions is randomized per
participant.In each session, participants are seated and instructed to
look forward during the experiment. When the experiment begins,
trees start to appear periodically in both foreground layers, and
the camera starts moving parallel to the trees with an uniformly
accelerated movement across the participants’ field of view, gener-
ating the vection illusion. Each 5 seconds, an arrow appears for 0.5
seconds, indicating users to move their head in the same direction
of the camera movement, thus increasing the perceived vection. We
follow recent works [Fernandes and Feiner 2016], [Cao et al. 2018]
and ask the participants every 30 seconds to rate a discomfort score
(DS) between 0 and 10, with 0 being no discomfort and 10 being too
much discomfort. The session ends if a user rates a DS of 10 or after
5 minutes are reached.
Participants. Five users (1 male, 4 female) between 18 and 31
years (AVG 24.2, 𝜎 = 4.9) voluntarily participated in the experiment.
All of them reported normal or corrected-to-normal vision. All of
them gave previous consent to the experiment and were naïve to
our hypothesis. One participant terminated the experiment before
the 5 minutes limit was reached.
Results. Results discussion can be found in Section 5.3 in the main
document.

S7 EXPERIMENT QUESTIONNAIRES
We include the questionnaires used in our different experiments.
Participants of both our main psychophysical experiment and all
three applications responded to the first questionnaire (see Figure
6) prior to the experiment. The second questionnaire was included
at the end of each of the two sessions of our psychophysical exper-
iment and the 6-DoF aplication (see Figure 7), whereas the third
questionnaire was responded for each of the trials presented in our
6-DoF experiment (see Figure 8). The first questionnaire, prior to
the experiments, was to provide consent, collect some demographic
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information, and to ask participants if they had any experience
with HMDs and VR environments. The second questionnaire was
responded after each of the two sessions of the psychophysical ex-
periment and the 6-DoF evaluation, and was used to assess whether
the participants had experienced sickness or discomfort during the
experiment, and to gather information about the grounds of their
previous responses. The last questionnaire was answered after each
trial of the 6-DoF experiment to determine with which method
did users found better video or image quality and their preferred
movement mapping.

Questionnaire before the experiment  

 

Experiment ID ____________________ 

 

Consent for Participation in the Study: 

 

I agree to participate in the research study. I understand the purpose and nature of this 
study and I am participating voluntarily. I understand that I can withdraw from the study at any 
time, without any penalty or consequences.I grant permission for the data generated from this 
interview to be used in the researcher's publications on this topic. Any information that is 
obtained in connection with this study and that can be identified with you will remain 
confidential and will be disclosed only with your permission. 

 

 [   ]  Yes 

 

Age   ________________________ 

Gender   _____________________ 

 

Previous experience: 

 

Have you used an HMD before?        YES / NO 

If yex, how many times (approx..)?     _____________________ 

If yes, check all that apply? 

 [   ]  I have tried PC-based devices (Oculus, HTC vive, Playstation VR) 

 [   ]  I have tried smartphone-based devices 

 [   ]  I use VR regularly (more than once a month) 

 

Have you ever experienced eyestrain, dizziness, headaches, or nausea in VR?    YES / NO 

Do you play videogames regularly?       YES / NO 

Other information:    ___________________________ 

 

Fig. 6. Questionnaire prior to the experiments. We leveraged this question-
naire to gather some demographic information, some previous experience
information, as well as the written consent of participation for each of the
participants in every experiment we conducted.

Questionnaire after the experiment  

 

Experiment ID ____________________ 

 

1. Have you experienced any of the following?: 

 [   ]  General discomfort 

 [   ]  Fatigue 

 [   ]  Eyestrain 

  [   ]  Difficulty focusing 

  [   ]  Headache 

  [   ]  Fullness of head 

  [   ]  Blurred vision 

  [   ]  Dizzy (when eyes closed) 

  [   ]  Vertigo 

 

2. Is there any particular reason behind the choices you made? What made you decide for one 
option or the other? 

_______________________________________________________________________________________ 

 

3. Any other comments? 

_______________________________________________________________________________________ 

 

 

 

 

 

 

 

 

 

Fig. 7. Questionnaire used at the end of each of the two sessions of our psy-
chophysical experiment and at our 6-DoF experiment to gather information
about the motivation of the users’ responses as well as information about
any possible sickness or discomfort feeling through the experiment.
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Questionnaire after each trial of the 6-DoF experiment  

 

Experiment ID ____________________ 

Trial ID  __________________________ 

Compression  ____________________ 

Scene               ____________________ 

 

 

1. Which of the scenes had better image quality? 

 [   ]  First scene 

   [   ]  Second scene 

 

2. Which of the scenes better reproduced the real movement in the virtual world? 

 [   ]  First scene 

   [   ]  Second scene 

 

Fig. 8. Questionnaire responded after each trial of the 6-DoF experiment, to
gather information about quality and movement reproduction preference,
for each of the participants, for each of the trials.
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