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Abstract

Redirected walking enables the exploration of large virtual envi-
ronments while requiring only a finite amount of physical space.
Unfortunately, in living room sized tracked areas the effectiveness
of common redirection algorithms such as Steer-to-Center is very
limited. A potential solution is to increase redirection effectiveness
by applying two types of perceptual manipulations (curvature and
translation gains) simultaneously. This paper investigates how such
combination may affect detection thresholds for curvature gain. To
this end we analyze the estimation methodology and discuss selec-
tion process for a suitable estimation method. We then compare cur-
vature detection thresholds obtained under different levels of trans-
lation gain using two different estimation methods: method of con-
stant stimuli and Green’s maximum likelihood procedure. The data
from both experiments shows no evidence that curvature gain de-
tection thresholds were affected by the presence of translation gain
(with test levels spanning previously estimated interval of unde-
tectable translation gain levels). This suggests that in practice cur-
rently used levels of translation and curvature gains can be safely
applied simultaneously. Furthermore, we present some evidence
that curvature detection thresholds may be lower that previously
reported. Our estimates indicate that users can be redirected on a
circular arc with radius of either 11.6m or 6.4m depending on the
estimation method vs. the previously reported value of 22m. These
results highlight that the detection threshold estimates vary signifi-
cantly with the estimation method and suggest the need for further
studies to define efficient and reliable estimation methodology.
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1 Introduction

Physical walking in virtual spaces can create truly compelling user
experiences. However, the exploration of large virtual environ-
ments is constrained by the size of available physical space. Redi-
rected walking (RDW) [Razzaque 2005] attempts to address this
issue through subtle manipulation of the mapping between physi-
cal and virtual movement to decouple the user’s virtual path from
the real-world trajectory. As a result, users can explore relatively
large virtual environments while being physically contained within
the boundaries of the tracked space. RDW provides the numerous
benefits of unconstrained physical walking in virtual environments
[Usoh et al. 1999; Ruddle and Lessels 2009; Ruddle et al. 2011;
Suma et al. 2010] at the limited cost of some cognitive load on the
user [Bruder et al. 2015].

There exists a trade-off between redirection intensity and the likeli-
hood of users noticing underlying perceptual manipulations. Typi-
cally, the intensity of each type of manipulation (reffered to as gain)
is bounded by its corresponding detection threshold, which limits
the effectiveness of the overall redirection. A recent study by Az-
mandian et al. [Azmandian et al. 2015] shows that there is little ben-
efit in deploying common general-purpose RDW algorithms such
as Steer-to-Center in living room scaled tracked areas smaller than
6⇥6 meters. At the same time this study suggests that the combi-
nation of Steer-to-Center algorithm and scaled translations similar
to those used in the Seven League Boots metaphor [Interrante et al.
2007] can significantly improve performance in small tracked areas
by reducing the number of contacts with the boundaries of tracked
space. However, the effect of combined gains on detection thresh-
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olds is unknown since previous studies have examined the detection
threshold for each gain independently, in the absence of other gains.

In this paper we revisit the problem of estimating detection thresh-
olds to explore the effects of simultaneous application of transla-
tion and curvature gains. We discuss the issue of finding a suitable
threshold estimation method and explore alternative options. We
also present two experiments that employ two different estimation
methods to obtain curvature detection thresholds in the presence of
translation gain.

2 Background

The human perceptual system has naturally evolved to perceive the
surrounding environment as stable during head movements that oc-
cur along with locomotion. Studies show that the environment can
still be perceived as stable even when there is a certain amount of
discrepancy between physical head movement and observed visual
movement [Jaekl et al. 2005]. The prominence of visual informa-
tion during locomotion can be further illustrated by the observation
that humans tend to walk in circles when attempting to follow a
straight line in an unfamiliar environment in the absence of promi-
nent visual direction cues [Souman et al. 2009].

Redirected walking takes advantage of these natural properties of
the perceptual system to imperceptibly decouple virtual and real-
world user trajectories in order to condense the latter into available
physical space. This goal is achieved using three primary types of
perceptual manipulations [Suma et al. 2012]: translation, rotation,
and curvature gains.

Translation gain scales virtual translations relative to the real world
movement, resulting in faster or slower displacement in the virtual
world. Translation gain is typically expressed as ratio of virtual to
real displacement. When no translation gain is applied, this ratio
equals to 1.0. Values above 1.0 indicate that virtual translation is
faster than the actual displacement in the real world, and values
below 1.0 indicate that virtual translations are smaller than the real
ones.

Rotation gain applies scaling to rotations, effectively increasing or
decreasing the amount of virtual rotation relative to user’s real-
world movement. Similar to translation gain, rotation gain is de-
fined as ratio of virtual rotation to physical rotation.

Finally, curvature gain induces virtual rotations when the user is
walking (i.e. primarily translating) in the real environment. These
rotations are perceived by the user as error in maintaining the course
towards the intended target and the resulting course correction in-
troduces a curvature to the real-world trajectory. Therefore, a
straight virtual path is realized as a curved path in the real-world
environment. Curvature gain is expressed as ratio of 1

r

, where r is
the radius of the arc-shaped path travelled in the real world. In the
absence of curvature (r = 1) curvature gain is equal to 0; gain
values larger than zero correspond to greater curvature curvature
intensities (i. e. tighter real-world arcs).

A redirection algorithm in its general form determines the most
suitable type and intensity of gain to apply at each moment as part
of a strategy to keep users within bounds of the available physical
space. To ensure these gains are unnoticed by the user, it is impor-
tant to know perceptual detection thresholds for each type of gain.

2.1 Detection thresholds for redirected walking

A detection threshold indicates the maximum intensity of a partic-
ular type of redirection gain that remains unnoticed by a user. The
first informal assessment of detection thresholds for curvature gain

was attempted by Razzaque [Razzaque 2005], in his PhD disser-
tation. However, these initial experiments were conducted with a
very small number of subjects and were limited to only 20 trials,
preventing him from obtaining reliable threshold estimates.

The most authoritative and comprehensive study on this subject to
date was conducted by Steinicke et al. [Steinicke et al. 2010]. This
study consists of three experiments designed to estimate psycho-
metric functions and perceptual detection thresholds for rotation,
translation, and curvature gains respectively. Detection thresholds
for rotation gain have been estimated at 49% for positive (same di-
rection as real world rotation) gain and 20% for negative (opposite
to real world rotation) gain. For translation gain the thresholds were
estimated at 26% for up-scaling and 14% for downscaling. Finally,
according to their data for curvature gain to remain undetected, the
circular walking arc needs to have a radius of at least 22m.

Interestingly, the estimated threshold values vary significantly from
one study to another. For rotation gain, Jerald et. al [Jerald et al.
2008] estimated detection thresholds at 11.2% for positive (same di-
rection as real world rotation) gain and at 5.2% for negative (going
opposite to real world rotation) gain. For curvature gain, Hodgson
and Bachmann [Hodgson and Bachmann 2013] successfully used
an informally estimated curvature radius of 7.5 meters with no users
reporting noticing redirection.

While several factors might have contributed to this variation, it is
clear that the estimation methodology played a critical role. In an
earlier version of their study Steinicke et. al [Steinicke et al. 2009]
used a different version of the experimental task (which authors
believed might have introduced a bias in participants’ responses).
This study yielded a very different set of threshold estimates for
both rotation (41% and 10% respectively) and curvature (15 meter
radius) gains. In the next section we will take a closer look at the
alternative experimental methodologies that can be used to estimate
perceptual detection thresholds as well as the key properties of the
redirected walking domain that could affect the choice of the most
suitable method, particularly for curvature gain.

2.2 Estimation methods for detection thresholds

The first step in designing a method for detection threshold estima-
tion is choosing the type of experimental task to be used. Detection
thresholds can be estimated using either a yes/no or a 2-alternatives-
forced-choice (2AFC) task [Klein 2001]. In each trial of a yes/no
task, a participant attempts to detect whether a signal was present
and provide a binary yes/no response. The performance is sum-
marized as the proportion of correct responses and the detection
threshold is typically defined as the stimulus level corresponding to
the 50% detection rate. In a 2AFC task participants are required to
compare 2 alternatives. For instance, in auditory research partici-
pants might be asked to determine in which of two consecutive time
intervals a sound tone was presented. In another version, partici-
pants may compare two alternative stimuli to determine which one
possesses a more pronounced characteristic of interest (i.e. which
sound tone is higher). Signal detection theory suggests that 2AFC
tasks may be helpful to discourage response biases.

Steinecke et al. [Steinicke et al. 2010] describe their estimation
methodology as a 2AFC task. This is based on the fact that partic-
ipants are forced to choose among two possible answers. For ex-
ample, when attempting to detect curvature gains participants were
presented with a walking trial and then asked ”Was your physical
path curved left or right?”. Participants had to choose one of the
two answers even if they were not sure which response was correct.
Although this task was designed to reduce bias in participants’ re-
sponses one might argue that it can still induce bias, because both
possible answers have an expectation that some type of curvature
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gain is present. On the other hand, participants’ may scrutinize
stimulus more intensely to detect gain in every trial, leading to more
conservative threshold estimates. Importantly, this task does not ac-
tually meet the established definition of the 2AFC task used in the
psychometric literature, because participants are not presented with
2 distinct alternatives in terms of stimulus levels. It would be more
accurate to describe this as a special variation of the yes/no task,
where the question is formulated to provide a different kind of bi-
nary response. We will refer to this task as a pseudo-2AFC task to
distinguish it from a true 2AFC task.

Using a true 2AFC task to estimate detection threshold for curva-
ture gain may not be practical. Curvature detection trials are rela-
tively time-consuming and require physical effort because partici-
pants need to physically walk to experience curvature manipulation.
Both time and physical effort can quickly add up to substantial lev-
els over multiple trials. It is also impossible to present two different
levels of curvature gains at the same time. Therefore, a true 2AFC
task for curvature detection would require participants to complete
two intervals of walking, then either decide in which of the walking
intervals curvature gains were applied or determine in which of the
two intervals their physical path had more extreme curvature. This
would effectively double the required amount of walking compared
to a simple yes/no task. We believe this makes a case for a yes/no
task (or a pseudo-2AFC task) being more suitable for estimating
curvature detection thresholds.

Another important component in threshold detection methods is the
rule for selecting the level of stimuli to be tested in each trial. The
established approach in redirected walking literature is to use the
method of constant stimuli. Under this approach test levels are se-
lected a priori to sample the entire range of stimulus values. Each
test level is presented to the participant multiple times and the order
of presentation is randomized. For each test level, the proportion of
“correct” responses is computed. This allows estimating the entire
psychometric function describing the likelihood of stimulus detec-
tion by the participant as a function of stimulus level. However,
this procedure requires a high number of trials leading to signifi-
cant time requirements when each trial is relatively lengthy. For
example, in their study Steinicke et al. [Steinicke et al. 2010] used
approximately 100 trials (10 test levels with 10 repetitions each) to
estimate one psychometric function. The total number of trials per
participant reached 300 and the required total time commitment was
about 3 hours. It is desirable to have an experimental method that
can use trials in a more efficient manner to reduce the total number
of trials required.

In situations where individual trials are “expensive”, adaptive meth-
ods represent a compelling alternative to method of constant stim-
uli (for an overview see [Leek 2001]). Adaptive methods rely on
previously observed responses to determine which stimulus level
should be tested next. For greater efficiency, the goal typically is
to select the test level that is likely to provide the most information
regarding the estimated threshold. In order to further reduce the re-
quired number of trials, most adaptive methods focus only on esti-
mation of detection thresholds, not the full psychometric function.
While adaptive methods are generally more efficient compared to
the method of constant stimuli, they can also be more susceptible
to bias.

There are relatively few examples of using adaptive methods in the
redirected walking domain. Razzaque [Razzaque 2005] explored
the use of adaptive 2-track staircase methods to estimate detec-
tion thresholds for rotation gain within approximately 20 trials.
While this method was generally successful, high error rates for
reported estimated thresholds suggest that the optimal number of
trails should be higher. Nevertheless, this example demonstrates
that adaptive methods can be useful for estimating detection thresh-

Figure 2: Virtual environment used to reposition participants be-
tween trials.

olds for redirected walking using a limited amount of trials.

3 Research aims

Our primary goal in this study was to investigate how simultaneous
application of translation and curvature gains may affect detection
thresholds. Neth et al. [Neth et al. 2012] have shown that partici-
pants’ real-world walking speed affects curvature detection thresh-
olds. In particular, they found that faster walking participants are
more sensitive to curvature gain. A similar effect was also observed
for participants walking blindfolded in the real world [Kallie et al.
2007]. Translation gain scales virtual movement relative to the real
world, effectively changing participants’ virtual speed. One might
expect that such change in virtual speed might also affect curvature
detection thresholds.

To fully assess the interaction between translation and curvature
gains one would need to explore a two-dimensional space of pos-
sible combinations of gains, making this hypothetical experiment
prohibitively lengthy. As a first step towards this goal we opted for
estimating curvature detection thresholds for three fixed levels of
translation gain: no translation gain, down-scaled translation, and
up-scaled translation.

Our first experiment closely followed an established estimation
methodology with a pseudo-2AFC task coupled with a method of
constant stimuli, which was previously used by both [Steinicke
et al. 2010] and [Neth et al. 2012]. However, we were unable to
recruit participants for similarly long experimental sessions (3 and
6 hours respectively) and had to reduce the total number of trials.
Due to these time constraints we were also interested in using adap-
tive methods. In particular, we wanted to explore to what extent the
estimated thresholds would be affected by the estimation method.
To this end, we conducted a second experiment, this time using
Green’s maximum likelihood procedure [Green 1993]. In our opin-
ion this variant of the adaptive procedure is particularly suitable
for use in redirected walking, because it is specifically designed to
rapidly estimate detection thresholds using a binary yes/no task. To
achieve a better match with this procedure we also reformulated the
experimental task as a simple yes/no task.

4 Experiment 1: Method of constant stimuli

The first experiment followed the established experimental method-
ology combining the method of constant stimuli with a pseudo-
2AFC task. We defined three translation gain conditions by delib-
erately choosing gain levels to exceed detection thresholds reported
in [Steinicke et al. 2010] for both up-scaling and down-scaling.
In particular, the down-scaling translation gain of 0.75 was cho-
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sen to match the relative reduction in speed from “normal” (1m/s)
to “slow” (0.75m/s) condition reported by [Neth et al. 2012]. For
up-scaling we chose translation gain of 1.4, which is well above
reported detection threshold (26%).

To limit the total number of trials we restricted the number of test
levels of curvature gains to four. We wanted to explicitly test previ-
ously reported detection thresholds corresponding to curvature radii
of 7.5m and 22m. To sample more extreme curvature we added 6m
curvature level. Based on our preliminary tests we thought this cur-
vature level was sufficiently obvious to be easily detected by most
participants. To complete the design, we also added added a more
shallow curvature of 56m.

Initially we considered implementing a method similar to that used
by [Neth et al. 2012] to control participants’ speed by asking them
to follow behind a virtual sphere moving with fixed, pre-determined
velocity. However, during pilot testing it became clear that one can
easily detect the change in translation gain between trials by ob-
serving the movement of the virtual sphere. An alternative method
of tending to a speed gauge while walking proved to impose high
cognitive demands making it very hard to attend to the main per-
ceptual task. As a result, we decided not to control participants’
speed, but to check for its variability after the fact.

4.1 Method

Participants were immersed into an indoor, room-sized virtual envi-
ronment facing a man’s portrait on the wall opposite to their initial
location. They were asked to walk straight towards the portrait on
the opposite side on the room. In each trial participants were pre-
sented with of one of the 4 levels of curvature gain (corresponding
to 6m, 7.5m, 22m, or 56m radius) and one of the 3 levels of transla-
tion gain (0.75, 1.0, 1.4). The randomization process was designed
to ensure uniform normal distribution with 8 repetitions for each
pair of gains (4 paths curving left and 4 paths curving right).

After covering 4 meters in the virtual environment (real-world
walking distances varied due to translation and curvature gains) par-
ticipants were asked the following question: “Did your real-world
path curve left or right?”. Responses were voiced aloud by partici-
pants and recorded by the experimenter via a button press. Once the
response was recorded participants were presented with a second
virtual environment (Figure 2) to physically reposition them in the
real-world tracking area in preparation for the next trial. This sec-
ond environment was intentionally designed to limit participants’
ability to trace their movement relative to the real world from trial-
to-trial. The starting position was always located at the opposite
side of the tracking area relative to the starting location in the prior
trial and chosen at random from two pre-defined options. When
participants reached new starting position they were directed to ro-
tate 180 degrees and then a new trial was initiated. Overall, each
participant completed a total of 96 test trials.

Each experiment also contained 6 practice trials: two trial with no
translation or curvature gains, two trials demonstrating two differ-
ent levels of translation gain, and 2 trials combining translation gain
with severe curvature gain (with corresponding curvature radius of
4m). To detect any potential effects of simulator sickness partic-
ipants completed a pre- and post experiment Simulator Sickness
Scale questionnaire [Kennedy et al. 1993]. At the end of the study
they were also asked to provide basic demographics information,
such as age and gender. On average the entire experiment took ap-
proximately 50 min including 10 min break.

Figure 3: Fitted psychometric functions for one of the participants.
Red line corresponds to translation gains value of 1.4, blue line to
gains of 0.75, and green line to 1.0.

4.2 Apparatus

During this experiment participants were wearing an Oculus Rift
DK2 HMD. The DK2 HMD has a 960x1080 per eye resolution
(1080p total resolution), 60Hz refresh rate, 110 degree nominal
field of view (FOV), and an internal 9 degree of freedom (9DOF)
inertial sensor. The participants were tracked in a roughly 3 meter
by 4 meter space with a PhaseSpace Impulse X2 motion capture
system. To enable 6DOF head tracking by the Impulse X2 sys-
tem we attached a 5 LED, non-coplanar rig to the DK2. At run-
time head orientation was tracked using DK2 internal inertial sen-
sor, while positional information was supplied by the PhaseSpace
system. We also performed periodic orientation drift correction be-
tween trials using orientation data from the Impulse X2 system.
Sound cues were provided using a pair of ”over the ear” Sennheiser
headphones.

4.3 Participants

Eighteen participants (6 females and 13 males) were recruited for
this study using online classifieds board (local Craigslist volunteers
section). Participants were between 25 and 63 years old with a
mean age of 39 years and a median age of 35 years (one participant
did not report his age) and were required to have normal or cor-
rected normal vision. We did not pre-screen participants for gaming
or virtual reality experience.

Three of the participants were unable to complete the study due to
simulator sickness and one additional participant dropped out due
to physical fatigue. Furthermore, 2 participants exhibited highly
inconsistent pattern of responses, suggesting that they did not un-
derstand the task, and were also excluded from the analysis. The
total number of participants, who successfully completed the study
was 12.

Participant recruitment and experimental procedures were approved
by the local Institutional Review Board (IRB). Participants were
paid USD $25 for their efforts.
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Figure 4: Estimated curvature detection thresholds for Experiment
1. Data labels show corresponding radius in brackets. Error bars
denote standard deviation.

4.4 Results

For each participant we estimated 3 psychometric functions (one
for each level of translation gain) based on the proportion of “left”
responses using the Psignifit3 package [Fründ et al. 2011]. Figure
3 shows an example for one of the participants.

We used a standard logistic psychometric function with an a-b core
in the following form:

F (x;↵;�) =
1

1 + exp(�x�↵

�

)

Some participants systematically switched their ”left” and ”right”
responses. This suggests that they relied on the virtual rather than
the real-world frame of reference to estimate the direction of curva-
ture. We re-mapped their responses accordingly.

We pooled together responses for left and right curvatures with the
same level of curvature and translation gains. This is equivalent to
the assumption that Point of Subjective Equality (PSE), the point
with 50% probability of “left” responses coincides with zero cur-
vature gain. While it is possible that participants might be slightly
biased toward walking on a leftward or rightward curve due to phys-
ical asymmetries in their bodies, earlier studies suggest that such
bias is minimal. Under these assumptions the detection threshold
corresponds to 75% probability of “left” responses. For each partic-
ipant psychometric curves yielded three estimates of the curvature
gain detection threshold under each of the three translation gains
conditions. Figure 4 shows mean curvature detection thresholds for
each of the three levels of translation gain.

To compare estimated curvature gain detection thresholds across
three translation gain conditions we fitted a one-way ANOVA
model using Subject as a random effect to account for between-
participant variability. We found no significant differences across
conditions (F (22, 2) = 1.59, p = 0.23).

We also directly compared estimated detection thresholds with pre-
viously reported curvature values corresponding to curvature radii
of 22m and 7.5m. Using a Bonferroni adjustment for multiple com-
parison the critical value ↵ was set to 0.008. For a translation gain
of 0.75, estimated threshold was significantly smaller than 22m ra-
dius (t = �10.86, p < 0.001), but did not differ significantly
from 7.5m (t(11) = �0.46, p = 0.65). For translation gain of
1.0, estimated threshold was significantly smaller than 22m radius
(t(11) = �17.33, p < 0.001), but not significantly larger than

Figure 5: Change in simulator sickness score (SSQ score) after
the VR exposure. Stars indicate participants who were unable to
complete the entire experiment.

7.5m radius (t(11) = �1.97, p = 0.037). Finally, for a transla-
tion gain of 1.4 estimated curvature detection threshold was signif-
icantly smaller than 22m radius (t(11) = �30.5, p < 0.001) and
significantly larger than 7.5m radius (t(11) = �4.85, p < 0.001).

For each participant and each translation gain condition we com-
puted mean physical speed. Since participants’ speed was uncon-
trolled, it is possible that participants adjusted their physical walk-
ing speed in response to change in translation gain, which in turn
would have affected estimated curvature detection thresholds. To
explore the effect of translation gain on participants’ physical speed
we fitted a one-way ANOVA model, which also included partici-
pant as a random effect to account for between-subject variability.
The model indicates that there is no sufficient evidence to reject
the null hypothesis that participants’ speeds were similar across all
three translation gain conditions (F (22, 2) = 1.21, p = 0.316).
On average, participants maintained a physical walking speed of
1.0m/s.

Based on [Neth et al. 2012] one might expect that participant’s re-
ferred speed may be correlated with the estimated detection thresh-
old. We examined the correlation between participant’s average
speed and estimated curvature detection threshold for each of the
translation gain conditions. We found virtually no correlation for
translation gain of 0.75 (r = �0.077) and translation gain of 1.4
(r = �0.03). However, there was a moderate positive correlation
for translation gain of 1.0 (r = 0.506), which matched the findings
in [Neth et al. 2012].

To analyze the effects of the VR exposure during the experiment
on simulator sickness we computed the change in SSQ scores af-
ter the experiment for each participant (see Figure 5). On average
participants aged 35 and older reported higher SSQ scores com-
pared than younger participants. Statistically, SSQ scores tend to
be highly skewed: participants affected by simulator sickness have
very high scores, wheres unaffected participants have low scores.
To compare SSQ scores across the two age groups we used a non-
parametric Wilcoxon-Mann-Whitney test, which does not require
normality assumptions for the underlying distribution. The results
indicate that there is no sufficient evidence to support the hypothesis
that the two age groups had different SSQ scores (p = 0.29). How-
ever, Pearson’s �

2 test indicated that younger participants had a
significantly higher probability of completing the experiment com-
pared to older ones (�2 = 4.11, p = 0.04).
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4.5 Discussion

Our data does not support the hypothesis that curvature detection
thresholds are systematically affected by simultaneous application
of translation gain. It is possible that we were simply unable to de-
tect an underlying significant effect due to relatively low number of
trials in our experiment. However, we also observed a high level
of between-subject variability. In particular, the estimated detec-
tion thresholds for individual participants (see for example Figure
3) did not always follow the same trend as the population means,
where curvature thresholds decreased with increase in translation
gain (as shown on Figure 4). Furthermore, when checking the ef-
fects of participants’ speed we did not find systematic correlation
between participants’ responses and their speed with the exception
of no translation gain condition. Taken together these findings sug-
gests that any underlying effect (if exists) is likely to be relatively
small.

Interestingly, our estimates for curvature detection thresholds dif-
fer significantly from those reported by Steinicke et al.[Steinicke
et al. 2010]. In particular, in the absence of translation gain (trans-
lation gain of 1.0) estimated detection threshold for curvature gain
corresponded to radius as low as 11.61 meters, which was signifi-
cantly smaller compared to the previously reported 22 meter radius.
The reasons for this difference are unclear and should be more thor-
oughly investigated in future studies. One possibility is the differ-
ence between test virtual environments. Another potential factor is
the difference in HMD characteristics. Both [Steinicke et al. 2010]
and [Neth et al. 2012] used the same type of HMD - eMagin Z800
3D Visor with a limited field-of-view. In our experiment the field-
of-view was significantly larger. Because peripheral vision plays
an important role in motion detection, these technology differences
could have affected the estimates. Finally, the difference in esti-
mates might be explained by differences in the population of partic-
ipants. Earlier studies primarily relied on a college students popula-
tion to recruit participants. Our participants were significantly older
and had more varied socio–economic backgrounds. The differences
in both life experiences and physiological age-related factors could
have affected participants’ responses.

We also observed relatively high level of simulator sickness in this
experiment. We believe that this was to a large extent due to the
step-like change in translation gains from trial to trial. This issue
was particularly acute for older participants, who were more likely
to drop out due to simulator sickness. We conclude that a blocked
design where trials are grouped by translation gain might be suit-
able for any future studies.

5 Experiment 2: Maximum likelihood proce-

dure

The second experiment was designed to study the sensitivity of
estimated thresholds to the differences in estimation methods. In
this experiment we implemented Green’s adaptive maximum likeli-
hood procedure [Green 1993]. This procedure computes a fit of the
psychometric function under a a range of hypotheses (possible de-
tection threshold levels) and determines the most likely hypothesis
based on observed responses. At each step the most likely psycho-
metric function is used to to compute the next target stimulus level
(the so called “sweetspot”), which provides the maximum amount
of information about the location of the true threshold level. The
participant is then presented with the next test level of stimulus and
the new observation is added to the maximum likelihood computa-
tion. The procedure is repeated until the maximum number of trials
is reached. The most likely psychometric function at the end of the
procedure yields the threshold estimate.

Figure 6: Estimated curvature detection thresholds for Experiment
2. Data labels show corresponding radius in brackets. Error bars
represent standard deviation.

Figure 7: Change in simulator sickness questionnaires (SSQ)
scores after the VR exposure in experiment 2.

We observed that some participants in experiment 1 were confused
the question asked in Steinicke’s pseudo-2AFC task. Considering
that Green’s method was designed for a simple yes/no task, we also
reformulated our task to match.

5.1 Method

Participants were immersed in the same virtual environments as in
Experiment 1 for both the main walking trial the following reposi-
tioning phase. At the end of each trial participants were asked and
the following question: ”Was your path curved?” and provided a
yes/no answer.

The experiment was divided into three blocks, each block corre-
sponding to a fixed translation gain value of 0.75, 1.0, or 1.4. Cur-
vature gain levels were selected using Green’s maximum likeli-
hood adaptive procedure. The procedure assumed a zero false-
positive detection rate. The slope of the psychometric function
was estimated using the data reported in [Steinicke et al. 2010]
and set to 34.0. The range of tested hypotheses was defined in
terms of curvature values and covered values between 0 (straight
line) and 0.16m�1 (corresponding to a 6.25m radius) with a step of
0.001m�1. The adaptive procedure terminated after 35 trials and
the current most likely hypothesis was used as the final estimate.

The hardware setup was the same as in Experiment 1.
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Figure 8: Comparison of estimated curvature detection threshold
for standard (first) and extended (second) range of hypothesis.

5.2 Participants

Eighteen additional Craigslist volunteers were recruited to partici-
pate in this experiment. One participant appeared to be intoxicated
during this study and was excluded from further analysis. In total,
17 participants (9 males and 8 females) completed this experiment.
Participant’s age ranged from 25 to 64 years (5 participants chose
not to report their age). Mean reported age was 40 years and median
reported age was 43 years.

5.3 Results

Figure 6 shows estimated curvature detection thresholds for each of
the 3 translation gain conditions. To compare estimated curvature
gain detection thresholds across three translation gain conditions
we fitted a one-way ANOVA model using Subject as a random ef-
fect to account for between-participant variability. We found no sig-
nificant differences across conditions (F (31, 2) = 1.79, p = 0.18).

The SSQ scores were noticeably lower compared to Experiment 1,
suggesting that blocked design successfully mitigated the simulator
sickness issues observed in Experiment 1.

We have observed that for several participants estimated thresholds
corresponded to the boundaries of the tested range curvatures. This
could mean that a larger range would result in different estimates.
We explored this possibility by adding a fourth block to the end of
the experiment for the last 6 recruited participants. In this block of
trials the translation gain was set to 1.0 and the most extreme cur-
vature value for the range of hypothesis was set at 0.25m�1 (cor-
responds to 4 m radius). The estimated detection threshold for the
first and the second estimates are shown in Figure 8.

The responses exhibit high correlation between first and second es-
timate obtained for the same participant (r = 0.978). However,
the second estimates were significantly higher (t(6) = �9.14, p <

0.001) (corresponding radius was smaller). These results suggest
that participants were willing to accept more extreme curvature
when the experimental procedure was modified to enable testing
wide range of curvature values.

5.4 Discussion

As in Experiment 1 we found no evidence to support the hypothesis
that translation gain has a significant effect on curvature detection
thresholds. The estimated minimal radius values for the threshold
curvatures were once again much lower compared to previously re-

ported results and were also lower than in Experiment 1.For the no
translation gain condition the estimated minimum curvature radius
was 6.41m. Furthermore, when some participants were re-tested
with an expanded range of possible threshold values, the estimated
radius value was even lower at 5m.

These results suggest that when curvature gains are increasing from
trial to trial in very small increments as can happen in our adap-
tive procedure after the initial burn-in period, participants are less
likely to detect even significant curvature gain. While this effect
introduces an undesirable bias for estimation of the true curvature
detection threshold, from the application viewpoint the fact that a
very gradual introduction of curvature gain might actually desensi-
tize participants to this perceptual manipulation can be valuable.

To counter the potential estimation bias in maximum likelihood
procedures for estimation of detection threshold, future studies
should examine the possibility of using a 2-track adaptive proce-
dure with two different starting values. This setup is likely to in-
troduce higher contrast between successive trials and improve the
accuracy of the estimation [Leek 2001].

6 Conclusion

Our primary goal in this study was to explore the effects of com-
bined translation and curvature gains on curvature detection thresh-
olds. Existing literature suggests that curvature detection thresholds
can be significantly affected by the estimation method. In this paper
we presented an analysis of experimental methodologies that can
be suitable for estimating curvature detection thresholds. We dis-
cussed how the characteristics of a curvature detection task that can
affect the applicability of a particular estimation method and con-
sidered the advantages and disadvantages of both the established
experimental method of constant stimuli and the alternative meth-
ods based on adaptive procedures. We then described two experi-
mental studies using these alternative methods to estimate curvature
detection thresholds for situations where translation and curvature
gains are applied at the same time.

Notwithstanding the significant differences in experimental meth-
ods, in both of our experiments we found no evidence to support
the hypothesis that curvature detection thresholds are systemati-
cally changing with translation gain. This is particularly notewor-
thy, because we tested translation gain values that span the previ-
ously estimated range of undetectable translation gains. The prac-
tical implication of this is that currently used levels of translation
and curvature gains can be safely combined to improve redirection
effectiveness. This is particularly important for small, room-sized
spaces that can be tracked by emerging consumer-level tracking
devices, where generalized algorithms have limited effectiveness
and can benefit from performance boost the most. Furthermore, the
combination of translation and curvature gains can be used to de-
velop improved specialized redirection algorithms that can be very
effective in using the small physical space to support pre-planned
virtual trajectories (for an example of a specialized algorithm, see
“Near-Field VR” use-case study in [Azmandian et al. 2016]).

Interestingly, our estimates for curvature detection thresholds were
also significantly smaller compared to levels previously established
by Steinicke et al. [Steinicke et al. 2010]. Based on our estimates,
participants are less sensitive to curvature gain than previously re-
ported. The exact cause of the observed differences in estimated
thresholds is unclear and can potentially be explained by several
factors including hardware setup, methodological differences and
population differences. Our data shows that detection threshold
estimates are quite sensitive to changes in estimation method and
underlines the importance of further research in this area.
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Given large between-subject variability observed in this and pre-
vious studies, it would be particularly beneficial to be able to cal-
ibrate redirection algorithms for each user. We believe that this
can be best achieved through development of a reliable estimation
method based on an adaptive procedure. However, our data sug-
gests that a simple implementation of an adaptive procedure might
be susceptible to bias. One possibility to address this issue is to in-
troduce of the 2-track Green’s procedure. Another option could be
the modification of Green’s maximum likelihood procedure devel-
oped by Shen et al. [Shen and Richards 2012], which can be used
to simultaneously estimate detection threshold, slope and error rate
parameters of the psychometric function. We plan to explore these
modifications in future studies.
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