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A BSTRACT
Redirected walking allows users to explore immersive virtual environments by real walking even when the physical tracking space is
limited. Redirected walking is usually implemented via translation
gains, rotation gains, and curvature gains, while previous research
was focused on identifying detection thresholds for such manipulations. To our knowledge, all previous experiments were conducted
without a visual self-representation of the user in the virtual environment, in particular, without showing the user’s feet. In this
paper, we address the question if the virtual self-representation of
the user’s feet changes the detection thresholds for translation gains.
Furthermore, we consider the influence of the holisticness of the
visual stimulus, i. e., the type of virtual environment. Therefore,
we conducted an experiment to identify detection thresholds for
translation gains under three different conditions: (i) without visible
virtual feet and (ii) with visible virtual feet both in a high fidelity
visually rich virtual environment, and (iii) with visible virtual feet
in a low cue virtual environment. The results revealed the range of
detection thresholds for translations gains, which cannot be detected
by the user when the feet are visible. Furthermore, the results show
a significant difference between the two types of environment. Our
findings suggest that the virtual environment is more important for
manipulation detection than the visual self-representation of the
user’s feet.
Keywords: Locomotion, redirected walking, translation gains.
Index Terms: H.5.1 [Information Interfaces and Presentation]:
Multimedia Information Systems—Artificial, augmented, and virtual realities; I.3.7 [Computer Graphics]: Three-Dimensional Graphics and Realism—Virtual reality
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I NTRODUCTION

Navigating from one location to another is one of the most important tasks carried out in immersive virtual environments (IVEs)
based, for example, on head-mounted displays (HMDs). In this
context, bipedal human walking is the most natural and intuitive
form of moving through a virtual environment (VE) [30], and it is
more presence-enhancing than other locomotion techniques such as
walking-in-place or flying [33]. For this, the user’s head position
is tracked in the real world and transferred to movements of the
virtual camera in the virtual world using a one-to-one mapping. One
problem of such an isometric mapping is that the explorable VE is
limited to the available physical space, which is usually significant
smaller than the VE.
Redirected walking (RDW) is a technique that promises to overcome this limitation and make it possible to explore a large VE
by real walking while moving inside a limited tracking space [25].
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Originally, RDW has been implemented by inducing subtle rotations
of the virtual camera while the user is walking. The user will then
correct these rotations by unconsciously turning to the opposite direction in order to continue walking straight in the VE. This way,
the user’s actual walking path will be curved into an arc, whereas
she virtually walked straight in the VE.
In addition to guiding users on curves, translations and rotations
of the user can be manipulated as well [29]. Usually, such manipulations are realized by gains to the user’s movements. Translation
gains, for instance, scale the user’s physical movements to be slower
or faster in the VE, covering less or more distance when walking
a certain distance in the real world [13]. Actually, it turned out
that it feels more natural and consistent for most users if the virtual movements are mapped to appear a bit faster than the physical
movements [28].
In order to redirect a user without noticing, these gains have
to be subtle, i. e., below a certain detection threshold, so that the
user cannot distinguish manipulated movements from the isometric
mapping. Steinicke et al. found that translations gains between 0.78
and 1.22 are not noticed by participants [28].
As far as we know, all experiments for identifying such detection
thresholds of movement manipulations were carried out without a
virtual representation of the user’s body [16, 27, 28]. In contrast,
previous work has focused on shifting the camera position while
ignoring the tracked limb positions of the user. Indeed, Nagao et al.
showed virtual shoes for vertical redirected walking techniques [21]
but they did not report detection thresholds. With the increasing
availability of full-body tracking, this will become an important
challenge in redirected walking.
When full body tracking is available, the problem occurs that
when the user is redirected the virtual body movements have to be
manipulated in the same way as the virtual camera. This, in turn,
might have an impact on the detectability of such manipulations
since it could potentially make the manipulation more obvious. In
addition, the part of the visual stimulus that is not manipulated,
i. e., the VE and its objects, might also have an influence on the
detectability in such situations. When the virtual camera or virtual
body is manipulated in VEs in which several objects are close to the
user, by means of redirected walking techniques, such manipulations
might get more noticeable compared to VEs that do not provide
many self-motion cues.
In this paper we address the research questions if the virtual selfrepresentation of the user’s feet changes the detection thresholds for
translation gains. Therefore, we add a visual representation of the
user’s feet to the VE and examine the limits of tracking the user’s
feet and unobtrusively changing their position by applying translation gains to make the user feel like walking faster or slower. The
aim of this paper is to find the detection thresholds for translation
gains without a visual representation of the user’s feet and compare
them to the thresholds with a feet representation. Furthermore, a
visually rich environment is compared to a low cue VE to evaluate
also the influence of the part of the visual stimulus that is not manipulated. These three conditions are compared in a psychophysical
experiment.
The remainder of this paper is structured as follows. Section 2

presents related work. Section 3 describes the psychophysical experiment, which we conducted to identify detection thresholds for
the different conditions. Section 4 presents the results, which are
discussed in Section 5. Section 6 concludes the paper and gives an
overview about future work.
2

R ELATED W ORK

In this section, we summarize previous work on redirection techniques and detection thresholds as well as visual self-representations.
2.1

Redirection Techniques

To classify redirection techniques, Suma et al. [31] presented a taxonomy that sorts techniques into repositioning and reorientation,
subtle and overt, as well as discrete and continuous. Overt and
discrete reorientation techniques would be techniques that are easily
noticeable like freeze-and-turn-resetting [37] that is used to turn
the user back towards the tracking space while she does not move
virtually. An overt and discrete repositioning technique is an instant teleportation [3] for instance, while an overt and continuous
technique would be an escalator. Subtle redirection techniques are
not consciously perceived by the user. For example, change blindness techniques [32] are subtle discrete redirections. The traditional
RDW technique, where a user is guided on an arc in the real world
while she walks straight in the virtual world [25], is a subtle and
continuous reorientation technique. Rotation gains are another subtle and continuous reorientation technique that is used to amplify
the physical rotation of the user in the virtual world. According to
this, translation gains amplify the physical translation of the user
in the virtual world, and, therefore, these are a subtle and continuous repositioning technique. Hence, translation gains scale the
movements of the user, making her walk faster or slower. They are
used in virtual environments whose size differs significantly from
the available tracked physical space in order to map the user’s real
movements to the scaled virtual movements. By Steinicke et al. [28],
translation gains are defined as the ratio between a virtual translation and the corresponding translation of the user in the real world.
In a non-isometric mapping, a physical translation T is mapped to
a translation gT · T in the virtual environment, with gT being the
translation gain.
Subtle redirection is possible because our perceptual system relies
more on visual cues than on vestibular ones, and vision even dominates proprioception when these two disagree [10, 25]. This makes
it possible to slightly shift the user’s virtual limb positions without
them noticing. But if sensory discrepancies get too large, they lead
to incomplete dominance. When incomplete dominance occurs, the
user is not consciously aware that her visual and proprioceptive cues
are discrepant, but the discrepancy still affects her perceived position
and she notices that something is wrong [36]. Most humans are not
very good at estimating their own limb position. After being blindfolded and exposed to the rubber hand illusion for only 30 seconds,
participants from Ehrsson et al.’s study had to point to their right
index finger with their left hand, which resulted in a pointing error
of 3 cm [8]. Without visual feedback, perceived limb position even
drifts over time [4, 35].
2.2

Detection Thresholds

Steinicke et al. identified detection thresholds for rotation gains,
curvature gains, and translation gains in different experiments [28].
These thresholds indicate just-noticeable differences between vision
and proprioception. According to them, a straight path in the VE can
be curved into a circular arc in the real world with a radius of at least
22m, while users are not able to reliably detect the manipulations.
These results have been replicated and extended in several experiments [5,6,16,19,22,24]. In general, it can be said that the strongest
ratings for realness and presence were given when the physical
limb position and the virtual limb position are closest. Lloyd et al.

Figure 1: A participant during the experiment, wearing the HTC Vive
HMD, two hand controllers and two trackers for the feet.

claimed that ratings decayed significantly after a distance of 30cm
from the virtual to the physical position [17]. Burns et al. found a
mean detection threshold of 0.4 in a study where they changed the
user’s hand position with a drift of 5mm/s for a movement faster
than 5cm/s [7]. In general, it was found that an isometric mapping
is not always the most natural one. Geometrically correct optic flow
appears to be too slow and users estimate a virtual walking velocity
as more natural when it is slightly increased compared to the user’s
physical body movement [1, 14, 23]. Steinicke et al. found out that
virtual translation has to be increased by 7% to appear natural and
that distances can be up- or downscaled by 22% without the user
noticing [27, 28].
2.3

Visual Self-Representation

In a VE, using a visual self-representation like an avatar generally increases the degree of presence since additional modalities are added
to the scene. The concept of having a virtual body is an approach
to decrease the contradiction between sensory data and proprioception [18, 26]. A contradiction is caused when proprioception tells
the user that her body is there but visuals can not detect it.
Usoh et al. propose that association with the virtual body also
increases the feeling of presence and that, therefore, the avatar
should be as realistic as possible [33]. Implementing an avatar
with incorrect behaviour can dissociate the user from the virtual
environment. Heeter et al. point out that having an avatar increases
the user’s sense of presence [12] but only if that avatar is similar
to the real user. When implementing a VE, it is important to note

Figure 2: The VEs, which were used in Condition 1 and Condition 2 (left) and in Condition 3 (right). While the first one offered a lot of different
visual cues to judge the manipulations, the second one consisted only of a white plane and a horizon. The black cross marked the place where
the participants should stop walking.

that the virtual limb should have similar physical appearence and
anatomical orientation as the real one [17]. When a fake hand is
seen in place of a real hand, cells in the premotor cortex fire, but
they decrease their firing rate when similarity decreases [8, 9, 11].
3

E XPERIMENT

In this section, we describe the psychophysical experiments, which
we performed to identify detection thresholds for the different conditions in which either virtual feet were visible or not, and in which
the VE provides more or less motion visual cues. In particular, we
assumed the following hypotheses:
• H1: The range of translation gains, which can be applied
unnoticeable for the user, is smaller when the user is able to
see a visual representation of her feet.
• H2: The range of translation gains, which can be applied
unnoticeable for the user, is smaller when the VE provides
more motion visual cues.
• H3: The sense of presence will be lowest in the VE, which
provides less motion visual cues.
3.1

Participants

20 participants completed the experiment. All of them were students
of the local university, while 14 of them were students of a computer
science related subject who obtained class credit for their participation. 13 participants were male and 7 were female, with an average
age of 25.75 years (21-45 years) and an average height of approximately 178cm. All except for one participant with Amblyopia had
normal or corrected-to-normal sight. No other vision disorders have
been reported by our participants. None of our participants reported
a disorder of equilibrium. 14 participants played 3d computer games
on a regular basis. The participants spent an average of approximately 6 hours per week playing. 18 participants had used an HMD
before. The total time per participant, including pre-questionnaires,
instructions, experiment, breaks, post-questionnaires, and debriefing,
was about 75 minutes, out of which around 40 minutes were spent
in VR. During the experiment, the participants were allowed to take
breaks at any time.

3.2

Materials

The experiment took place in a 12m × 6m laboratory room. We instructed the participants to wear an HTC Vive HMD (see Figure 1),
which provides a resolution of 1080 × 1200 pixels per eye with an
approximately 110◦ diagonal field of view and a refresh rate of 90
hz. Positional tracking was done by a lighthouse tracking system
that is delivered with the HTC Vive. The lighthouse system was
calibrated so that there was an available walking space of 6m × 4m.
During the experiment the room was darkened in order to reduce
the participant’s perception of the real world. The participants received instructions on slides presented on the HMD. A HTC Vive
controller served as an input device via which the participants provided responses during the experiment. The HTC Vive trackers were
used to track the user’s feet and mounted right above the ankles
(see Figure 3). The model of the virtual foot had a size of 25.5 cm.
For rendering, system control and logging we used an Intel computer with 3.2GHz Core i7 processor, 32GB of main memory and a
Nvidia Geforce GTX 1080 graphics card. The virtual environment
was rendered using the Unity3D engine 5.6
3.3

Methods

We used a 3 × 9 within-subjects experimental design. 3 different
combinations of environment and feet tracking were tested (see
Figure 2). These were
1. Condition 1: No visible virtual feet in a high-fidelity visually
rich VE,
2. Condition 2: Visible virtual feet in a high-fidelity visually rich
VE,
3. Condition 3: Visible virtual feet in a low cue VE.
For each of these conditions, we tested 9 different translation
gains gT ∈ {0.6, 0.7, 0.8, 0.9, 1, 1.1, 1.2, 1.3, 1.4}. Each gain was repeated 3 times. The experiment was separated in 3 blocks, one
for each environment/feet condition. The order of the blocks was
counter-balanced. In a block, all trials were randomized. In total,
the participants completed 3 × 9 × 3 = 81 trials.

Figure 3: The virtual foot model that was placed in the VE according
to the tracker (inset) that was mounted right above the ankle at the
physical foot of the participant.

Blocks
In Condition 1, the VE consisted of a natural surrounding with trees,
grass, and sand. The foot trackers were attached to the feet of the
participant, but were not used in this condition. This means that the
participant could not see a representation of their own feet, though
the biomechanics of walking were affected in the same as in the other
conditions. This condition served as baseline condition for redirected
walking, since it was already tested in previous experiments [14, 28].
For Condition 2, we used the same VE as in Condition 1 described above. The difference between Condition 1 and Condition
2 is that the mounted foot trackers were used to display a virtual
representation of each foot. This condition provided the participants
with an additional source of information to detect their velocity, i. e.,
movements of their feet.
In Condition 3, we used the same setup as described in Condition
2, i. e., with visual feet feedback, but displayed a VE with reduced
motion cues. The participants were placed in an empty VE and the
only thing they could see was a representation of their feet on a white
floor and a horizon. This condition was used in order to prevent
visual cues from helping them when estimating their pace length
and velocity in VR, while their feet were manipulated. If Condition
1 and Condition 2 would provide significantly different results, the
results of Condition 3 could help to determine whether the difference
is due to the fact that the participants’ feet are visible, or due to the
fact that the two sources of information, namely the feet and the
visually rich environment, are used in conjunction. Additionally,
this condition determines the impact that showing the participants’
feet can have on their ability to detect translation manipulations
when they have no other source of information available. The fourth
possible combination, i. e., no representation of virtual feet in a low
cue VE, was not tested, since the participants would not have any
information sources at all to judge their forward motions and/or if
they were manipulated.
Procedure
Upon arrival, participants were informed about the procedure of the
experiment and signed a consent form. Then, all participants filled
out a pre-questionnaire and the simulator sickness questionnaire
(SSQ) [15]. The foot trackers were mounted on their ankles and they
donned on the HMD and grabbed the hand controllers. Then, they
started in an introductory scene where their individual foot position

was adjusted and they received instructions about how to use the
touchpad of the controller. Before the actual experiment started,
three training trials were presented to the participants: the slowest
gain used in the experiment (0.6), the gain without manipulation
(1.0) and the fastest gain of the experiment (1.4). During these
training trials, participants were allowed to ask questions.
Once the training was finished, participants received headphones
to remove all sound from the physical environment and the actual
experiment started. Depending on the current condition, the participant was placed in a visually rich or reduced cue environment with
a representation of their feet visible, or, as in Condition 1, no visible
representation of their feet. The participants had to walk following
a green dot on the ground 0.4m in front of them. The participants
were not instructed to keep their virtual feet on sight. But they were
told to look at this dot while walking. This way, we assured that the
participant’s feet were visible in their field of view without paying
too much attention to them. While they were walking, a translation
gain was applied to their feet and the virtual camera, making them
walk slower with smaller steps, or faster with larger steps.
The participants walked forwards until the green dot turned red.
This happened when they reached a physical distance of 5m. Then,
an information sign appeared in front of them on eye height level,
asking them to judge whether their virtual movement was slower
or faster than their physical movement. The participants answered
by using the left side of the controller’s touchpad to indicate a
slower movement and the right side of the touchpad to indicate
a faster movement. Participants had to answer the question in a
two-alternative-forced choice (2AFC) task [2] that only allows the
answers “slower” or “faster”. Whenever the participants were not
sure about the manipulation, they had to guess, with a chance of
50% to guess the correct answer. Answers like “equal” were not
allowed in order to avoid a bias caused by uncertainty towards the
answer “equal”.
After they answered the 2AFC question, the participants had to
turn around and walk back to their starting point, again, indicated
by a green dot. On the way back, their virtual feet were hidden,
so, on the next trial, a comparison between the last and the current
gain would not be possible. When the participants reached their
starting point and pressed a button on their controller, the next gain
was applied. In block 2 and 3, the feet were shown again. In the
visually rich conditions, the users were placed in a different part
of the scene in order to prevent visual comparison of the last and
the current distance walked during the 5 physical meters. After 27
trials, each block was over. The participants saw an information sign
thanking them and they took off their HMD and the trackers. Then,
they filled out the SUS presence questionnaire [34]. When they felt
ready, the next round was started with a different block. At the end
of the experiment, the participants filled out the second SSQ and a
questionnaire to collect their demographical data. Then, they were
informed about the goal of the experiment.
4

R ESULTS

In this section we summarize the results of the experiment with respect to the identified detection thresholds, required times, presence
and cyber sickness.
Detection Thresholds
Figure 4 shows the pooled results over all participants for Condition
1 (see Figure 4(a)), Condition 2 (see Figure 4(b)), and Condition 3
(see Figure 5).
The x-axes of the plots in Figure 4 show the applied translation
gains gT ∈ {0.6, 0.7, 0.8, 0.9, 1, 1.1, 1.2, 1.3, 1.4}. The y-axes show
the probability of the participants’ statements that they walked faster
than in the real world. For each gain, the mean and standard error
bars are displayed in the plot. The intersection of the graph with the
25% line was marked as the lower threshold, the 50% intersection is

(a)

(b)

Figure 4: Plotted results of the experiment for (a) Condition 1 and (b) Condition 2. The x-axis shows the applied translation gains and the y-axis
shows the probability of the participants’ statement that they walked faster than in the real world. The psychometric function shows PSE as well as
lower and upper detection thresholds.

Table 1: Lower and upper detection thresholds (DTs) as well as the
points of subjective equality (PSE) for all three conditions. Lower DT
and PSE of Condition 3 is significantly different from Condition 1 and
Condition 2.

Condition
Condition 1
Condition 2
Condition 3

Figure 5: Plotted results of the experiment for Condition 3. The xaxis shows the applied translation gains and the y-axis shows the
probability of the participants’ statement that they walked faster than
in the real world. The psychometric function shows PSE as well as
lower and upper detection thresholds.

the point of subjective equality (PSE) and the 75% mark represents
the upper threshold. Each plot was fitted with a sigmoidal psychometric function, which determines the PSE and detection thresholds
(DTs).
The results are also summarized in Table 1 showing the exact
numbers. The content of the table cells means that the physical
movement has to be scaled by the corresponding number from the
cell in order to calculate the corresponding virtual movement speed.
We calculated individual DTs and PSEs for each participant to
run significance tests. A Kolmogorov-Smirnov test reveals that the
data is not normally distributed. Hence, we analyzed the results with
a Friedman test at the 5% significance level. The results show a
significant effect of the condition on the lower DT (p = .03) and

Lower DT

PSE

Upper DT

0.85823
0.87583
0.72745

1.05895
1.01437
0.9884

1.26054
1.15388
1.25038

the PSE (p = .004). We found no significant effect of the condition
on the upper DT. A post-hoc test using Wilcoxon signed-rank test
returned significant effects for both, PSE and lower DTs, between
Condition 1 and Condition 3 and between Condition 2 and Condition
3 (plower13 = .049, pPSE13 = .0025, plower23 = .0043, pPSE23 =
.04), which partly confirms Hypothesis H2. No significant difference
could be found between Condition 1 and Condition 2 (plower12 =
.469, pPSE12 = .147) and for the upper thresholds (pupper12 = .295,
pupper13 = .653, pupper23 = .528). Hence, Hypothesis H1 could not
be confirmed.
Presence
The results of the SUS presence questionnaire are shown in Table 2.
The questionnaire consisted of six questions with 7 point Likert
scales. Condition 2 receives the highest mean with 4.52 (SD = 0.32),
followed by Condition 1 with a mean of 4.45 (SD = 0.32). Condition
3 has the lowest rating with a mean of 3.74 (SD = 0.37).
A Kolmogorov-Smirnov test reveals that the data is not normally
distributed. We analyzed the results with a Friedman test at the 5%
significance level. According to this test, at least one condition differs significantly from the others (p = .0196). A post-hoc Wilcoxon
signed-rank test found out that Condition 3 differs significantly from
Condition 1 (p = .0221) and from Condition 2 (p = .0104). Hence,
the participant’s sense of presence was lowest in Condition 3, which
confirms Hypothesis 3. There is no significant difference between
Condition 1 and Condition 2 (p = .4736). The SUS Count is the

Table 2: Mean, standard deviation, and Count of the SUS presence
questionnaire for all conditions. The SUS count is the number of
answers of 6 or 7 points.

Condition
Condition 1
Condition 2
Condition 3

SUS Mean

SUS Count

4.45 (SD = 0.32)
4.5167 (SD = 0.32)
3.7417 (SD = 0.37)

1.6 (SD = 1.76)
1.8 (SD = 1.79)
1.1 (SD = 1.02)

number of answers of 6 or 7 points, and it gives a similar result as
the mean. Condition 2 has the highest count with a mean count of
1.8, followed by Condition 1 with a mean count of 1.6. Condition
3 has the lowest count with a mean count of 1.1. A KolmogorovSmirnov test reveals that the data is not normally distributed. We
analyzed the results with a Friedman test at the 5% significance level.
No significant differences between the three conditions were found
(p = 0.4036).
Walking Times
We define the walking time as the time required from the start of
a new trial to the moment the user reaches the 5m mark. It was
measured and logged automatically during the experiment. The
mean walking times are shown in Figure 6. In some cases, tracking
mistakes appeared and the trial had to be reset. These samples were
removed from the data to avoid extreme results.
Since the samples had different sizes after the removal, we analyzed the results with several Wilcoxon ranked-sum tests. We found
significant differences between Condition 1 and Condition 3 as well
as between Condition 2 and Condition 3 (see Table 3). Furthermore,
we considered the differences between the three lowest gains and
the three highest gains. We pooled the data for the three lowest
gains per condition and did the same for the three highest gains.
Then, we analyzed this data with a Wilcoxon ranked-sum test per
condition. We found a significant effect of the gain on walking times
for Condition 1 (p = 5.2 × 10−23 ), Condition 2 (p = 7.8 × 10−17 ),
and Condition 3 (P = 2 × 10−6 ). This means that the walking time
was lower when a lower gain was applied and higher when a higher
gain was applied.

Figure 6: Mean walking times for each condition: Gains are displayed
on the x-axis, the mean time in seconds is displayed on the y-axis.

Cybersickness
We measured a mean SSQ-score of 19.26 (SD = 20.35) before the
experiment, and a mean SSQ-score of 31.23 (SD = 31.3) after the
experiment. A Kolmogorov-Smirnov test showed that the data was
not normally distributed. We analyzed the results with a Wilcoxon
signed-rank test at the 5% significance level. We found that the
SSQ-score was significantly higher after the experiment (p = .01).
5

D ISCUSSION

The results show that in a visually rich environment where the
user’s feet are not shown (Condition 1), a downward scaling of
14% and an upward scaling of 26% was possible without user being
able to notice. This finding is inline with previous findings [28].
A manipulation of about 12% downward and 15% upward was
unnoticeable for user in a visually rich environment where the user’s
feet are shown (Condition 2). This means that it was easier to
detect the manipulation when participants could see their feet, which
would be inline with Hypothesis H1, though, this finding could not
be confirmed by the statistical test. Hence, we can not confirm
H1, although there might be an effect whose size is just very small.
For a low cue environment (Condition 3), a downward scaling of
27% is applicable and an upward scaling of 25%. In this case, the
results of the psychometric function as well as the significance tests
lead to the assumption that participants were generally better at
estimating their walking velocity if a visually rich environment was
presented as opposed to a reduced-cue environment. This means
that the participants still heavily relied on their visual information,
e. g., optic flow or motion parallax, to estimate their walking speed.
Regarding the found DTs and the results of the significance tests,
Hypothesis H2 can be mostly accepted, although we did not find
significant differences for the upper thresholds. Although, a visual
self-representation of the participant’s feet might have an influence
on the detection thresholds for translation gains, the nature of the
VE is still the more important factor for estimating those thresholds.
This might be due to the fact that the VE is the part of the visual
stimulus that takes up more space of the field of view of the user than
the feet. The feet are comparatively small. But still, these findings
are interesting, and they might get even more impact when a full
avatar is used as a visual self-representation and when the field of
view of HMDs will increase in the future.
Furthermore, the results show that the movement has to be upscaled by 6% in Condition 1, in order to appear natural to the participants, which is similar to the findings of Steinicke et al. that
movements have to be upscaled by 7% to appear natural [28]. The
results for Condition 2 and Condition 3 suggest that the participants were able to estimate their speed quite well with only 1%
upscaling in Condition 2 and 1% downscaling in Condition 3. This
might be interpreted as a trend for the statement that virtual feet did
help the participants to judge their natural walking speed similar to
previous finding in which a virtual avatar helped to judge virtual
distances [20].
Although, the environment where the user’s feet were shown
(Condition 2) received higher means for the user’s subjective sense
of presence than the visually rich environment without feet (Condition 1), these differences were not significant. This is an indicator
that having a visual self-representation of the feet did not have a
significant impact on the sense of presence of the participants in the
VE or that the effect was too small to be revealed with the considered number of participants. Another limiting factor might be the
appearance of the virtual feet. They were presented barefoot in the
VE while the participants wore shoes. A reduced-cue environment
leads to an even lower presence score compared to the visually rich
environment without feet. This also supports the finding that the
VE is much more important for the whole visual perception than the
self-representation.
Regarding the walking times, participants walked faster in those

Table 3: P-Values of the test results for walking times analyzed with several Wilcoxon ranked-sum tests: Cx+y compares condition x to condition y;
significant results are marked in bold text.

Gain

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

C1+2
C1+3
C2+3

0.628
10−4
0.003

0.708
10−4
0.002

0.258
2×10−4
0.015

0.15
2×10−6
0.004

0.767
0.035
0.032

0.22
0.002
0.129

0.479
0.044
0.335

0.536
0.118
0.447

0.129
0.287
0.616

environments, which provided more visual motion cues. This might
be related to the phenomenon that people tend to be more careful
when they walk blindfolded. Condition 1 and Condition 2 do not
differ significantly from each other in terms of walking times, which
means that the feet did not have a significant influence on the participant’s walking speed, although the participants seemed to walk a
little faster when no feet were presented. This could also be caused
by the participants paying more attention to their feet when they
are displayed, since they were explicitly asked to follow the sphere
on the ground in front of them, which brought their feet in their
view. When comparing the three lowest gains to the three highest
gains, we found that lower gains are associated with faster walking
speed. This could be due to the fact that users tend to compensate
their subjective feeling of moving too slow by walking faster. The
finding that walking velocity is decreased the more it differs from an
isometric mapping as stated by Janeh et al. could not be confirmed
in this experiment [14].
The significant increase of cybersickness during the experiment
might be related to the stronger gains that were obviously perceivable
by the participants. Nevertheless, since we did not collect data
about cybersickness for each single gain, we can not confirm this
assumption.
6 C ONCLUSION
In this paper, we evaluated the influence of a visual selfrepresentation of the feet on translation gains. Therefore, we conducted a psychophysical experiment with three different conditions
and 9 different gains from the interval of 0.6 to 1.4 These three
conditions were: presenting the gains in a visually rich environment
without tracking the user’s feet (Condition 1), showing the user’s
feet in a high fidelity visually rich environment (Condition 2) and
showing the user’s feet in a reduced-cue environment (Condition
3). The participants performed a two-alternative-forced-choice task
to determine if their virtual movement was slower or faster than
their physical movement. The results revealed detection thresholds
for translations gains, which cannot be detected by the user when
the virtual feet were visible. Nevertheless, the difference between
visible and invisible feet was smaller than expected and the nature
of the VE had still a bigger impact on the DTs.
In the future, it might be interesting to add a more complex
visual self-representation like an avatar, e. g. by using full body
tracking or inverse kinematics. Furthermore, the effect of a visual
self-representation on other redirection gains like rotation gains and,
especially, curvature gains promises to be interesting.
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