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Fig. 3: Console view of experiment 1 (the inset image is
for monitoring the various projectors and was not seen
in the experimental display).

Fig. 2: The setup of experiment 1.
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Fig. 5: Console view of experiment 2 (the inset image is
for monitoring the various projectors and was not seen

Fig. 4: Th f i 2.
'8 @ setup of experiment in the experimental display).

Fig. 6: Foot trajectories on stepping over obstacles (rep- Fig. 7: Foot trajectories on stepping over gaps (represen-
resentative data captured from a participant in stereo- tative data captured from a participant in stereoscopic
scopic viewing condition). viewing condition).
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Distinguishing foot position data between left foot and right
foot was not necessary for further data analysis.

We used the minimum distance classifier [33] to register
the merged gait cycles with respect to obstacles or gaps
presented in experiments. In other words, the responses
(gait cycles) were associated with stimuli (obstacles with
different heights or gaps with different depths) through the
classification. This was done by calculating the Euclidean
distances between the z-position of the mid swing $,,;q4 of
the merged gait cycles G; and the centres of the z-position
of obstacles or gaps C;:

R; = argmin ||G; — Ci|,
K3

where j is the index of the z-position of the mid swing s,,4
of the merged gait cycles GG; and i is the index of the centres
of the z-position of obstacles or gaps C;, respectively. R;
is the resulting index of an obstacle or gap to be associ-
ated with its corresponding gait cycles G;. In practice, this
equation was solved by looping through all combinations
of z-positions of gait cycles and z-positions of obstacles or
gaps. The pairs with the minimum Euclidean distance were
registered together. When the registration was completed,
we were able to evaluate a specific gait cycle with respect
to the obstacle or the gap that it covered. We defined
the following metrics to evaluate the gait performance of
participants:

 Stride length [,:
the z-distance between initial swing, s;,;+, and termi-
nal swing, sterm.

 Stride height h,:
the difference in height of the foot at mid swing, 5,4,
and when the foot was planted (the average of y-
positions of initial swing s;,;+ and terminal swing
sterm)'

« Foot lifting distance to obstacles or gaps d;:
the difference in z-distance of the foot at initial swing,
Sinit, and the front face of an obstacle or the front
edge of a gap.

+ Foot planting distance to obstacles or gaps d:
the z-distance between the foot at terminal swing,
Sterm, and the back face of an obstacle or the back
edge of a gap.

« Foot clearance to obstacles d_:
the y-distance of mid swing, s,,;4, to the top of an
obstacle. Foot clearance to gaps were not assessed as
this is the same parameter as stride height hy, with
an added deepness of gaps fixed as 0.5 m.

» Foot speed of mid swing s;:
the instantaneous speed of mid swing, s;iq, ob-
tained by calculating the Euclidean norm of the y-
component and the z-component of foot velocity V;.

e Number of strides n:
the number of strides that were taken during a single
walking trial.

« Number of collisions n.:
the number of collisions happened between the
transformed foot position P; and the bounding boxes
of obstacles or gaps during a single walking trial.
As people were unable to step into a gap physically,
the bounding boxes of a gap was modeled with a
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low height of 0.01 m above the ground surface to
determine the occurrence of collisions.

4 EXPERIMENT 1: STEPPING OVER OBSTACLES
4.1 Introduction

The goal of the experiment was to investigate whether
stereoscopic viewing provides advantages when people step
over obstacles.

4.2 Design

In this experiment, we designed an outdoor environment
that had a valley and a skydome, using Autodesk 3ds Max
2016, shown in Figure 2. A console view of the scene on
the host machine is shown in Figure 3. The texture for the
valley was manually blended from a grass texture and a
gravel texture while the texture for the skydome was a high
definition picture that captured a bright sky with few white
clouds. The obstacles were brick-textured cubic objects. The
width (z-axis) and depth (z-axis) of the obstacles were fixed
as 10 m and 0.2 m, respectively. The heights (y-axis) of these
obstacles had three different values, which were 0.1 m, 0.2
m and 0.3 m. Each of these three different conditions was
repeated ten times. Thus, in total, there were thirty obstacles
in an experimental scene, with the order of the obstacles
randomized. The distance between the participant to the
front face of the first obstacle was 5 m. The distance between
the back face of an obstacle and the front face of its imme-
diate successive obstacle was 3 m. This gave participants an
adequate amount of distance to walk normally and adjust
their footsteps before stepping over the next obstacle. The
total length of each walking path was approximately 100 m.
Participants were expected to perform constant speed linear
walking in the virtual environment.

Each walk through an experimental scene with a random
order of generated obstacles was considered as a single
trial. Participants were first asked to perform two trials
under the stereoscopic viewing condition as practice to get
familiar with the hardware and the virtual environment.
Then, participants were asked to perform two trials under
stereoscopic viewing condition and two trials under non-
stereoscopic viewing condition. The order of trials in stereo-
scopic viewing condition and non-stereoscopic viewing con-
dition were counter-balanced to control for order effects.
Five participants followed an order of viewing conditions
of SSNN, where S denotes the stereoscopic viewing condi-
tion and N denotes the non-stereoscopic viewing condition
while another five participants followed an order of NNSS.
For the non-stereoscopic viewing condition, participants
were also asked to wear the PPT Eyes, but modeled distance
between two eyes was set to zero.

4.3 Participants

Ten people (7 males, 3 females, age: 24 - 39, height: 1.59
- 1.90 m) participated in the experiment. All had normal
or corrected-to-normal vision. Stereo acuity of participants
was verified using the Randot Stereotest (Stereo Optical
Company, Inc. Chicago IL). All had good stereo acuity (<
50 seconds of arc). Informed consent was obtained from
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Fig. 8: Gait parameters on stepping over obstacles by viewing condition (red dots denote mean values; the boxes of the
number of strides and the number of collisions denote the data distribution of that of all walking trials of each viewing
condition across participants; for other gait parameters, the boxes denote the data distribution from the gait parameters of
all gait cycles that covered an obstacle for each viewing condition. Box plot convention: whiskers denote maximum and
minimum, top and bottom of a box denote upper quartile and lower quartile and the line in a box denotes median).
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Fig. 9: Gait parameters on stepping over obstacles by height level (red dots denote mean values; the boxes of these gait
parameters denote the data distribution from the gait parameters of all gait cycles that covered an obstacle for each level
of obstacle height. Box plot convention is as in Figure 8).
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TABLE 1: Results of the Linear Mixed-Effects Models analyses on stepping over obstacles

ls hs dl dp dc Sf
Viewing Condition F(1,1185) 18.99 0.98 38.19 14.00 0.98 5.66
p <0.001 0.322 <0.001 <0.001 0.322 0.017
2 0.016 0.001 0.031 0.012 0.001 0.005
Height Level F(2,1185) 9.19 111.58 3.73 2.39 325.68 2.29
p <0.001 <0.001 0.024 0.092 <0.001 0.102
un 0.015 0.158 0.006 0.004 0.355 0.004
Viewing Condition x Height Level F(2,1185) 0.04 5.81 1.35 1.25 5.81 0.91
P 0.964 0.003 0.258 0.288 0.003 0.401
n’% 0.000 0.010 0.002 0.002 0.010 0.002
N Ne
Viewing Condition F(1,29) 5.99 0.81
2 0.021 0.376
e 0.171 0.027

Note: Significant p-values (p < 0.05) are in bold.
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Fig. 10: Interaction effect on stride height (error bars
denote the standard error of the mean).

all participants in accordance with a protocol approved
by the Human Participants Review Subcommittee at York
University.

4.4 Procedure

During experimental sessions, participants wore the PPT
Eyes on their head and two IR markers on their two re-
spective ankles and stood on the treadmill. For a single
experimental trial, when the experiment was started, a ten-
second countdown timer was shown on the WISE and the
data collection started at the same time. The belt of the tread-
mill automatically began to move when the timer counted
to zero. Then, the treadmill accelerated to 2 km/h and main-
tained this speed through an experimental trial. Participants
were asked to accommodate their walking speed to the
speed of the treadmill and step over obstacles when they felt
necessary. When the virtual viewpoint passed the last ob-
stacle in the virtual scene, another three-second countdown
timer was shown on the WISE, informing participants that
the experiment would finish soon. The experiment ended

Obstacle Height (m)

Fig. 11: Interaction effect on foot clearance (error bars
denote the standard error of the mean).

when the timer counted to zero, with the data collection
and treadmill stopped simultaneously.

4.5 Results and Discussion

A segment of recorded foot trajectories when stepping over
obstacles can be seen in Figure 6 for illustration. To analyse
the experimental data, we applied the method described
in Section 3.2 on recorded foot positions to extract gait
parameters using Matlab 2016a. We then performed statis-
tical analysis on the extracted gait parameters defined in
Section 3.2 using R 3.4.2. The Linear Mixed-Effects Models
analyses (package NLME in R) were used to study the
effects of the experiment. Inter-subject variability was auto-
matically accounted for in the model by treating participants
as a random effect. Effect sizes were reported using partial
eta squared 1 (estimated from repeated-measures ANOVA
analyses of the same form as the Linear Mixed-Effects
Models analyses). The independent factors involved were
viewing conditions (stereoscopic and non-stereoscopic) and
height levels (0.1 m, 0.2 m and 0.3 m) of the obstacles while
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the dependent factors were the gait parameters. Obstacle
height and viewing conditions were treated as fixed ef-
fects and participants were treated as a random effect. We
included an interaction term between obstacle height and
viewing conditions to examine whether the effect of viewing
conditions on gait is dependent on obstacle height. Post-hoc
pairwise comparisons were performed using Tukey’s range
tests. Figure 8 and Figure 9 show box plots on gait parame-
ters and Table 1 summarizes the results of the Linear Mixed-
Effects Models analyses. Although we had only ten partici-
pants, we actually had 1200 data samples for the experiment
- each participant walked for two trials under stereoscopic
viewing and two trials under non-stereoscopic viewing, and
in each walking trial, there were thirty obstacles that they
needed to step over. The movement to step over an obstacle
was considered as an individual movement trial. Hence, we
obtained 1200 repeated measures data samples.

Viewing conditions significantly affected stride length
(p < 0.001), foot lifting distance to obstacles d; (p < 0.001),
foot planting distance to obstacles d,, (p < 0.001) and mid
swing speed s; (p = 0.017). Stride length under stereoscopic
viewing was smaller than for the non-stereoscopic viewing
condition. Stride length under stereoscopic viewing was
more accurate as a smaller stride was sufficient to cover
an obstacle. In Figure 8, we found that the mean value
of the foot lifting distance to obstacles d; was smaller un-
der stereoscopic viewing condition than non-stereoscopic
viewing condition. We also found that the mean value
of the foot planting distance to obstacles d, was larger
under stereoscopic viewing condition than non-stereoscopic
viewing condition. The result showed stereoscopic viewing
was beneficial as, logically, if we wish to safely step over
an obstacle, we could step as closely to the front side of
the obstacle as possible with one foot and walk over it
with the other foot to plant far from the back side of the
obstacle. It was obvious that stereoscopic viewing helped
to realize this aim during walking. The mean value of mid
swing speed was lower under stereoscopic condition than
non-stereoscopic condition.

Although there was no significant effect of viewing
condition alone on stride height h;, there was a significant
interaction effect between viewing conditions and height
levels on stride height hs (p = 0.003) (Figure 10, which was
consistent with the significant interaction effect between
these factors on foot clearance to obstacles d. (p = 0.003)
(Figure 11). But the interaction effects on both parameters
were weak. For both stride height hs and foot clearance
to obstacles d., Tukey’s range tests showed that there was
a significant difference between stereoscopic viewing uvs
non-stereoscopic viewing on height level 0.3 m but not
for height levels 0.1 m and 0.2 m. The mean value of
the stride height h, for obstacles with a height of 0.3 m
under stereoscopic viewing was 0.27 m while the mean
value under non-stereoscopic viewing was 0.25 m, which
showed that people tended to lift their feet higher under
the stereoscopic viewing condition when they encountered
obstacles with a height of 0.3 m. This may imply that users
were better able to execute the task of clearing the virtual
obstacle when walking with stereoscopic vision as their feet
were lifted higher on average. Similarly, we also found that
the mean value of foot clearance to obstacles under stereo-
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scopic viewing was higher than non-stereoscopic viewing.
However, there were no interaction effects on other gait
parameters. The mean value of stride height h under both
stereoscopic viewing and the non-stereoscopic viewing was
generally insufficient for stepping over obstacles. This may
reflect that in virtual environments, there was no actual
tripping consequence when the stride height was lower than
the height of obstacles. Alternatively, when walking on a
moving treadmill in a virtual environment, people may have
acted more cautiously to maintain their balance. Thus, their
feet were not lifted high enough for the obstacles with a
height of 0.3 m.

A significant effect was found on number of strides n;
between viewing conditions (p = 0.021). Walking under
stereoscopic viewing resulted in more strides compared to
non-stereoscopic viewing (Figure 8). Given that the total
lengths of walking paths for all experimental trials were
nearly the same, it suggested that the cadence under stereo-
scopic viewing was higher than non-stereoscopic viewing.
This was also confirmed by shorter stride length in stereo-
scopic viewing compared to non-stereoscopic viewing. In
addition, there was no significant effect on number of
collisions n. (p = 0.376), which suggested that avoiding
collision with obstacles was equally difficult between stereo-
scopic viewing and non-stereoscopic viewing in virtual en-
vironments.

Obstacle height significantly affected stride length I,
(p < 0.001), stride height h, (p < 0.001), foot lifting distance
to obstacles d; (p = 0.024), foot clearance to obstacles d.
(p < 0.001) but did not affect foot planting distances to ob-
stacles dp, (p = 0.092) and mid swing speed sf (p = 0.102).
In Figure 9, we found that for obstacles with a height of
0.3 m, participants” feet were not lifted high enough as the
mean value of foot clearance was clearly negative. Tukey’s
range tests revealed that there were significant differences
between three different height levels on stride height h
and foot clearance to obstacles d.; a significant difference
between height level 0.1 m and height level 0.3 m on stride
length [,; and significant differences between height level
0.1 m and height level 0.2 m and between height level
0.1 m and height level 0.3 m on foot lifting distance to
obstacles d;. Thus, people adjusted their footsteps when
they encountered obstacles with different heights.

In Figure 8 and Figure 9, we noticed there were some
outliers. A probable reason for these outliers was that people
failed to make proper movements to step over an obstacle,
even though they had two training trials before. When this
happened, the trajectory of a stride might not cover the
obstacle but the algorithm would still register the stride to
the centre of the nearest obstacle in depth, which resulted in
the outliers in these figures. To assess the potential impact
of these trials we removed these potential outliers from the
dataset and ran the analyses again. We confirmed that the
pattern of significant results and in particular our finding
that participants failed to lift their feet sufficiently to clear
the obstacle still held.

4.6 Summary of the Results

Experiment 1 found that stereoscopic viewing enabled more
accurate movements to step over obstacles. This was con-
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Fig. 12: Gait Parameters on stepping over gaps by viewing condition (red dots denote mean values; the boxes of the number
of strides and the number of collisions denote the data distribution of that of all walking trials of each viewing condition
across participants; for other gait parameters, the boxes denote the data distribution from the gait parameters of all gait
cycles that covered an gap for each viewing condition. Box plot convention is as in Figure 8).
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depth. Box plot convention is as in Figure 8).
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TABLE 2: Results of the Linear Mixed-Effects Models analyses on stepping over gaps

T, R 4 d, 57
Viewing Condition F(1,1185) 13.01 4.87 1.94 8.68 5.35
P <0.001 0.028 0.164 0.003 0.021
e 0.011 0.004 0.002 0.007 0.004
Depth Level F(2,1185) 29.12 6.31 17.36 1.27 0.09
P <0.001 0.002 <0.001 0.281 0.913
un 0.047 0.011 0.028 0.002 0.000
Viewing Condition x Depth Level F(2,1185) 0.24 0.68 0.91 1.22 1.87
P 0.789 0.508 0.404 0.297 0.154
7712] 0.000 0.001 0.002 0.002 0.003
ng ne

Viewing Condition F(1,29) 0.25 0.35

P 0.618 0.561

un 0.009 0.012

Note: Significant p-values (p < 0.05) are in bold.

firmed by shorter stride length, decreased foot lifting dis-
tance to obstacles and increased foot planting distance to
obstacles under the stereoscopic viewing condition com-
pared to the non-stereoscopic viewing condition. Mid swing
speed was lower under stereoscopic viewing than that of
non-stereoscopic viewing. People tended to lift their feet
higher when they encountered obstacles with a height of
0.3 m under the stereoscopic viewing condition, implying
fewer tripping hazards. Cadence under stereoscopic view-
ing was higher than non-stereoscopic viewing. But avoiding
collision with obstacles was equally difficult between view-
ing conditions. In addition, people adjusted their footsteps
when they encountered obstacles with different heights dur-
ing walking. This was reflected in the differences of stride
length, stride height, foot lifting distance and foot clearance
to obstacles between levels of obstacle height.

5 EXPERIMENT 2: STEPPING OVER GAPS
5.1 Introduction

While obstacles protruding from the ground presented in
Experiment 1 are clear to human vision, we are also inter-
ested in gaps that are less obvious to vision when viewed at
a distance. Furthermore, traversing a gap requires control of
the length of the step while raised obstacles also require
control of the toe clearance. The goal of the experiment
was to investigate whether stereoscopic viewing provides
advantages when people step over gaps.

5.2 Design

In this experiment, we designed an indoor virtual environ-
ment that consisted of a ground surface with gaps, two side
walls and a celling shown in Figure 4. A console view of
the scene on the host machine is shown in Figure 5. These
geometries were textured using different stone images to
create contrasts between the ground, walls and the ceiling.
Here, we referred to the negative height of the ground
surface to the bottom of the gaps as deepness (y-axis) and
the distance between the front edge of a gap to the back
edge of a gap as depth (z-axis). The width (z-axis) and the
deepness (y-axis) of the gaps were fixed as 10 m and 0.5
m, respectively. The depth (z-axis) of the gaps had three
different values, which were 0.2 m, 0.3 m and 0.4 m. As

in the previous experiment, each condition (i.e. depth) was
repeated ten times. Thus, in an experimental scene, there
were thirty gaps in total and the order of the gaps were
randomized. The distance between the participant and the
front edge of the first gap was 5 m and the distance between
the back edge of a gap and the front edge of its immediate
successor was 3 m. The total length of each walking path
was approximately 100 m. Participants were also expected
to perform constant speed linear walking in the virtual
environment.

As in the previous experiment, each generated exper-
imental scene was considered as a single trial and par-
ticipants were asked to perform two training trials under
the stereoscopic viewing condition, subsequently followed
by two experimental trials under the stereoscopic view-
ing condition and two experimental trials under the non-
stereoscopic viewing condition, with the order of experi-
mental trials counter-balanced as in the previous experi-
ment.

5.3 Participants

Ten people (5 males, 5 females, age: 20 - 39, height: 1.58
- 1.79 m) participated in the experiment. All had normal
or corrected-to-normal vision. Stereo acuity of participants
was verified using the Randot Stereotest (Stereo Optical
Company, Inc. Chicago IL). All had good stereo acuity (<
50 seconds of arc). Informed consent was obtained from
all participants in accordance with a protocol approved
by the Human Participants Review Subcommittee at York
University.

5.4 Procedure

The procedure of experiment 2 was the same as that of
previous experiment but virtual scenes with gaps instead
of obstacles were presented.

5.5 Results and Discussion

Figure 7 shows a segment of recorded foot trajectories
stepping over gaps. As in the previous experiment, we
applied the method described in Section 3.2 on recorded
foot positions to extract gait parameters. We then performed
the Linear Mixed-Effects Models analyses (package NLME
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in R) using R 3.4.2. The independent factors involved were
viewing conditions (stereoscopic and non-stereoscopic) and
depth levels (0.2 m, 0.3 m and 0.4 m) of the gaps and the
dependent factors were the gait parameters. Effect sizes
were reported using partial eta squared 77 (estimated from
repeated-measures ANOVA analyses of the same form as
the Linear Mixed-Effects Models analyses). Gap depth and
viewing conditions were treated as fixed effects and partici-
pants were treated as a random effect. We also included an
interaction term between viewing conditions and gap depth
to investigate whether the effect of viewing conditions on
gait depends on gap depth. Post-hoc pairwise comparisons
were performed using Tukey’s range tests. Figure 12 and
Figure 13 show box plots on gait parameters and Table 2
summarizes the results of the Linear Mixed-Effects Models
analyses. As in the previous experiment, we had 1200 data
samples in total.

Viewing conditions significantly affected stride length
ls (p < 0.001), stride height hs (p = 0.028), foot planting
distance to gaps d, (p = 0.003) and mid swing speed sy
(p = 0.021) but did not affect foot lifting distance to gaps
di (p = 0.164). As can be seen in Figure 12, the stereo-
scopic viewing condition tended to result in larger stride
height and stride length. Logically, this was advantageous
as larger stride length and stride height would help people
avoid stepping into gaps. Although the analysis on foot
planting distance did not reach statistical significance, the
mean value of the parameter under stereoscopic viewing
condition was generally smaller than the non-stereoscopic
viewing condition, which meant that participants tried to
step as close to the front edges of gaps as possible before
walking over them. The result was consistent with Experi-
ment 1. We also found that foot planting distance to the back
edges of gaps was also larger under stereoscopic viewing
condition than the non-stereoscopic viewing condition. The
result was meaningful in the sense that if we wish to safely
step over a gap, a reasonable strategy is to first step as close
to the front edge of the gap as possible with a foot, then
make a stride to go over the gap with the other foot and
plant the foot as far as possible to the other edge of the gap
to avoid being tripped or trapped. The result verified that
stereoscopic vision supported this strategy. We speculated
that if the distance between the front edge and back edge
of gaps were designed larger with a treadmill that has a
longer belt, the effect on lifting distance to gaps might be
significant as participants would have to step very near the
front edge of the gaps and accurately make strides long
enough to cover gaps. The mean value of mid swing speed
sy was lower under the stereoscopic viewing condition than
the non-stereoscopic viewing condition.

Similarly, for depth levels, there were significant effects
on stride length [ (p < 0.001), stride height h, (p = 0.002),
foot lifting distance to gaps d; (p < 0.001) but not on foot
planting distance to gaps d, (p = 0.281) and mid swing
speed sy (p = 0.913). Tukey’s range tests revealed that there
were significant differences between depth level 0.2 m and
0.4 m and between depth level 0.3 m and 0.4 m on stride
length [; and significant differences between depth level
0.2 m and 0.3 m and between depth level 0.2 m and 0.4
m on stride height hs and foot lifting distance to gaps d;.
Thus, people adjusted their footsteps for gaps with different
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depths.

There were no interaction effects between viewing con-
ditions and depth levels on gait parameters and there were
no significant effects on number of strides ns (p = 0.618)
and number of collisions n. (p = 0.561) between viewing
conditions. The result on number of collisions suggested
that it was equally difficult to avoid collisions with gaps
under stereoscopic viewing and non-stereoscopic viewing
in virtual environments.

5.6 Summary of the Results

Experiment 2 found that the stereoscopic viewing condition
helped people step over gaps more safely as the stereoscopic
viewing condition tended to result in larger stride height
and stride length, which increased the chance to successfully
step over gaps compared to the non-stereoscopic viewing
condition. The stereoscopic viewing condition also enabled
more accurate movements as the foot lifting distance to gaps
was smaller and the foot planting distance to gaps was
larger under the stereoscopic viewing condition. Mid swing
speed was lower under stereoscopic viewing condition than
that of non-stereoscopic viewing condition. No difference
was found on the number of strides and number of col-
lisions between viewing conditions. In addition, people
adjusted their footsteps when they encountered gaps with
different depths. This was shown in terms of stride length,
stride height and foot lifting distance to gaps.

6 GENERAL DISCUSSION

Comparing the results of gait performance on stepping over
obstacles and stepping over gaps, we found that stereo-
scopic viewing increased the number of strides significantly
when stepping over obstacles but did not have a significant
effect on cadence while stepping over gaps. We suspected
that stepping over obstacles was a more stressful and
challenging task than stepping over gaps, hence making
smaller strides increased the flexibility in adjusting footsteps
before stepping over obstacles. Stereoscopic viewing helped
people to make smaller strides to perform more accurate
movements. We also found that for both cases, mid swing
speed was significantly slower under stereoscopic viewing
than non-stereoscopic viewing. This probably meant that
stereoscopic viewing allowed better control of lower limbs,
which resulted in lower mid swing speed. In addition,
stereoscopic viewing shortened the foot lifting distance to
the front of obstacles and gaps and increased the foot
planting distance to the back of obstacles and gaps. This
generally increased the chance to successfully step over
obstacles or gaps, as given limits on the maximum stride
length that a person can make, shortening the lifting dis-
tance to obstacles or gaps makes it more likely to plant
the foot successfully after obstacles or gaps. Finally, we
found that avoiding collision with obstacles or gaps was
equally difficult in virtual environments under stereoscopic
viewing and non-stereoscopic viewing conditions. Although
people were able to make a stride with enough length and
height, the trajectories of their feet may still collide with the
bounding boxes of obstacles or gaps. A probable reason was
that force feedback or other types of feedback, including
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visual or sound, were lacking in the VR system. People
were not aware when their feet collided with the bounding
boxes so it was not possible or necessary for people to make
improvement on their stepping. We opted not to include
feedback into our experiments as we intended to isolate how
stereoscopic and non-stereoscopic viewing conditions affect
gait. We also noted that the effect sizes of the parameters we
studied were generally small.

In addition to treadmills, other walking platforms such
as the Virtuix Omni or the Cyberith Virtualizer could be
integrated with the WISE. These allow people to turn and to
walk with self-selected speed in VR. More complex experi-
mental scenarios can be designed based on these platforms.
On the other hand, several different WIP approaches [2]
[3] [4] [5] [6] [7] [8] [9] [10] [11] have been developed and
they are important for practical VR approaches, it may be
worthwhile to investigate how stereoscopic viewing affects
walking performance with these techniques. As mentioned
in the beginning of the paper, Redirected Walking [12] [13]
introduces a turning factor during locomotion, this also can
be studied in future research.

Matthis and Fajen [34] found that walkers relied on
visibility of the ground at least two steps ahead to locomote
normally. If the visibility is less than two steps, walkers will
have problems in avoiding obstacles. Their experimental
approach was to project color blobs onto floor with different
levels of visibility range in real-time while participants were
walking. For future research, we could conduct a similar
study to examine the effects of occluded visual field on gait
in virtual locomotion by masking the projected image on the
display using the VR paradigm presented in this paper.

7 CONCLUSION

In this paper, we presented two VR walking experiments to
investigate the role of stereoscopic viewing during contin-
uous walking. Our results showed that stereoscopic view-
ing helped people to step over obstacles and gaps more
accurately under constant motion during continuous walk-
ing in virtual environments. A primary implication of the
results is that it reinforces the importance of rendering
stereoscopic images to users during continuous locomotion
tasks in VR. Rendering stereoscopic images to both eyes
requires additional rendering passes from two different eye
positions, and our research showed it is beneficial to render
stereoscopic images despite the additional computational
expenses as stereoscopic images enable users to perform
more accurate walking movements in virtual environments.
As walking in VR is different compared to walking in
the real-world in terms of walking dynamics [24] and the
perception of walking speed [25], further investigation is
required to examine whether the results obtained in our
study apply to real-world scenarios. In addition, we also
found that stereoscopic viewing helped people to lift their
feet higher for obstacles with a height of 0.3 m but had
no effect for smaller obstacles. Further research should
investigate the threshold of the height of obstacles where
stereoscopic vision influences stride height.

To conclude, the current study suggests that providing
binocular cues to VR displays is essential to design VR
systems as binocular cues make stepping movements more
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accurate. One type of VR locomotion game, where this
would be important, requires users to walk or run in virtual
environments while avoiding obstacles using a locomotion
interface for physical exercise or for fun. One can expect that
by using a VR display with binocular cues, such gaming
experience will resemble the experience in the real-world.
This will make VR locomotion games more interesting and
appealing to people.
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