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ABSTRACT

Consumer level virtual experiences almost always occur when phys-
ical space is limited, either by the constraints of an indoor space
or of a tracked area. This observation coupled with the need for
movement through large virtual spaces has resulted in a proliferation
of research into locomotion interfaces that decouples movement
through the virtual environment from movement in the real world.
While many locomotion interfaces support movement of some kind
in the real world, some do not. This paper examines the effect of
the amount of physical space used in the real world on one popular
locomotion interface, resetting, when compared to a locomotion in-
terface that requires minimal physical space, walking in place. The
metric used to compare the two locomotion interfaces was naviga-
tion performance, specifically, the acquisition of survey knowledge.
We find that, while there are trade-offs between the two methods,
walking in place is preferable in small spaces.

Keywords: Virtual Reality, Locomotion Methods, Walking in
Place, Resetting

Index Terms: Human-centered computing—Human computer
interaction (HCI)—Interaction Paradigms—Virtual Reality

1 INTRODUCTION

The ability to successfully navigate through large immersive virtual
environments is critical for the success and widespread adoption
of this technology, yet major challenges with navigation and lo-
comotion interfaces exist [1]. In particular, most users of virtual
environments are confined to a limited physical space in which to
move, but the virtual environments through which they want to move
are usually substantially larger than this physical space. The limits
of physical space are a problem that has been examined for virtual
locomotion interfaces in a variety of contexts [4, 56, 58, 64, 90]. In
this paper, we directly and comparatively examine how the size of
the physical space affects the performance of virtual locomotion in-
terfaces by examining it as a factor when comparing two well-known
interfaces, walking-in-place [21, 65, 70] and resetting [41, 45, 83, 88].

An important question is how to judge whether a locomotion
method works well. Different performance criteria exist by which
a locomotion interface can be designed, tuned, or optimized to
perform well [80]. Common performance metrics include breaks
in presence [44], simulator sickness [18, 19, 38], and judgments
of relative direction [83]. The main applications that drive our
research are motivated by spatial learning and thus we focus on the
acquisition of spatial knowledge as a key performance metric. A
significant body of work shows that the locomotion interface can
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play a key role in the acquisition of spatial knowledge [53, 54, 85,
86]. This research tends to show that walking methods outperform
other methods, e.g., joystick, teleportation, and flying, and that the
addition of body-based motion is important [51]. In this paper we
compare two methods of navigation with the acquisition of spatial
knowledge as our primary performance criterion. Specifically, we
look at how the locomotion method affects the acquisition of survey
knowledge [10, 29], which refers to the knowledge of the straight-
line distances and directions between places defined in a common
frame of reference.

When acquiring spatial knowledge of an environment, people
use information gathered from both external and internal sources
to determine their position and the location of goals. External, or
allothetic cues are aspects of the environment, such as landmarks,
that provide information to the navigator about the layout of the
environment and their position in it. Internal, or idiothetic cues pro-
vide information about self-motion, and include such information
sources as proprioception, vestibular cues, and optic flow. In suffi-
ciently limited physical spaces, all locomotion methods for virtual
environments interfere with idiothetic cues in some way. For exam-
ple, joystick locomotion removes the proprioceptive and some or all
vestibular cues of self-motion [51], depending on its implementation.
Teleportation removes optic flow, proprioceptive cues, and vestibular
cues [9]. Redirected walking can cause conflicts between optic flow
and other idiothetic cues if done in limited spaces [19, 63].

From this point of view, the two locomotion methods we choose to
compare in this paper, walking-in-place and resetting, have certain
advantages. Walking-in-place is a locomotion method in which
walking is simulated using walking-like leg motions in a stationary
position [66]. In our implementation, turning is accomplished by
users rotating their body. This method of locomotion takes only
standing space, and provides some form of vestibular, proprioceptive,
and optic flow cues. Disadvantages of the method are that the
simulated walking motion can be fatiguing and the idiothetic cues
are not completely natural. Regardless, this is a popular locomotion
and has been shown to have reasonable performance in some spatial
knowledge tasks [21, 41, 47, 70]. Resetting is a method that permits
natural walking except when the boundaries of the physical space are
reached, where rotational gains are amplified to turn the user back
toward the center of the space in discrete resetting motion. Thus,
this method of locomotion interferes with vestibular cues when the
reset occurs. Its advantage is that it permits natural walking outside
of these resets and is naturally amenable to modification of the
walking area. Its disadvantage is that there is an interruption in the
locomotion that can incur a cognitive cost or a break in presence.
While this cognitive cost has not been quantified in any prior work
of which we are aware, this locomotion has also been shown to have
reasonable performance in spatial knowledge tasks [83].

In particular, both resetting and walking in place have previously
been evaluated in terms of the acquisition of survey knowledge for a
fixed space [41]. Specifically, Paris et al. [41] compared resetting
and walking in place in 4 m x 4 m space. That paper discovered
that resetting outperformed walking in place in terms of how well
users acquired survey knowledge. But, of course, walking in place
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methods require significantly less space than that to work, essentially
only requiring comfortable standing space. Thus an open question
is how resetting would perform when the available space is smaller,
and that is the primary research question we address in this paper.

Survey knowledge, among other types of spatial knowledge, al-
lows the planning of independent routes of travel, that is, inde-
pendent navigation [13, 69]. People’s ability to navigate, however,
varies among individuals and depends on different skills and cogni-
tive processes [24, 29, 79]. We are interested in how these individual
differences might be affected by the choice of locomotion method
and by the surrounding environment (amount of space) that a lo-
comotion interface operates in. This is a concern particularly for
resetting, as Williams et al. [83] noted that there was a cognitive cost
to resets. It is possible that a reset represents interference in people’s
ability to acquire the directional component of survey knowledge.
Resetting could interfere in other ways, as well, since people might,
for example, infer distance information from the breaks that occur
when a reset happens. Likewise, walking in place methods deprive
the user of vestibular information that has been found to be impor-
tant in navigation [11,41], but do provide body-based cues [12]. It is
possible that some individuals are able to use body-based cues more
effectively in navigation than others. Thus, an additional research
question we seek to answer is how we can assess and understand indi-
vidual differences that occur when using these locomotion interfaces
and environmental constraints.

To answer these questions, we designed a between groups user
study where participants first learned a locomotion interface, walking
in place or resetting, and then learned the layout of a virtual maze
that was larger than the physical space available to them. There were
three groups who used the resetting interface, walking in a 2 m x 2
m space, a 3 m x 3 m space, or a 4 m x 4 m space, respectively, and
one group using the walking in place locomotion interface. After
learning the spatial layout of the maze, participants were tested on
their knowledge of directions and straight line distances within the
maze. This experimental paradigm for assessing the acquisition of
survey knowledge is based on one used by Chrastil & Warren [12].
We also assessed participants using a self-reported measure of sense
of direction [25], a test of spatial working memory [30], a test of
ability to imagine spatial transformations [72], and measured self-
reported simulator sickness [17]. Our results show that individuals
can acquire survey knowledge using both locomotion interfaces in
all spaces, but that performance of resetting in the 2 m x 2 m and 3
m x 3 m physical spaces is significantly worse than walking in place.

This paper therefore makes the following contributions. To our
knowledge, this paper is the first to use physical space as a factor in
comparing the performance of the resetting locomotion interface to
walking in place. The paper is also the first to establish the effect
of individual differences on these locomotion interfaces. These
findings can provide direct guidance on when to use a walking
interface versus a standing only interface. Theoretically, it provides
some insights into the significance of body-based cues compared to
proprioceptive ones, which has been the topic of significant study in
virtual environments [9, 20, 51, 52].

In Section 2 we review related work. Section 3 describes the
experimental protocols and design approaches. In particular, we
describe the specific implementation details of our locomotion meth-
ods in Section 3.3. To preview, the first locomotion method is the
walking in place algorithm taken from Hanson et al. [21]. We im-
plemented the basic walking in place method for the Oculus Go.
Walking in place works by inducing forward motion when a step is
detected. The specific resetting method uses the algorithm from Paris
et al. [41] and is a variant of the 2:1 resetting method of Williams
et al. [83]. It was adjusted only to fit into one of three spaces (see
Section 3.4). Section 4 describes our performance measures and
Section 5 presents the results of the experiment in terms of these
measures. Finally, Sections 6 and 7 critically discuss these results

and conclude.

2 RELATED WORK

This section discusses prior research on locomotion interfaces, spa-
tial learning, and the impact of individual differences, placing the
present research in context.

2.1 Locomotion Methods
There is a large volume of literature on locomotion methods for
navigation throughout immersive virtual environments [1]. Some
of these works facilitate natural walking [28, 49, 83, 84], while oth-
ers simulate walking [70, 91], or use more abstract metaphors for
locomotion [22, 31, 60]. Each method has its advantages and dis-
advantages, which requires developers to carefully consider them
before implementation. Factors like room size and layout [3], track-
ing and input technology, the virtual environment [35], performance
metrics, etc. dictate which locomotion method is most appropri-
ate. Performance metrics such as breaks in presence [44], simulator
sickness [19], and judgments of relative direction [83] can all re-
veal the success of the locomotion method used. In some cases,
locomotion methods can be improved with machine learning imple-
mentations [58]. The two locomotion methods that we focus on in
this work are resetting and walking in place.

Overt manipulation of a user’s rotation when navigating about a
virtual environment has been shown to be tolerable [33, 48], which
has allowed for the development of resetting. In this methodology,
users are reoriented away from objects and boundaries in order to
stay within a tracked space. Visual cues can dominate proprioceptive
and vestibular cues when in conflict [34], and this allows reorien-
tation to be believable and natural. Several works have shown that
resetting can be successful without being perceptible [44, 50, 83],
but sometimes not without some cognitive cost [83].

Another locomotion method for navigating about a virtual envi-
ronment is walking in place, which uses proprioceptive information
from the action of walking to translate the user. To detect walking,
information is taken from head [70], arm [85], and leg [71, 81, 86]
motion. There are several studies that have found walking in place
to be better at eliciting presence from users than joystick-based mo-
tion [44, 45, 61, 62] along with better spatial ability [43, 51, 54, 55].

2.2 Spatial Learning
Theories of how people acquire spatial knowledge have proposed at
least three forms of how space is represented mentally [59]: land-
mark knowledge, that is, knowledge of visual structures that can
help people orient themselves; route knowledge, the memory of a
sequence of locations and environmental features that comprise a
navigable path; and survey knowledge, metric knowledge of straight
line distances and directions between locations in space. A fourth
type of knowledge, graph knowledge, quasi-metric information of
paths and their approximate lengths and angles, also seems to be
learned [13,15,75]. Survey knowledge implies the cognitive develop-
ment of a survey map of landmarks in an environment (i.e., one with
distance and directional information). One attains this knowledge
through experience; when familiarizing oneself with an environment
one gains knowledge about the distances along previously traveled
paths, and through the process of path integration, acquires knowl-
edge about the directions and distances between landmarks. Survey
knowledge is considered the highest and most complete form of
knowledge one can attain about an environment [59].

There is a large amount of literature that looks at active and
passive spatial knowledge acquisition in immersive virtual envi-
ronments, and most of it is concerned with how body-based cues
facilitate spatial learning [11, 12, 16, 46, 73, 74]. Typically, active
learning facilitates better knowledge acquisition in these environ-
ments when both translational and rotational body-based cues are
provided. There is a cluster of work that looks at how different
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locomotion methods affect spatial knowledge acquisition. Paris et
al. studied the difference in survey knowledge acquisition between
resetting and walking in place locomotion methods to find that re-
setting outperforms walking in place in a fixed resetting area [41].
Continuous methods of walking are the most beneficial to acquiring
survey knowledge [42, 89], and dyads have been shown to acquire
survey knowledge better than individuals in immersive virtual envi-
ronments [7]. This work builds upon the work of Paris et al. [41] by
examining the performance of those locomotion methods with the
physical space is flexible.

2.3 Individual Differences
Cognitive psychologists have shown that individual differences con-
tribute to spatial ability, and it takes some individuals longer than
others to acquire accurate spatial knowledge [24]. There is evidence
that genders differ in spatial learning. Many studies have found men
to perform better than women in sense of direction tasks [8, 27].
Another predictor of spatial ability is self perception of spatial abil-
ity. People are accurate at reporting their own spatial abilities, and
thus several questionnaires have been developed to capture this like
the Santa Barbara Sense of Direction Scale (SSBOD) [25] and the
Philadelphia Spatial Abilities Scale (PSAS) [23]. Various cultural
differences can also lead to a difference in spatial ability. For ex-
ample, there are some languages that do not have or use words for
lateral direction, but rely primarily on cardinal directions [77].

Cognitive skills, like one’s ability to visualize an environment,
can be a predictor of spatial ability. A test to determine one’s spatial
visualisation ability is the Mental Rotation Task (MRT) [72]. The
MRT correlates with spatial knowledge acquisition, or with the
development of survey knowledge. Additionally, learning strategy is
an important component of spatial ability. Work has shown that the
application of visual or verbal strategy predicts the level and type of
spatial knowledge acquired [32]. Verbal strategy results in stronger
landmark knowledge, while visual strategy results in higher survey
knowledge. It has also been shown that individual differences affect
the way additional spatial information (i.e., the inclusion of a map)
is used [57].

Likewise, there are significant individual differences in working
memory, and working memory is necessary to transform spatial
cues into a valid spatial representation [87]. To assess the impor-
tance of working memory, we administer a Corsi block tapping test
(CORSI) [30], a test for measuring the visuo-spatial working mem-
ory span. The task involves tapping blocks in the sequence in which
they appeared on a computer display, much like the game ‘Simon’.
Spatial working memory is known to be important in navigation [5].

3 EXPERIMENT

In this experiment, we evaluate two locomotion methods in different
sized tracking spaces by measuring spatial knowledge acquisition
and individual differences. Based on our research questions, we
developed three hypotheses that we have for this experiment:

H1: Walking in place will result in the lowest angular error. Ad-
ditionally, when resetting, as the size of the tracked space
decreases, the angular error will increase.

H2: An increased number of resets will lead to increased simulator
sickness.

H3: All three individual difference questionnaires (MRT, SBSOD,
and CORSI) will be predictive of navigation performance.
Individuals with higher scores will perform better.

We hypothesize H1 based on extrapolating the results of Paris
et al. [41]. That work did not find a significant difference between
walking in place and resetting in a 4 m x 4 m area. We will use an
improved walking in place algorithm (described in the following),

and smaller spaces, which should increase the cognitive costs of
resetting. Next, in small spaces, people will be performing resets
quite frequently, and these resets require them to turn in a virtual
environment. While virtual reality equipment has improved signif-
icantly and latencies are now small, we believe that the increased
turning caused by smaller spaces will lead to a measurably higher
amount of simulator sickness, hence H2. Finally, as described in
the following, we believe that there are individual differences in
people’s ability to use locomotion interfaces, even with training. We
believe that this experiment has the experimental power to detect
those differences, and the measures we have described have been
used in the real world studies just for this purpose. This reasoning
leads us to H3.

3.1 Participants
We completed an a priori power analysis with G Power1 using
variances from prior work [40] to determine the sample size required
for our experiment. To obtain a medium effect size (Cohen’s d = 0.3)
we used an alpha error probability α = 0.05, and power β = 0.8. We
determined that 104 subjects (26 per condition) would be sufficient.

We recruited subjects from our city between the ages of 18-
25. This was a between subjects study, thus 140 (58 men, 82 women)
subjects between four conditions participated and were compensated
$15. All subjects who entered VR were included in the simulator
sickness portion of the experiment. Twenty-five subjects dropped
out before completion of the experiment and were excluded from
part of the analysis. Eleven subjects had to be excluded from part of
the analysis due to computer errors. Conditions were balanced so
that 26 subjects completed each of the four conditions and subjects
were assigned their condition randomly.

3.2 Equipment
The environment was developed in Unity and based on the maze
developed by [12]. An Oculus Go head-mounted display (HMD)
provided visual information to subjects. The resolution in each eye
is 1280 x 1440 with a refresh rate of 60 Hz. The field of view of the
Oculus Go was at least 110◦. We tracked position in two ways. In all
conditions we tracked subjects using a WorldVIZ Precise Position
Tracking system, which allowed us to provide 6DOF tracking. The
physical space was roughly 6 m x 5 m and the tracked space was
5 m x 5 m. We placed foam interlocking mats on the floor to mark
off the 5 m x 5 m space, which ensured subjects could not walk into
a wall. For one of the four conditions, walking in place, we used
the IMU of the Oculus Go to detect vertical linear acceleration. To
allow subjects to interact with the experiment, they were given an
Oculus Go controller.

3.3 Locomotion Methods
Both of our locomotion methods are based on prior implementations.
Here we describe specific implementation details.

3.3.1 Walking in Place
The walking in place method used in this paper is a body-based
turning method, with turning facilitated by head rotation [21]. We
take data from the inertial measurement unit (IMU) of the Oculus
Go to determine head motion. This method is similar to how a
pedometer works by using a pattern analysis technique that detects
repeating motions that can be assumed to be steps. In this instance,
we extract the up and down acceleration of the user’s head to impart
motion in the direction of the user’s gaze. For this method, walking
is divided into two repeating states. We say that a subject is in
motion when the magnitude of the upward acceleration is greater
than 0.1 m/s and not stepping otherwise. We make the assumption

1https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-
psychologie-und-arbeitspsychologie/gpower.html
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that the average walking speed is 1.65 m/s with each step taking 0.5
s. If a cessation in walking occurs, the speed decays to zero, and
the time constant for this decay is 0.2 so that the change in speed
is subtle but noticeable. While the optic flow and motion do not
stop immediately, they do stop within about 0.5 s of a user stopping.
This “hand-tuned” version of walking in place was found to perform
well in Hanson et al. [21] in terms of minimizing the latencies
of the response. It has some computational advantages over their
convolutional neural network implementation. One issue that can
arise with walking in place methods, called unintended positional
drift, occurs when people move (or drift) due to the simulated leg
motions of the locomotion method [6, 39, 82]. The drift can be
sufficiently large that users reach the boundary of available space.
To solve this problem, we placed a cardboard sheet (approximately
0.75 m x 0.75 m) on the floor, and told users to stay on that while
walking in place. If they began to drift off it, they could easily
correct their position.

3.3.2 Resetting

When a boundary in the environment is encountered, resetting is
activated. During resetting, the rotational gain is adjusted, causing
the world to rotate around the user at a faster rate. Our resetting
algorithm was initially developed by Williams et al. [83] and Xie
et al. [88], and is deigned so users do not notice the manipulated
rotational gain. Users are required to walk, and thus from self
motion they receive full idiothetic cues. There are two phases in this
locomotion method: traditional walking and reorientation. During
traditional walking, there is no modification made to the orientation
or the position of the user. The reorientation phase occurs when
a user reaches the physical boundary of the tracked space. Unlike
the method developed by Williams et al. [83], which implements a
rotational gain of 2, our algorithm dynamically adjusts rotational
gains, resulting in fewer resets. To dynamically adjust the gain,
when reorientation is initiated, the rotational gain of the system
is calculated so that a virtual turn of 360◦ is equivalent to a real
turn toward the center of the tracked space. Subjects believe they
have successfully completely turned around and have maintained
the correct heading while they have been turned away from the
boundary of the tracked space. Additionally, during this phase we
used a feather distractor, following Peck et al.’s [44] method. Our
distractor appeared and disappeared. Even though this was found to
be a cause of complaint in that work, we decided to use this approach
given the frequency at which resets were likely to happen in our
experiment.

3.4 Tracked Spaces

The four conditions in this experiment corresponded to four differ-
ently sized tracking spaces: 4 m x 4 m, 3 m x 3 m, 2 m x 2 m, and
1 m x 1 m (standing space), which we will refer to as 4 x 4, 3 x 3,
2 x 2, and 1 x 1 throughout the rest of the paper. For the largest
tracking space, we thought that a 4 m x 4 m space was close to the
largest open space that is reasonable to expect for use in most homes.
While a slightly larger tracking space would have been possible in
our laboratory, we wanted to test our methods with this idea of home
use in mind. Before we conducted the study, we informally piloted
the smallest tracked space (1 x 1) with our lab members to determine
if it was possible to employ resetting. Piloting showed that resetting
in a 1 x 1 space was too difficult — users would take about one step
before each reset occurred and it was too distracting and unusable
— so we determined that we could only use walking in place in that
space. In the other three spaces we used the resetting locomotion
method. Table 1 has complete details on the conditions, tracked
space, and locomotion method used in each part of the experiment.
Section 3.6 describes the testing phase of the experiment.

Condition Training Learning Testing
WiP WiP WiP Resetting (4 m x 4 m)
4x4 Resetting (4 m x 4 m) Resetting (4 m x 4 m) Resetting (4 m x 4 m)
3x3 Resetting (3 m x 3 m) Resetting (3 m x 3 m) Resetting (4 m x 4 m)
2x2 Resetting (2 m x 2 m) Resetting (2 m x 2 m) Resetting (4 m x 4 m)

Table 1: The four conditions in this study as well as the locomotion
method (and tracked space if applicable) in each of the three VR
phases of the experiment.

Figure 1: Top-down view of the environment used in the practice
phase of Experiment 1. There are four objects for the subject to find
and four landmarks (paintings).

Figure 2: Top-down view of the environment used in the learning
phase of Experiment 1. There are eight objects for the subject to find
and four landmarks (paintings) to facilitate learning.
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Figure 3: This figure shows the well as would be seen by subjects
during the orientation phases of the experiment.

3.5 Environment
Our environments are identical to those used in Paris et al. [41].
There are three distinct environments in which subjects were im-
mersed: a training (Figure 1) and learning (Figure 2) maze, and an
assessment environment (Figure 4). The training maze was roughly
6 m x 6 m. This maze was used to allow subjects to train in the
appropriate room size. The learning maze was roughly 10 m x 10
m. In this maze, subjects were instructed to learn spatial relations
amongst eight objects (a car, snowman, phone booth, table and chair,
clock, treasure chest, guitar, and well) that were contained within the
maze. There were four landmarks – paintings – that were present to
aid subjects in learning the overall layout of this maze. A first-person
view of this maze is also shown in Figure 3, with one of the eight
objects present. Due to the geometry of this maze, subjects were
unable to see the other objects when they were located near one
of the objects (i.e., they could not see two objects simultaneously).
The final environment, the assessment environment, is presented to
subjects in the final phase of the experiment. The purpose of the
textured ground plane provided in this environment is to provide
ocular flow to allow subjects to get a sense of distance travelled
during the assessment phase.

Figure 4: At the beginning of the testing phase subjects are informed
of the target object via a heads up display. This disappears shortly so
as not to distract the subject during walking.

3.6 Navigation Task
The navigation task was the same employed in Paris et al. [41]. First,
subjects were given instructions on how to locomote and navigate
about the environment. In the first phase of the experiment, subjects
were placed in the training maze (See Figure 1), and were required

to explore the maze for five minutes so they could familiarize them-
selves with the locomotion method. They were required to utilize
the full five minutes, as we wanted to be sure that subjects were con-
fident and competent in their ability to complete the study. After the
training phase, subjects were taken out of VR and were given instruc-
tions on how to complete the next phase of the experiment. In this
second phase, subjects were placed in a second maze (See Figure 2)
in which they were told they should explore and try to remember the
relative locations of objects since they would be required to recall
them later. They were given 10 minutes to freely explore and learn
the layout of this second maze. Once subjects had explored for the
allotted time period, subjects began the assessment phase. In this
phase, subjects were placed in a Vornoi textured environment and
were given their next set of instructions. Subjects who learned in the
walking in place condition were also given instructions on resetting.
We note that, in both mazes, subjects were unable to walk through
the walls as we had enabled collisions.

In the final assessment, or testing, phase, subjects experienced a
series of trials in which they were told to navigate to the locations
of different objects from various locations in the maze. To begin
each trial, subjects pressed the button on the Oculus Go and were
placed in the learning maze directly in front of one of the objects.
In this phase, subjects could turn to orient themselves but could
not translate. Thus, they were unable to navigate about the maze
during orientation, and could not see any of the other objects in
the maze from their viewpoint. It was important for subjects to
see the maze in order to gain context about the direction they were
facing, and the additional information provided by the maze was
only enough to re-establish that orientation. Once oriented, subjects
pressed the button again and were placed once again in the Voronoi
textured environment. They were given the name of an object to
which they were required to navigate via a heads-up display (see
Figure 4). Subjects were instructed to walk to the named object in
a straight line. This ensured that the path subjects walked was a
novel shortcut. At the conclusion of each trial, subjects indicated
that they had reached the target object by again pressing the button a
final time. To reduce potential variance, the location of the subject
was the center of the tracked space. Subjects were not given any
feedback about their performance in the testing phase. In total,
subjects completed forty trials, which consisted of five repetitions of
eight pairs of objects.

The testing phase was conducted in a 4 m x 4 m space and used
the resetting locomotion method. It was important that the locomo-
tion method for testing survey knowledge be kept constant across
each condition during testing, so that any differences between groups
could be attributed to the learning phase of the experiment. Ideally,
we would have used natural walking for this phase, but our lab is
not large enough to support this. Note that our primary performance
metrics are directions and straight line differences. Direction, or
heading, would not be affected by the choice of locomotion method,
but straight line distances might be, a shortcoming of the method
used in Paris et al. [41]. This method of testing removes that diffi-
culty.

4 MEASURES

This section describes the quantitative and qualitative measures we
used to evaluate the performance of the locomotion interfaces in the
differently sized areas.

4.1 Individual Difference Measures

Prior to the experiment participants completed a number of tests to
detect individual differences. Specifically, participants completed
the MRT [72], the CORSI Block Tapping Test [30], and the SB-
SOD [24].
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4.2 Angular Error
A measurement that we acquired during the testing phase of the
navigation task was absolute angular error. Angular error helps
to determine how well participants are able to determine relative
direction and is the equivalent to a classic pointing task [36]. The
direction participants walk from one location to a target object mea-
sures configural knowledge without respect to scale, and represents
the difference in the angle that the user is facing and the angle at
which the object is located is measured after 1 m of walking. This
was done to make sure that the heading was calculated by actual
displacement and not neccesarily facing direction, it also ensured
that this measurement would be independent of the method of walk-
ing. The angular error gives a measure of how well participants have
learned the direction component of survey knowledge.

4.3 Distance
We also acquired the straight line distance that participants thought
separated the origin object from the destination object, the second
component of survey knowledge. Our measurement was actually a
proxy for the true distance that participants thought separated the
objects, since it was mediated by the resetting locomotion interface.
We could not acquire the actual distance using a technique like blind-
walking [14, 68] because the virtual environment exceeded the size
of our laboratory.

4.4 Simulator Sickness
To assess the undue simulator sickness caused by each of the four
conditions, we measured the discomfort induced as in Fernandes
& Feiner [17]. During the learning portion of the experiment (see
Section 3.6), which lasted 10 minutes, every minute participants
reported their current level of simulator sickness on a scale from
1–10. A baseline measurement was taken at the beginning of the
learning phase immediately following the participant donning the
HMD.

4.5 Post-Test
After completing the experiment participants completed a post-test
questionnaire designed to determine if they were able to notice
the manipulated rotation. Each participant was then interviewed
and asked questions regarding the rotation of the environment and
strategies for exploring, learning, and recalling the environment. We
were interested in seeing if participants could detect the rotation
induced from resetting and asked various masking questions to
ensure they did not know our intent. The questionnaire can be seen
in Table 2. The questions were presented as a Likert scale from 1
to 5. The interview was semi-structured and questions were asked
based on the responses to the questions in Table 3.

1 I felt like the virtual world was turning
2 I saw the virtual world get smaller or larger
3 I saw the virtual world flicker
4 I was getting bigger or smaller
5 I saw the virtual world get brighter or dimmer
6 I felt like I was turning when I wasn’t

Table 2: Post test questionnaire presented to each participant. Ques-
tions 3-6 were masking questions and all 6 questions were presented
in a random order.

5 RESULTS

We analyzed our results using a between groups ANOVA at the
5% significance level, and t-tests with Bonferroni correction for our
pairwise comparisons. We additionally conducted Pearson correla-
tions to analyze the effect of any covariates. All assumptions for the
ANOVA were confirmed or corrected in SPSS.

1 Did you notice anything unusual about the environment?
2 How did you go about exploring the environment?
3 What was your strategy to learn the objects?
4 What was your strategy to recall the locations of the objects?
5 How did you decide how far to walk?
6 Did you use the resetting intervention to measure distance?

Table 3: Post test interview presented to each participant. Followup
questions were asked based on responses to each question in this
table.

5.1 Angular Error
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Figure 5: This chart shows the estimated marginal mean angular error
in each of the four conditions and the standard error of the mean.

A 4 (condition) x 2 (gender) ANOVA on absolute angular error
with covariates of MRT, CORSI, SBSOD, and simulator sickness
revealed a main effect of condition (F(3,92) = 2.742, p = .048)
and SBSOD (F(1,92) = 10.31, p = .002). Post test comparisons
revealed significant differences between the walking in place (M =
50.0◦, SE = 4.0) and 2 x 2 (M = 64.7◦, SE = 4.0) conditions, as well
as the 3 x 3 (M = 62.3◦, SE = 4.2) and walking in place conditions,
but not between the 4 x 4 condition (M = 54.5◦, SE = 4.2) and other
conditions. The walking in place condition resulted in significantly
better configural knowledge than those (3 x 3 and 2 x 2) conditions.
These results can be seen in Figure 5. These findings confirm our
first hypothesis H1, that angular error was lowest during the walking
in place condition.

Mean Median
SBSOD 3.953 4.000

MRT 28.09 27.00
Corsi 6.722 6.333

Table 4: Mean and median SBSOD and MRT scores among all partic-
ipants

We performed a correlation analysis on our dependent measures
and covariates and found several significant correlations. Angu-
lar error was significantly correlated with both MRT scores (r =
−.211, p = .032) and SBSOD scores (r =−.386, p < .001). MRT
scores were also correlated with SBSOD scores (r = .290, p = .003)
and CORSI scores (r = .306, p = .002). Refer to Table 5 for the full
correlation analysis and to Table 4 for mean and median individual
difference scores among subjects in this experiment.

5.2 Distance
We conducted a 4 (condition) x 2 (gender) ANOVA on normalized
traveled distance between targets with covariates of MRT, CORSI,

���

Authorized licensed use limited to: Vanderbilt University Libraries. Downloaded on March 31,2023 at 18:33:44 UTC from IEEE Xplore.  Restrictions apply. 



Figure 6: Mean ratios of distance walked to true distance across each
condition.

SBSOD, and simulator sickness. The distance traveled by a partici-
pant was divided (normalized) by the true distance between the start
location and target to provide a basis for comparison over trials. The
means for these ratio are shown in Figure 6. The ANOVA revealed
a main effect of condition (F(3,92) = 6.57, p < 0.001). Post test
comparisons revealed significant differences between the walking in
place condition (M = 0.71, SE = 0.11) and all resetting conditions
(2 x 2: M = 1.34, SE = 0.11; 3 x 3: M = 1.27, SE = 0.12; 4 x
4: M = 1.19, SE = 0.12). Participants underestimated the distance
between targets using walking in place, and overestimated it using
resetting. No covariates were significantly correlated with traveled
distance (see Table 5).

Direction Distance SBSOD MRT CORSI SSQ
Direction 0.010 -0.386 -0.211 -0.189 0.030
Distance 0.023 0.141 0.082 -0.150
SBSOD 0.289 0.109 0.044
MRT 0.306 -0.001

CORSI 0.030
SSQ

Table 5: Correlations between dependent measures and the individual
differences measured in this experiment.

5.3 Simulator Sickness
To analyze the simulator sickness scores given, we performed an
ANOVA with two factors (gender and condition) with three covari-
ates (MRT, CORSI, and SBSOD). This analysis revealed no main
effects of either factor, nor did it reveal an effect of time. Subjects
did not in general show an increase in simulator sickness in any of
the conditions. There were, however, a number of subjects who did
feel sick enough to withdraw from the experiment. The dropout
rate was 18%, but condition did not seem to affect the number of
dropouts as shown by Table 6. A dropout rate of 18% seems higher
than in other locomotion studies, and some aspect of our experiment
may have led to a higher than normal dropout rate.

Condition Dropouts
WiP 6
4x4 5
3x3 7
2x2 7

Table 6: Number of dropouts due to simulator sickness occurring in
each of the four conditions.

5.4 Questionnaire Responses
Nearly every participant (92%) noticed that something was occurring
during the resetting locomotion method. Many of those subjects
reported that they noticed something because they walked much
further than was reasonable in the physical environment. A few
(15%) remarked that they used something external to the virtual
world to determine what was going on. For example, some employed
a strategy such as turning exactly 90◦ twice to realize they were only
turning halfway around. There did not seem to be any differences in
how quickly subjects realized an intervention was occurring based
on resetting condition.

Most participants attempted to explore the maze in one of two
ways. Many tried a gridlike approach by trying to explore the length
of the maze, turn, and then quickly turn again to walk a parallel path.
Others tried to explore the entire perimeter and then explore the
inner corridors of the maze. When reporting how they memorized
object locations, subject reports were split between egocentric and
allocentric representations, with egocentric being more common
overall. However, there was no difference in the split between condi-
tions. Many subjects had to be given examples of strategies in order
to explain what strategy they used. Interestingly, some subjects used
the feather not as an indicator of where an object was located, but
to aid in knowing the distance they had walked. Subjects indicated
that for long distances they would expect multiple interventions, and
tried to stay consistent in the number of interventions among similar
paths.

6 DISCUSSION

Our primary finding regards the acquisition of survey knowledge.
When we examine the directional component of survey knowledge,
we found that participants performed significantly worse in the 2
x 2 and 3 x 3 spaces using resetting than when they locomoted in
the 1 x 1 space using walking in place. This finding is interesting
as it places a lower bound on the size of the space that resetting
is good for, a finding that we believe is novel and important. In
terms of angular errors, walking in place and resetting in the 4 x 4
space were not significantly different. Our angular errors appear are
roughly consistent with those of Paris et al [41]. That paper found
equivalence between their walking in place method and resetting
in a 4 x 4 environment. We believe this demonstrates the cognitive
interference that resets generate on acquisition of straight line direc-
tions as a component of survey knowledge. We conjecture that as
the number of resets decreased even further, the performance would
continue to improve. This result, if true, would argue that the use of
resets in redirected walking methods [26] does not seriously impact
performance. The use of resets for edge conditions seems sensible
and has been employed in several contexts [2, 4, 58].

Additionally, participants who had higher scores on the SBSOD
questionnaire had significantly lower angular errors. Likewise, par-
ticipants who scored higher on the MRT also had significantly lower
angular errors. These results are broadly consistent with studies of
real world navigation [76, 78]. Both MRT and SBSOD scores were
positively correlated. Interestingly enough, MRT scores are known
to have strong gender biases [67], but our navigation performance
showed no significant effects of gender, unlike many real world
studies of navigation performance [37]. The correlations between
SBSOD and MRT scores occurred across all sub-groups, indicating
that increased SBSOD and MRT scores led to lower angular errors
for both users of resetting and users of walking in place. Moreover,
the size of the resetting area did not seem to affect this.

The MRT measures smaller scale abilities to make object-based
spatial transformations [72], while the SBSOD assesses larger scale
spatial abilities. The SBSOD has been shown to correlate well with
performance in navigation [25,76]. Both measures were significantly
correlated with performance in both methods of locomoting through
the virtual environment. Some prior work has shown differences
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between small and large scale spatial abilities in navigation [24],
but we did not find that in the present study. These findings suggest
that it may be helpful to provide people with lower scores on these
tests scaffolding or additional training in the interface if navigational
success is an important measure.

For the distance component of survey knowledge, we found a
significant effect of condition in that distance estimated by the partic-
ipants who learned the maze using walking in place was significantly
less than those who learned it using resetting, regardless of the size of
the resetting area. The mean distances using resetting in the learning
phase were all overestimated, a result consistent with the finding of
Paris et al. [41]. The mean distances using walking in place between
the present work and Paris et al. are likely different, since in the
present case the mean distance is underestimated, whereas in Paris et
al. it was overestimated. We believe this difference is due to the dif-
ference in testing methods, and that people have difficulty estimating
distance based on optic flow alone, in the absence of any allothetic
cues. One possible reason for the underestimation is the walking
in place participants were not trained in resetting, so there was a
difference in their learning interface and testing interface. However,
we designed the experiment this way intentionally, since prior work
has shown that walking in place users are poor at estimating how
far they have travelled using a walking in place interface [40]. In
designing the experiment we felt that introducing two locomotion in-
terfaces to participants or to a subset of participants would have been
confusing. Note that Hanson et al. [21] was able to show that users
of walking in place could travel an estimated distance reasonably
accurately in the presence of a rich virtual environment; however,
our prior work [40] demonstrates that users of walking in place need
these visual cues and cannot demonstrate distance accurately in an
environment such as is shown in Figure 4. Thus, we conjecture that
if the testing phase used real walking (as in Hanson et al.), users
would have performed similarly. Post test surveys revealed that some
users used the resetting distractor, a feather, as a distance estimate,
and we did not foresee this. The presence of the distractor could only
be loosely associated with distance information, as it depends on
the position of the user within the tracked space. Thus, the inability
to comparatively test the distance component of survey knowledge
in a better way (such as with real walking) should be viewed as a
limitation of our experiment.

Participants who completed the experiment did not exhibit any
undue symptoms of simulator sickness, either using our simulator
sickness evaluation based on the method of Fernandes & Feiner [17]
or in post test reports. However, 25/140 subjects withdrew from the
experiment before it ended, giving us a dropout rate (18%) that is
higher than other user studies we have run. As described in Table 6,
though, the dropout rate seems balanced across conditions, so it is
difficult to conclude anything from this.

Future work in this area could explore the the impact of training
upon a locomotion interface and how individual differences affect
the amount of training needed and the resulting performance of the
interface. A large body of work emphasizes the effect of individual
differences upon navigation performance in the real world, yet this
has not had substantial impact upon the design of locomotion inter-
faces for virtual environments. Building broad profiles of categories
of users and how they would perform at navigation and wayfind-
ing in virtual environment could be helpful for the future design of
locomotion interfaces. Assessments such as have been done here
to further types of interfaces would be insightful as to impacts that
the interfaces have for different types of users. Another area for
future investigation is to expand the space used by the resetting
technique to a larger area and assess its performance against walking
in place or other standing space locomotion methods. The data from
our experiment are suggestive that the angular errors from resetting
might continue to decrease and that a larger space, e.g., 5 m x 5 m
or 6 m x 6 m, resetting would outperform walking in place. Modern

commodity hardware, such as the HTC Vive’s most recent base
stations and the Oculus Quest 2, support such tracking spaces.

7 CONCLUSIONS

In this paper we compared walking in place to resetting when the
walkable area for resetting was constrained to small areas. Since
the resetting method was proposed [83] it has been known that
there was a cognitive cost to resetting, but this paper is the first
to our knowledge to quantify that cost by showing that resetting
performs worse in small areas than a standing space locomotion
method. Our performance metric for comparison was to judge how
well users could acquire survey knowledge of a space when using
the locomotion interface, a method that has been applied to judge
locomotion interfaces before [41]. Additionally, this work is the first
analysis of the relationship of individual differences (e.g., ability to
perform spatial transformations of objects and self-reported ability
to navigate) and navigation performance in the resetting and walking
in place locomotion methods. These types of findings can provide
useful information on how to improve locomotion interfaces as they
are built for more general populations of users.
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