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Abstract

Past studies suggest that learning a spatial environment by navigating on a desktop computer can
lead to significant acquisition of spatial knowledge, although typically less than navigating in the
real world. Exactly how this might differ when learning in immersive virtual interfaces that offer
a rich set of multisensory cues remains to be fully explored. In this study, participants learned a
campus building environment by navigating (1) the real-world version, (2) an immersive version
involving an omnidirectional treadmill and head-mounted display, or (3) a version navigated on a
desktop computer with a mouse and a keyboard. Participants first navigated the building in one of
the three different interfaces and, afterward, navigated the real-world building to assess information
transfer. To determine how well they learned the spatial layout, we measured path length, visitation
errors, and pointing errors. Both virtual conditions resulted in significant learning and transfer to the
real world, suggesting their efficacy in mimicking some aspects of real-world navigation. Overall,
real-world navigation outperformed both immersive and desktop navigation, effects particularly pro-
nounced early in learning. This was also suggested in a second experiment involving transfer from
the real world to immersive virtual reality (VR). Analysis of effect sizes of going from virtual condi-
tions to the real world suggested a slight advantage for immersive VR compared to desktop in terms
of transfer, although at the cost of increased likelihood of dropout. Our findings suggest that virtual
navigation results in significant learning, regardless of the interface, with immersive VR providing
some advantage when transferring to the real world.
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1. Introduction

Many studies on the cognitive and neural basis of human spatial navigation
involve virtual environments (VEs) rendered on desktop computers. A lim-
itation of these studies is that they provide a limited approximation of the
wealth of multisensory cues available during real-world navigation. Specifi-
cally, free ambulation involves critical body-based cues not represented during
virtual reality (VR) navigation with a joystick on a desktop computer: cues
derived from body turns and movements that displace fluid in our vestibular
system (termed here ‘vestibular cues’) and also affect sensory receptors and
proprioceptors in our body, particularly our legs (termed here ‘proprioceptive
cues’) (Loomis and Beall, 1998; Starrett and Ekstrom, 2018). Vestibular in-
put, though, is critical to our representation of bearing and acceleration, with
lesions to the vestibular nuclei in both rats and humans significantly impairing
navigation (Brandt et al., 2005; Russell et al., 2003; Taube et al., 2013; Vale-
rio and Taube, 2012). Similarly, although less well researched, proprioceptive
cues associated with moving our legs and feet are important for estimating
our velocity and turning angle (Loomis and Beall, 1998) and successful navi-
gation more generally (Chrastil and Warren, 2013; Gallistel, 1990; Matthis et
al., 2018). In particular, the somatosensory responses of the feet are critical
for estimating gait and other important aspects of movement in space, such
as orientation (Lackner and DiZio, 2005; Matthis et al., 2018; Visell et al.,
2011). Others have argued, however, that body-based cues may not all be nec-
essary for normal expression of some forms of spatial representations, such
as topological graph knowledge (Chrastil and Warren, 2015). At present, the
degree to which body-based cues are necessary for spatial learning remains
unresolved.

Immersive VR tools, such as head-mounted displays (HMDs) and omnidi-
rectional treadmills, allow a novel opportunity to study immersive navigation
in the lab and more completely model body-based input in a controlled set-
ting. Specifically, omnidirectional treadmills (see Fig. 1) allow participants to
freely ambulate while wearing an HMD with the full spectrum of rotations
that can render any number of different VEs while presenting them with a
wide field of view (about 100 degrees in the HTC Vive HMD (HTC Corp.,
Taoyuan, Taiwan) in comparison to 60-70 degrees on a desktop monitor).
With these two important components, we can study both enriched visual in-
put (via the HMD) and the effect of enriched body-based cues on navigation
(via the omnidirectional treadmill). Specifically, the omnidirectional treadmill
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Figure 1. Immersive VR treadmill setup. Participant wearing an HTC Vive headset while being
strapped into the omnidirectional treadmill. Participants can rotate 360 degrees and are allowed
independent body and head rotation. Movement is achieved by sliding one’s feet across the
treadmill base.

provides both body and turn input, proprioceptive input from the legs, and so-
matosensory feedback from the feet as participants walk on the surface of the
treadmill. Previous studies investigated navigation by providing participants
with a full range of proprioceptive cues using an HMD and ambulation in a
room (Ruddle and Lessels, 2006). Although omnidirectional treadmills only
approximate the real-world experience (for example, walking on the omnidi-
rectional treadmill does not engage the full range of somatosensory receptors
and muscles compared to stepping in the real world), they have the advantage
of allowing participants to explore environments larger than a VR/AR-enabled
room would offer. Therefore, an important question regards to what extent
information learned in such immersive VR contexts compares to real-world
navigation.

One way to assess how well information acquired during virtual navigation
applies to the real world involves ‘transfer’. This typically involves subjects
first learning environments in a virtual setting and then determining how ef-
fectively participants can apply acquired spatial knowledge to the real world
(Montello et al., 2004; Richardson et al., 1999; Waller et al., 1998; Witmer
et al., 1996). Studies investigating transfer of spatial knowledge acquired in
VR to the real world also suggest advantages for conditions involving some
amount of body-based input. One study by Waller et al. compared continuous
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exposure to an environment on a desktop VE, navigating the same environ-
ment with an HMD with full head control and a joystick, and navigating the
same real-world environment. HMD exploration with full head turning led to
greater transfer than desktop exploration, although real-world navigation led
to the highest transfer (best spatial learning). These findings are similar to
some reported in other past studies (Waller et al., 1998; Witmer et al., 1996;
see also Richardson et al., 1999), suggesting the importance of body-based
cues to navigation and transfer of information to real-world environments. One
possibility, though, is that because these studies did not involve walking in the
VR conditions, the limited proprioceptive cues led to overall poor encoding of
head direction information due to a mismatch with the joystick movements.
Thus, we might expect that the presence of more enriched body-based cues
could lead to better transfer to the real world, an issue we will address in this
study.

In support of the importance of richer body-based cues to navigation, Grant
et al. compared navigation with an HMD, head turns, and walking in place by
shuffling the feet compared to movement with a joystick (Grant and Magee,
1998). While the HMD/walking condition did result in improvements in taking
shortcuts compared to desktop VE, both conditions resulted in worse direc-
tion estimates compared to real-world navigation. One limitation of the Grant
and Magee study, however, is that the seated shuffling movement of the feet
they employed should read out to the proprioceptive system as a net-zero for-
ward translation. In contrast, on an omnidirectional treadmill, standing and
moving the feet in a walking motion should provide a sense of net-positive
forward translation. Thus, while studies of transfer from VR to real-world en-
vironments suggest advantages to some vestibular input rendered by an HMD,
the absence and mismatch, in some cases, with other body-based cues (i.e.,
walking-based input from sensory and muscle receptors) may be a possible
reason for incomplete transfer. Alternatively, it is also possible that visual ren-
dering in VR always limits transfer (Thompson et al., 2004), and thus it is
possible that, even with richer body-based cues, visual rendering always lim-
its transfer, to some extent.

In this study, we contrast two different forms of learning in VR and how
they transfer to real-world navigation. As a control comparison and means
of determining the theoretical ‘maximum’ transfer, we included continuously
navigating in the real world for the entire experiment. To avoid issues with
navigating in outdoor environments (trip hazards and environmental complica-
tions, like variable levels of lighting and rain), all testing occurred in a campus
building, the UC Davis Center for Neuroscience (Figs 2, 3). One-third of our
participants navigated through the building on desktop, the second third in im-
mersive VR (i.e., HMD + omnidirectional treadmill), and the final third of
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Figure 2. llustration of the building layout with six offices (dots with names in blue) and four
pointing locations.

Figure 3. Comparison of the visual and geometrical fidelity for the 3D visualisation. Center for
Neuroscience entrance hall is depicted on the left and the modelled environment on the right.

participants navigated the real-world Center for Neuroscience. After complet-
ing three blocks of navigation (by finding specific targets in the building), all
participants navigated the Center for Neuroscience in the real world. By track-
ing their position in the real-world building using Bluetooth trackers beacons
(Estimote Inc., San Francisco, CA, USA), we were able to determine the devi-
ation of their path from the ideal path they should walk, as well as any errors
in visiting the wrong target.

Our main hypothesis, which we term the body-based enrichment hypoth-
esis, suggests that providing additional body-based cues with an omnidirec-
tional treadmill and HMD should at least partially mimic real-world navi-
gation. In this case, we would predict that transfer should be higher from
immersive VR to the real world than desktop VR. Immersive VR, according to
the body-based enrichment hypothesis, should result in comparable, or maybe
less transfer compared to the real world, depending on the degree to which
participants experience the immersive experience as fully mimicking the real
world. To briefly preface our results, we found that learning in the real-world
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setting led to the highest transfer overall, with some evidence for immersive
VR leading to greater transfer than desktop navigation.

2. Methods
2.1. Design Overview

To investigate the effects of learning modality on spatial knowledge acquisi-
tion, we devised an experiment with three different conditions involving active
exploration and ambulation. Participants learned positions of six office doors
(out of a total 32) within the Center for Neuroscience at UC Davis. The reason
we had participants learn the offices was to avoid them having to remember
objects they could easily see. Participants experienced the same building ei-
ther in the real world (i.e., actually navigating the Center for Neuroscience), in
immersive body-based VR with an omnidirectional treadmill (i.e., navigating
a virtual version of the Center for Neuroscience with an HMD on an omnidi-
rectional treadmill), or on a desktop computer (i.e., navigating the same virtual
version but on a desktop computer with a mouse and a keyboard). After three
blocks of learning, all participants continued the task in the real world. Our
dependent measures involved (1) normalized walked path distance, which we
assayed in the (a) real world using Estimote Bluetooth trackers and (b) in VR
by recording position (termed ‘path accuracy’); (2) visitation errors, which
were quantified based on visiting the wrong doors; and (3) unsigned pointing
error.

2.2. Walking Task

At the beginning of each walking trial, participants were given the name of
a person whose office they had to find. Instructions were provided by the ex-
perimenter in the real-world condition or displayed in the user interface in the
treadmill VR and desktop conditions. Participants selected the door by walk-
ing directly into it in virtual conditions and standing close and pointing to it
in the real-world condition. Participants were not told which office belonged
to whom, and therefore they had to walk around the building and keep check-
ing doors until they arrived at the correct one. Once they arrived or pointed at
the correct door participants were provided with a new name and a new trial
started. Each office was visited three times in each phase, six times over the
entire experiment. The order in which offices occurred was randomized in a
way such that the order was balanced across all conditions.

2.3. Pointing Task

After finishing three blocks of finding doors (the learning phase), the partici-
pant was either moved (VR and desktop conditions) or walked to two different
viewpoints within the building and asked to point to each office one by one.
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This was repeated once more after the transfer phase, for a total of four point-
ing blocks (24 pointing in total).

2.4. Building a Realistic 3D Model of the Center for Neuroscience

We built the virtual Center for Neuroscience to scale for rendering in both
immersive VR and on the desktop VE. An example of a viewpoint in the vir-
tual rendition and the real world can be seen in Fig. 3. We set the walking
speed in the desktop so that walking the length of a corridor in the real world
would take the same time as walking the corridor in the desktop version. In
the immersive VR condition, we set the speed so that walking down the cor-
ridor would take approximately the same number of steps in real world as
it did on the treadmill. The experiment was built in Unity3D (Unity Tech-
nologies, San Francisco, CA, USA). The building can be experienced online
at https://hejtmy.github.io/CFNS-task/. For the virtual conditions in the im-
mersive VR condition, we used the HTC Vive HMD to render the building
and participants moved using the Cyberith Virtualizer omnidirectional tread-
mill (Cyberith GmbH, Herzogenburg, Austria) to provide body-based cues
(Fig. 1). Participants had a full range of rotational motion available to them.
The desktop condition was presented on a 21” monitor (resolution 1920 x
1080) and participants controlled it with a keyboard and a mouse. All par-
ticipants were informed about possible side effects of the VR and in case of
uncomfortable or prolonged dizziness, such participants were dismissed from
the study and their data removed. Participants in the immersive VR condition
in the learning phase were significantly more likely to drop out due to the cy-
bersickness, fatigue, or other factors related to discomfort. We observed this
both during the first [ x>(1, 82) = 9.91, p = 0.002] and the second experiment
[x2(1,70) = 14.72, p < 0.001]. Detailed dropout rates for all conditions can
be found in Tables 1 and 2.

Table 1.

Cyber sickness dropout table for Experiment 1 (all retests in the real world): Finished/total
(percent finished). One participant in each group was removed during analyses due to recording
failure, but they finished the experiment without issues. Participants in the immersive VR con-
dition in the first phase were significantly more likely to drop out [ x2(1,82) =991, p =0.002]

Learning condition Male Female
Real world 4/5 (80%) 19/19 (100%)
Desktop 11/11 (100%) 9/11 (82%)
Immersive VR 9/13 (69%) 12/23 (52%)
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Table 2.

Cyber sickness dropout table for Experiment 2 (all transfer phase in the VR): Finished/total
(percent finished). One participant from the immersive VR group and two from the real-world
group were removed during analyses due to recording failure, but they finished the experiment
without issues and one participant in the immersive VR condition who did not finish did not
disclose their gender. Participants in the immersive VR condition in the first phase were signif-
icantly more likely to drop out [Xz(l, 70) =14.721, p < 0.001]

Learning condition Male Female
Real world 8/9 (89%) 14/16 (88%)
Immersive VR 8/17 (47%) 13/27 (48%)

2.5. Real-World Tracking

We tracked participants’ position within the building using Bluetooth and a
custom-made app running on the iPhone 6. Participants were given the phone
to hold directly in front of them to track both position and rotations of their
body. As participants walked around the building, the app tracked the strength
of the Bluetooth signal towards the closest beacons and triangulated position
within given building constraints. Participants were accompanied by an ex-
perimenter who provided instructions and feedback during door selection and
noted down errors and special events. For the ambulatory paths travelled in the
real world as well as on the VR treadmill, trajectories were smoothed using a
median value in a 5-s moving window to remove slight jitter introduced by
fluctuating strength of the Bluetooth signal in the real world or the shuffling
of the feet on the treadmill.

2.6. Dependent Measures

We calculated participants’ walked distance in the building, time spent in each
task, and the number of incorrectly visited doors during walking trials. For
the pointing tasks, we calculated unsigned pointing error. The three conditions
were not directly comparable in their measured distance and time, with the
VR trials taking a little bit longer in both time and distance than the real-
world condition. The increased time was due to the novelty of the movement
control that persevered even after the training session. In contrast, the larger
absolute distance was due to differences in tracking precision of the VR and
desktop compared to the real-world setup. We also observed feet shuffling and
occasional small stumbles on the treadmill that added to the absolute walked
distance for immersive VR in comparison to the desktop condition.

We therefore min-normalized the distance travelled and the time. We used
the shortest path for each task (pair of offices, e.g., Jacob to Sarah) that any
participant demonstrated in a single environment (e.g., real world) and then
divided other participants performance in the same task (Jacob to Sarah) and
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in the same environment (real world) by this number. Therefore, we had three
baselines (desktop, immersive VR and real world) for each task (pair of of-
fices). For example, a min-normalized distance value of 2.00 would mean the
participant travelled double the distance than what was the best performance in
each task (pair of offices) and in a certain modality (desktop, immersive VR or
real world). Unless stated otherwise, we calculated all statistics on these nor-
malized measures. We removed trials where distance or time measurements
were more than three standard deviations away from the mean (a total of 1.80
percent of trials).

2.7. Experimental Procedure

Participants walked to six different office doors in the Center for Neuroscience
building at UC Davis, in real or virtual versions. Positions of all the office
doors can be seen in Fig. 2. The task itself consisted of a set of 36 walking tri-
als and 24 pointing trials, separated into two equal phases, the learning phase
and the transfer phase. Each phase had 18 walking trials consisting of three
different blocks (each office visited once per block, three times per phase).
After each phase, participants did a short pointing session of 12 trials (point-
ing to each of the six offices from two viewpoints). In the transfer phase, the
immersive VR and desktop group switched their environment modality to the
real world, whereas the real-world group remained in the same environment.
Each participant, regardless of experimental condition, received a short train-
ing session on the VR treadmill before the learning phase.

Because our initial analyses observations and analyses suggested that par-
ticipants might learn more slowly in VR, we devised a second experiment
to better understand this issue. One group learned the UC Center for Neuro-
science building in immersive VR while the second group learned in the real
world. They both then transferred to immersive VR. Although this experiment
does not directly address our main hypothesis (transfer from immersive/desk-
top VR to reality), this allowed us to assess if the immersive VR can achieve
the same performance given additional time. It also allowed us to look at the
conceptual ‘inverse’ process of transfer.

Schema of the entire procedure can be seen in Fig. 4.

2.8. Participants (Experiment 1)

A total of 82 undergraduate students at the University of California, Davis
participated in the study in exchange for a course credit. Each participant was
randomly assigned a condition and a randomized set of goals before arrival.
Eighteen participants did not finish due to motion sickness and three were
removed due to technical problems with the real-world tracking system. This
resulted in a final sample size of 61 participants (37 female) (age M = 20.42,
SD = 2.16) used for all reported analyses. The participant completion rates for
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VR training

18 Walking Trials
Learning phase
v
12 Pointing trials
18 Walking Trials
Transfer phase
v
12 Pointing trials

Figure 4. Visualisation of the experimental procedure. Session consisted of training, learning
and transfer phases. Both learning and transfer phases included 18 walking trial and 12 pointing
trials.

Experiment 1 are in Table 1. All procedures were approved by the UC Davis
Institutional Review Board (IRB).

2.9. Participants (Experiment 2)

A total of 70 undergraduate students at UC Davis participated in the second
experiment. Twenty-nine participants did not finish due to motion sickness or
other issues with the VR interfaces. Analyses were then conducted on a final
set of 41 (14 female) participants (age M = 19.96, SD = 1.55).

2.10. Analyses

We analysed the data in R (R Core Team, R Foundation for Statistical Com-
puting, Vienna, Austria), with the help of the ez package for ANOVAs and the
ggplot package for plots. Based on our a-priori hypothesis that real world =
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immersive > desktop VR, we performed 7-tests uncorrected for multiple com-
parisons. This allowed us to explore whether effects were consistent with
predictions. To determine learning rates (slopes) over the experiment, we per-
formed mixed-model analyses of the entire experiment in MPlus (https://www.
statmodel.com/company.shtml).

3. Results

3.1. Experiment 1: Quantifying Learning Rates Prior to Transfer (Blocks 1
to 3)

We first considered blocks 1-3, when all participants navigated in separate
modalities (i.e., desktop, immersive, or real world). Considering the very first
block of exposure to the environment, we found that participants in the differ-
ent learning modalities did not differ in their performance either in normalized
distance [F (2, 323) = 1.99, mean squared error (MSE) = 16.13, p = 0.139,
fig = 0.012] nor the number of visitation errors [F(2,363) = 0.10, MSE =
64.52, p =0.903, ﬁZG =(0.001]. Some caution is needed, however, with these
comparisons because participant variability was likely high on the first ex-
posure to the environment. The conditions also did not differ in the second
block for normalized distance [F(2,317) = 0.47, MSE = 4.61, p = 0.627,
g = 0.003] although we saw a significantly lower number of visitation er-
rors for real-world group (M = 4.24) compared to immersive-VR (M =
7.54) [t(249.98) = 4.01, p < 0.001, d = 0.504] and desktop (M = 8.83)
[£(241.41) =5.39, p < 0.001, d = 0.687].

We then compared the last block before transfer (block 3) with inde-
pendent sample t-tests. We found a significant difference in visitation er-
rors between real-world and desktop learning [#(198.7) = 6.84, p < 0.001,
d = 0.896] and real-world and immersive VR learning [#(179.9) =7.40, p <
0.001, d = 0.958], but no difference between desktop and immersive learning
[£(223.1) = 1.44, p = 0.150, d = 0.188]. The comparison was the same for
normalized distance: we found a significant difference in distances travelled
in block 3 between real-world and desktop conditions [#(161.80) =1.99, p =
0.048, d = 0.259] and real-world and immersive learning [#(140.58) = 3.09,
p = 0.002, d = 0.389], but no difference between desktop and immersive
learning [£(203.90) = 1.42, p = 0.156, d = 0.187]. These findings indicate
that prior to transfer (blocks 1-3), both immersive VR and desktop resulted in
less spatial knowledge than real-world navigation, particularly for visitation
errors. These findings suggested that participants in both VR conditions ended
the learning phase performing slightly but significantly worse than real-world
participants, particularly for visitation errors.
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Our findings for pointing errors (which were only collected on blocks 3
and 6) echoed the same basic pattern described above for normalized path and
visitation errors. We again observed significant differences between condi-
tions in pointing performance at the end of the first phase [ F (2, 729) = 17.78,
MSE = 1412.53, p < 0.001, i = 0.047] (Fig. 5c). Specifically, participants
in the real-world learning group (M = 21.93, SD = 26.34) performed signif-
icantly better compared to both the immersive VR group (M = 35.23, SD =
37.48) [t(424.16) = 4.57, p < 0.001, d = —0.414] and the desktop group
(M =41.62, SD = 47.47) [¢(342.85) =5.57, p < 0.001, d = 0.523]. Nu-
merically, this trend followed real world > immersive > desktop in terms of
errors, although the differences between desktop and immersive VR were not
statistically significant (p = 0.108). Overall, these findings suggested that par-
ticipants acquired information most readily in the real world, although signif-
icant degrees of learning occurred in all three conditions, with the immersive
condition showing at least numerically better pointing error than desktop.

3.2. Transfer Effects (Block 3 to Block 4)

The critical area of interest in our study related to how participants transferred
information from VR modalities to the real world. We addressed this issue by
directly comparing normalized distance and visitation errors on the last block
before the transfer phase (block 3) with the first block of the transfer phase
(block 4). Visitation errors and normalized distance were each entered into a 3
(Learning Condition: real world, desktop, immersive VR) x 2 (Block: block 3,
block 4) mixed-measures ANOVA. For visitation errors, there was a main ef-
fect for block [F(1,58) =42.67, MSE = 2.19, p < 0.001, n; =0.112], a
main effect of condition [F (2, 58) = 13.66, MSE = 10.61, p < 0.001, ﬁZG =
0.281] and a condition by block interaction effect [ F(2, 58) =9.22, MSE =
2.19, p < 0.001, ﬁé = 0.052]. For normalized distance, there was a main ef-
fect of condition [F (2, 58) = 6.65, MSE = 0.90, p = 0.003, /j;; = 0.110], but
no effect of block [F (1, 58) =2.61, MSE =0.78, p =0.111, ij; = 0.020] and
the interaction also failed to reach significance [= F(2,58) = 1.89, MSE =
0.78, p = 0.161, ﬁé = 0.029]. These findings suggest that only visitation
errors showed a significant improvement during transfer, unhindered by the
change of modality, although the transfer modality (desktop vs immersive vs
real world) impacted the degree of transfer.

We then ran pairwise z-tests to compare the improvement in normalized dis-
tance and visitation errors change from block 3 to block 4. For visitation errors,
there were significant changes for all conditions, with effect sizes higher (in
other words, more transfer) for going from the immersive VR to the real world
(d = 1.33) compared to desktop to the real world (d = 0.56) (see Fig. 6a and
Table 3). Here, a larger effect size means a greater reduction from block 3 to
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Figure 5. (a) Average number of visitation errors per block in the learning phase (blocks 1
to 3) for Experiment 1, split by learning condition (SEM error bars). (b) Average normalised
distance per block in the learning phase (blocks 1 to 3) for Experiment 1, split by learning
condition (SEM error bars). (c) Average absolute pointing error at the end of the learning phase
for Experiment 1, split by learning condition (SEM error bars).
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Figure 5. (Continued.)

4 and thus more transfer, suggesting that the immersive conditions resulted in
greater transfer. Note that while the effect sizes were lower for real world to
real world (d = 0.55); this was likely because participants in this condition
were already significantly better at real-world navigation by block 3 (0.91 er-
rors on average compared to 5.47 in VR and 4.46 on the desktop), and thus
had less to learn. In contrast, for normalized distance, there were no signifi-
cant changes from block 3 to block 4 (see Fig. 6b and Table 4). These findings
suggest a slight advantage for transfer from immersive VR compared to the
desktop.

Because an important goal for similar projects is to study participant’s per-
formance after being trained under different conditions of immersion, we
compared performance in the first block of transfer (block 4). Because all
participants navigated the real building during block 4, this also allowed us
to control for potential differences between learning conditions and remove
potential confounds for block 3 to block 4 comparisons. During block 4, we
observed significant differences in visitation errors when comparing real world
to the desktop [7(130.84) =5.21, p < 0.001, d = 0.709] and immersive VR
groups [7(141.81) =3.74, p < 0.001, d = 0.491]. In this case, greater effect
sizes between conditions mean a greater difference, i.e., a larger discrepancy
between real world and desktop than real world and immersive VR. This
suggests again that the immersive condition was closer in terms of transfer,
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Figure 6. (a) Average number of visitation errors in blocks 3 and 4 (last learning block to first
transfer block), split by learning condition (SEM error bars). (b) Average normalised distance
in blocks 3 and 4 (last learning block to first transfer block), split by learning condition (SEM

error bars).
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Table 3.
Visitation error improvements across the three learning conditions from block 3 to block 4 —
all conditions transfer to the real world in block 4

Learning condition M SD Mgigg  df t p d 95% CI
Real world
Block 3 0.91 3.27 0.64 21 2.56 0.018 0.55 0.12,1.17
Block 4 0.27 1.70
Desktop
Block 3 446  4.65 1.35 18 244 0.025 056 0.19,2.52
Block 4 3.11 5.62
Immersive VR
Block 3 547  6.00 3.34 19 597 <0.001 1.33  2.17,4.51
Block 4 2.13 522
Table 4.

Normalized distance improvements across the three learning conditions from block 3 to
block 4 — all conditions transfer to the real world in block 4

Learning condition M SD Mgigg  df t )4 d 95% CI
Real world

Block 3 136 075 -0.15 21 —1.17 025 —0.25 —0.41,0.12
Block 4 1.51 0.87

Desktop

Block 3 172 173 -0.70 18 —1.79 0.090 —-0.41 —1.53,0.12
Block 4 2.18  2.02

Immersive VR

Block 3 2,13 252 0.04 19 0.16 0.877 0.04 —0.55,0.63
Block 4 1.96 2.09

based on effect sizes, to the real world than desktop. A similar relation-
ship was observed in normalized distance, with participants’ learning in the
real world performing better than on desktop [#(118.02) =2.95, p = 0.004,
d = 0.446] and immersive VR, although this comparison failed to reach sig-
nificance [7(119.40) = 1.96, p = 0.052, d = —0.292]. Note, however, that
immersive and desktop VR did not differ for either dependent measure [visi-
tation errors: ¢(228.45) = 1.38, p = 0.168, d = 0.181] or normalized distance
[£(181.98) = 0.72, p = 0.472, d = 0.106]. Given that the effect sizes sug-
gested larger differences for desktop VR vs real world compared to immersive
VR vs real world, our findings again point to a slight advantage for immersive
VR in terms of transfer.
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3.3. Final Performance (Block 6)

To understand how the learning modality affected the last block performance,
we compared dependent measures on the 6th block, after each group had fin-
ished three blocks of navigation in the real world. Because we also collected
pointing accuracy on the final block, we also included this measure. In the final
testing block (block 6), we found no differences among the groups in either
visitation errors [F(2,363) = 1.67, MSE = 3.33, p = 0.191, ﬁG = 0.009]
nor pointing performance [F(2,726) = 1.56, MSE = 982.05, p = 0.210,
ﬁé = (0.004]. These findings suggested that by the 6th repetition, all groups
had reached comparable levels on visitation errors and pointing accuracy.
We did find, however, a small but significant difference in normalized dis-
tance when comparing all three conditions in an ANOVA [F (2, 255) = 3.21,
MSE = 0.10, p = 0.042, ﬁG = 0.025]. Specifically, by the last block, we
found that the real-world group (M = 1.25, SD = 0.19) performed better than
immersive VR group (M = 1.37, SD = 0.38) [¢(102.13) =2.55, p =0.012,
d = —0.426], but not better than desktop group (M = 1.28, SD = 0.37)
[#(131.62) =0.90, p = 0.369, d = 0.135]. For visitation and pointing errors,
these findings support the idea that all participants reached the same level of
knowledge by the last block. For normalized distance, our findings suggest
that real-world learning continued to confer an advantage.

3.4. Modelling Changes Over All Six Learning Blocks

Although we performed ¢-tests earlier based on our a-priori hypotheses, as
explained in the introduction, we thought it also important to look at whether
subjects learned over the entire experiment. We employed a mixed-effects lin-
ear model over all six learning blocks, which involved looking at changes
in normalized distance and visitation errors as separate dependent measures
for Experiment 1. For visitation errors and normalized path, all three condi-
tions showed significant negative slopes over six blocks of learning, indicating
that all three conditions resulted in improvements in learning (desktop — real
world, immersive VR — real world, and real world — real world; Supple-
mentary Table S1). For visitation errors, we observed an interaction effect
[difference in slopes: #(3565) = 5.38, p < 0.0001] while for normalized path,
there was no significant difference in slopes. The interaction effect suggested
that the conditions were learned at different rates across the three conditions,
which were explored earlier with 7-tests.

3.5. Experiment 2: Comparing Transfer of Real World to Immersive VR

Findings from Experiment 1 suggested that the VR interfaces, particularly
the treadmill, might be difficult for participants to learn as quickly as the
real world. Experiment 2 assessed the ‘opposite’ transfer (both conditions
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transferred to the immersive VR) and we therefore investigated differences
between the two learning conditions (real world, immersive VR) in the last
(6th) block using ¢-tests. The conditions did not differ in normalized dis-
tance [7(152.12) = 0.88, p = 0.378], visitation errors [7(228.89) = 0.29,
p = 0.771, d = 0.037], nor pointing error [f(485.14) = 0.17, p = 0.863,
d = —0.016]. These findings suggested that both immersive VR and real-
world learning lead to the same eventual performance when transferring to
immersive VR. Comparing both conditions immediately after transfer to the
immersive VR (block 4), we found a trending relationship in average visitation
errors [£(240.09) = 1.90, p = 0.058, d = 0.242], with the real-world learning
group committing fewer errors (M = 3.28) than the immersive VR learning
group (M = 4.31), but no difference for normalized distance [¢(241.53) =
0.46, p =0.647, d = 0.059].

We then compared all conditions from Experiment 1 (real world, immersive
VR and desktop transferring to the real world) and Experiment 2 (real world
and immersive VR transferring to the immersive VR). We found a significant
effect of condition on final normalized distance [F (4,498) = 3.68, MSE =
0.19, p =0.006, n;; = 0.029], with Tukey post-hoc tests revealing a signifi-
cant difference between the real world to immersive VR group vs immersive
VR to real world (p < 0.001) (see Fig. 7a and Table 5). No other compar-
isons reached significance for normalized distance. For visitation errors, we
found significant differences between conditions in the last block across exper-
iments [F (4,607), MSE = 4.62, p < 0.001, ﬁZG = 0.181]. Tukey’s post-hoc
tests suggested that the difference was due to the transfer phase modality, e.g.,
participants in Experiment 1 who learned the real-world condition in the trans-
fer phase always performed better than participants in Experiment 2, who had
immersive VR in the transfer phase (see Fig. 7b and Table 5).

Together, these results are consistent with our earlier findings suggesting
that real-world navigation, particularly real world to real world navigation,
conferred a ‘transfer’ advantage compared to all VR conditions. These find-
ings also reinforce the idea that, despite capturing some aspects of real-world
navigation, the treadmill interface failed to fully substitute for it. The findings,
however, argue against the idea that our results are an artefact of difficulty with
the treadmill interface, as participant clearly learned and transferred informa-
tion from the real world to immersive VR and vice versa.

4. Discussion

In our experiment, we were able to directly compare acquisition of spatial
knowledge in three different modalities: navigating the real world, navigating
an immersive virtual interface involving walking on a treadmill and viewing
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Figure 7. (a) Mean normalised distance in the last block (block 6) for each combination of learn-
ing phase (blocks 1-3, bottom labels) and transfer phase (blocks 4-6) conditions. (b) Average
number of visitation errors made in the last block (block 6) for each combination of learning
phase (blocks 1-3, bottom labels) and transfer phase (blocks 4-6) conditions.
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Table 5.
Mean normalised distances and visitation errors in the last transfer block for both experiments.
Standard deviation in parentheses

Learning condition Transfer condition Last block mean Last block mean
normalised distance visitation errors
Real world Real world 1.25 (0.19) 0.04 (0.19)
Desktop Real world 1.28 (0.37) 0.31 (1.51)
Immersive VR Real world 1.37 (0.38) 0.45 (2.82)
Immersive VR Immersive VR 1.20 (0.7) 2.25(2.28)
Real world Immersive VR 1.14 (0.22) 2.34 (2.82)

the environment on an HMD, and navigating the same environment on a desk-
top computer with a joystick. We investigated how navigating in these three
different conditions ‘transferred’ spatial knowledge to the same real-world en-
vironment. To fully capture the transfer process, we employed two different
dependent measures interspersed with each of the six different blocks, visita-
tion errors (visiting the wrong door) and normalized path; we also employed
one dependent measure every three blocks, pointing error. For the first three
blocks of learning prior to transfer, our findings show an advantage for real-
world navigation compared to both immersive VR and desktop navigation on
all three dependent measures. These findings suggest that participants learned
the most information during real-world navigation, although, in all cases, they
also showed improvements on visitation errors and normalized distance over
the first three blocks in the two virtual navigation conditions, suggesting they
acquired spatial information effectively from these two modalities as well.
After completing the first three blocks of navigation in a specific modal-
ity, participants transferred to the real world. Particularly for visitation errors,
we found differences as a function of modality. While both virtual conditions
showed less transfer to the real world than prior real-world navigation, we ob-
served a greater decrease in visitation errors (higher effect size) during transfer
for the immersive VR compared to the desktop condition. We also found that
immersive VR resulted in numerically lower pointing errors after three blocks
of navigation than desktop VR (Fig. 5c), although the different was not statis-
tically significant. These findings are consistent with the idea that immersive
technologies, particularly those capturing rotational and somatosensory cues
associated with walking, lead to some improvements in learning compared to
desktop VE (Chrastil and Warren, 2013; Grant and Magee, 1998; Klatzky et
al., 1998; Ruddle and Lessels, 2006; Waller et al., 2004). At the same time,
we did not find differences in transfer for normalized distance. We measured
normalized distance using positional information in virtual conditions and
Bluetooth tracking using an iPhone in the real world. Comparing normalized
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distance from the second experiment involving navigating in the real world
and transferring to immersive VR (or continuously navigating in immersive
VR) similarly showed no differences in normalized distance, although contin-
uous navigation in the real world did show an advantage over any navigation
involving immersive VR.

Comparing the results from both experiments, we established that all learn-
ing conditions reached comparable levels of performance in the end. But we
also observed that visitation errors in the last block were lower in the real
world than in immersive VR. Also, participants learning in immersive VR
and transferring to the real world demonstrated worse walking performance
than participants transferring to immersive VR from the real world. Our find-
ings therefore corroborate and elaborate on previous studies (Farrell et al.,
2003) which suggest that path and directional knowledge can be learned and
transferred from VR, in many cases, quite effectively for building-sized envi-
ronments, although real-world navigation still confers some advantages.

The effects we observed in terms of learning rates and transfer were more
pronounced for visitation errors than normalized path. Why would we see dif-
ferences in memory for specific doors for the different virtual conditions but
less so, and not at all in some cases (transfer metric) for path error? Notably,
the environment we tested was a medium sized campus building, the Center
for Neuroscience. It is possible that the paths were relatively easier for subjects
to master, and thus if we had a used a larger-scale environment, we might have
seen differences in the distances of paths walked. Similarly, directional knowl-
edge could be acquired with sufficient exposure to the building, regardless of
the interface, consistent with past findings comparing desktop and real-world
navigation (Richardson et al., 1999). Visitation errors, in contrast, which in-
volved remembering specific locations and names within the building, were
arguably more sensitive measures of learning. This is because subjects not
only needed to remember a specific location (a door) but also what name was
associated with that door. Indeed, for visitation errors, when participants trans-
ferred from immersive VR to the real world we found some evidence for the
expected differences as a function of modality: real world > immersive VR >
desktop VE. We note, however, that it is possible that if we had used a larger-
sized environment, differences would have been evident in normalized path
error and directional knowledge as well.

There are two important implications. For building-sized environments, our
findings, similar to past studies that compared desktop and real-world navi-
gation (but not immersive VR), suggest that significant spatial learning can
indeed take place in VR. Particularly for the accuracy of paths to targets, often
taken as a measure of environment-specific knowledge (Newman et al., 2007),
our findings demonstrate that subjects can readily acquire such knowledge re-
gardless of the modality. Because we only collected pointing performance on
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the third and sixth blocks (to avoid disrupting subjects from the VR inter-
faces to have them point) we cannot say whether transfer might have differed
for pointing performance throughout the learning process. Rather, whatever
knowledge was needed for the real task could be learned either in the virtual
conditions or rapidly acquired in the real world. This also suggests, however,
that both immersive VR and desktop VE generally mimic sufficient cues, par-
ticularly visual ones, to allow subjects to acquire spatial knowledge regardless
of testing modality.

The second implication is that, for arguably more sensitive measures, such
as visitation errors, the ‘immersiveness’ of the modality can impact trans-
fer and knowledge. As discussed previously, we suspect that visitation errors
overall required more intimate memory for the spatial layout, and thus the im-
mersive VR interface did confer a slight advantage over the desktop interface
for this dependent measure. Similarly, for pointing error, rotational cues in
immersive VR would confer an advantage. Notably, however, the real-world
condition continued to perform better than the two virtual interfaces. This sug-
gests that real-world navigation continues to capture cues that we could not
fully emulate in VR. One reason for this might relate to encoding specificity
(Tulving and Thomson, 1973), i.e., that learning will be better for conditions
that more fully recapitulate visual and other multisensory cues in the ‘encoded’
condition compared to those that do not. Although our design did not allow us
to specifically investigate this issue, we speculate that visual (i.e., the render-
ing of depth and other visual cues in VR), somatosensory, and proprioceptive
cues, particularly related to movements of the legs and feet, could have po-
tential implications for this difference (Matthis et al., 2018). Another factor
might be ‘presence’ (Kiryu and So, 2007), i.e., the sense that the other VR
interfaces do not involve the same rules and contingencies as the real world
(e.g., collisions). As VR technology improves and better approximates real-
world experiences, future studies will be better able to address this issue as
well.

Because of the difficulty of directly comparing virtual and real-world nav-
igation, our setup necessarily involved some limitations. We employed a
between-subjects design to try to limit any effect of re-exposure to an envi-
ronment, although one limitation with between-subjects designs is increased
variance due to employing different subjects in each condition. It is possi-
ble that a within-subject design could have picked up more subtle differences
in the efficiency of walked paths. For immersive VR, we did find increased
incidence of cybersickness and dizziness. Possibly, even low levels of discom-
fort in participants who completed the study could have limited the efficacy
of immersive VR, to some extent. This is also a potential drawback of using
the immersive VR as a replacement for desktop navigation. Although immer-
sive VR can bring certain benefits to spatial acquisition, some participants
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might be less likely to finish it. The specific reasons for cybersickness and
potential ways to diminish it are therefore important to address in future stud-
ies, although we expect such issues to be less of a factor as the technology
continues to improve. Finally, our use of a campus building could have po-
tentially obscured differences, particularly in path efficiency, that would have
been present during navigation of larger-scale space. Past studies have shown
differences in how participants learn different scales of spaces (Meilinger et
al., 2016; Montello, 1998; Starrett and Ekstrom, 2018; Starrett et al., 2019).
It is quite possible that if participants had to navigate longer distances, such
as would be required for a park or city, we would have seen an advantage for
immersive over desktop VE.

5. Conclusion

Our results support the view that both immersive VR and desktop navigation
are effective spatial learning tools, and, given time, participants readily acquire
useable spatial representations in both modalities. Our findings also suggest,
however, that immersive technologies confer a slight advantage for when task-
ing more sensitive measures, like remembering the location of a specific office,
although this might be at the cost of an increased dropout.
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