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Abstract

Spatial navigation is a relevant target for assessment and training that relies on
the interplay between egocentric route execution and allocentric, map-like repre-
sentations. Virtual Reality (VR) enables ecologically plausible navigation tasks
under experimental control, yet outcomes can strongly depend on immersion and
locomotion interfaces that determine the availability of self-motion cues.
In this paper, we present City Walk, a VR serious game designed to support
implicit training and assessment of spatial navigation in a urban environ-
ment. The experience begins with guided acclimatization and gradually shifts to
unguided exploration, time pressure, obstacle-induced re-planning, and ends with
a map-based landmark placement task. City Walk implements two interaction
modalities: Desktop VR (DVR) and Enhanced-Immersive VR (E-IVR), which
combines a Head-Mounted Display (HMD) with an omnidirectional treadmill.
We report a pilot between-subjects study comparing the two conditions. The
protocol comprises five navigation levels with increasing demands, as well as a
landmark placement test on an overhead map, supported by in-app logging and
gaze-based landmark observation in the E-IVR build. E-IVR yielded substantially
higher route efficiency and improved map-based landmark placement, while level
completion times tended to be longer. User-centered questionnaires indicated
comparable usability and tolerability across conditions.
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1 Introduction

Spatial navigation is a fundamental cognitive function that allows people to orient
in the environment, plan routes, and reach goals in both familiar and unfamiliar set-
tings (Chan et al. 2012; Serino et al. 2025). Navigation relies on the interplay between
egocentric representations (e.g., stimulus{response route execution) and allocentric,
map-like representations that encode relationships among landmarks and locations
(Klatzky 1998; Ekstrom et al. 2014; Igl�oi et al. 2009). Importantly, di�culties in
navigation and landmark memory are frequently observed in aging and in several
neurological conditions, including dementia and focal brain injuries, where they can
translate into reduced autonomy and quality of life (Chan et al. 2012; Cogn�e et al.
2017). This makes the assessment and training of spatial navigation { and, in partic-
ular, the promotion of 
exible allocentric strategies { a relevant target for preventive
and rehabilitative interventions.

Virtual reality (VR) o�ers a compelling methodological framework for this goal
because it enables realistic large-scale environments under tight experimental con-
trol, with high repeatability, safe deployment, and rich behavioral logging (Kelly and
Gibson 2007; Diersch et al. 2019). VR has been used both for intervention-oriented
training (with evidence of transfer to real-world navigation) and for mechanistic stud-
ies aimed at isolating how di�erent cues and strategies support learning (Taube et al.
2013; Clemenson et al. 2020; Hejtmanek et al. 2020). In parallel, serious games provide
an additional layer of structure and motivation, supporting sustained engagement and
scalable training protocols while preserving the possibility of �ne-grained data collec-
tion (Mortara et al. 2014; Perdomo and P�erez 2025). In navigation-relevant domains,
serious-game approaches have shown promising e�ects on spatial memory and allocen-
tric remapping in urban-like virtual settings, including in populations with cognitive
vulnerability (Sacco et al. 2022; Abd-Alrazaq et al. 2022).

A key open issue, however, is that how users move through a Virtual Environment
(VE) is not a neutral implementation detail. Locomotion interfaces determine which
self-motion cues (visual, vestibular, proprioceptive) are available and can therefore
a�ect spatial learning, workload, and cybersickness (Slater 2009; Diersch et al. 2019;
Lackner 2014; Clifton and Palmisano 2020). Many applications rely on controller-based
translation and rotation, which can increase movement throughput but may reduce
congruent bodily cues; conversely, more embodied solutions such as omnidirectional
treadmills can provide richer sensorimotor contingencies but introduce practical con-
straints and potential cognitive{motor interference (Warren and Bowman 2017; Hooks
et al. 2020; Wang et al. 2023). These interaction choices are particularly relevant when
the intended use case involves repeated sessions and older adults, for whom usability,
fatigue, balance demands, and tolerance may constrain adoption (Diersch et al. 2019).

In this work, we introduce City Walk, a VR serious game designed to support
implicit training and assessment of spatial navigation in a compact, everyday-like

2



urban environment. The game implements a �xed multi-level progression that grad-
ually shifts from guided acclimatization to unguided exploration, time pressure,
obstacle-induced re-planning, and transfer from a novel start location, culminating in
a map-based landmark placement task. In the present study, the same city and level
logic are implemented in two builds that di�er in immersion and locomotion modality:
a desktop baseline (DVR) and an enhanced immersive build (E-IVR) that combines
an HMD with an omnidirectional treadmill to increase embodied sensorimotor involve-
ment. To support process-level analyses, City Walk includes modular in-app logging
of movement heatmaps and route-e�ciency metrics, performance in the map task, and
(in E-IVR) gaze-based landmark observation, enabling links between online behavior
and o�ine spatial-memory outcomes.

The present manuscript reports a pilot evaluation comparing DVR and E-IVR
in young adults, with two primary aims: to validate the feasibility of the proto-
col and logging pipeline, and to obtain preliminary evidence on whether embodied
immersive locomotion yields measurable advantages for navigation e�ciency and
survey-level spatial knowledge relative to a desktop baseline. In addition, we col-
lect user-centered measures (workload, user experience, usability, and cybersickness)
to assess acceptability and inform iterative re�nement prior to larger studies in the
intended middle-aged/older adult population.

2 Background and Related Work

2.1 Spatial Navigation and Cognitive Maps

Spatial navigation can be de�ned as the ability to move purposefully through the
environment by selecting and following routes that connect di�erent locations in space
(Chan et al. 2012; Smith et al. 2024; Park et al. 2024). It is a fundamental cognitive
function, that enables individuals to orient themselves and reach goals in both familiar
and unfamiliar environments (Serino et al. 2025). Di�culties in spatial navigation are
frequently observed in aging and in several neurological conditions, including dementia
and focal brain injuries, where they may lead to loss of autonomy and reduced quality
of life (Chan et al. 2012; Cogn�e et al. 2017).

Humans and other animals rely on multiple strategies to represent space and guide
navigation, but two main frames of reference are typically distinguished: allocen-
tric and egocentric representations (Ekstrom et al. 2014). Allocentric representations
encode the spatial relationships between objects independently of the observer's cur-
rent position, supporting the formation of cognitive maps that can be used to plan
novel routes and to reorient after displacements (Klatzky 1998). This strategy is
strongly linked to the hippocampus, which plays a central role in encoding and
retrieving allocentric spatial information (Igl�oi et al. 2009). In contrast, egocentric
representations encode the position of objects relative to the observer's body, such as
\on the left" or \in front of me". Egocentric navigation can rely on stimulus{response
rules (e.g., \turn right at the corner") or on memorized sequences of body turns;
simple egocentric strategies are primarily supported by the striatum, whereas more
complex sequential strategies can also involve the hippocampus (Klatzky 1998; Igl�oi
et al. 2009).
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A central component of spatial navigation is the use of landmarks { salient cues in
the environment such as buildings, natural features or other distinctive objects (Chan
et al. 2012; Yesiltepe et al. 2021; Jabbari et al. 2022). Visual landmarks are especially
important and can be classi�ed along several dimensions. A common distinction is
between proximal and distal landmarks: proximal landmarks are located close to the
observer and typically support egocentric strategies, but they can be less reliable
because they can be transient, movable, or occluded; distal landmarks, such as tall
buildings or mountains, are visible from many locations and provide stable reference
information that facilitates the construction of allocentric maps (Chan et al. 2012).
More speci�cally, landmarks can be described as beacons, which directly mark the goal
location, orientation cues, supporting heading and directional decisions, associative
cues, linked to speci�c actions along a route, and reference frames, boundaries or
contours that de�ne the overall spatial layout, such as coastlines or city walls (Chan
et al. 2012).

2.2 Virtual Reality and Serious Games for Spatial Navigation

Virtual reality (VR) has been increasingly adopted as a tool to investigate and
train spatial navigation because it allows researchers to reproduce realistic yet highly
controlled environments (Jonson et al. 2021; Clemenson et al. 2020). Virtual Envi-
ronments (VEs) can be 
exibly modi�ed to test speci�c factors while providing safe
and accessible setups even for individuals with reduced mobility or cognitive impair-
ment (Capriotti et al. 2025). VR also enables the collection of rich, multimodal data,
including brain activity, behavioral responses, navigation strategies and longitudinal
changes in performance (Diersch et al. 2019; Kelly and Gibson 2007). In this con-
text, VR has been proposed as a technology that may \rede�ne experimental practice
in neuroscience and psychology", particularly for spatial navigation research (Diersch
et al. 2019, p. 2).

Work in VR navigation broadly spans two complementary lines: intervention-
oriented studies that use VR to train navigation skills and evaluate transfer to
real-world performance, and mechanistic or assessment-oriented studies that use VEs
to examine navigation behavior and its neural underpinnings under controlled condi-
tions (Taube et al. 2013; Diersch et al. 2019; Hejtmanek et al. 2020; Clemenson et al.
2020).

Early evidence for training e�ectiveness was provided by Bliss et al. (1997), who
reported that �re�ghters trained in a virtual building (via a Head-Mounted Display
(HMD) and mouse) performed a subsequent real-world search-and-rescue task faster
and more accurately than a no-training control group. More recently, Xu et al. (2025)
compared active VR exploration, passive video training, and no training in older
adults using a digital replica of a real building. Participants in the active VR condition
later navigated the corresponding real environment with reduced time and distance
{ even on new routes { supporting transfer from virtual to real-world settings. In
rehabilitation, Kober et al. (2013) implemented route-�nding training using a non-
immersive VR system for neurologic patients with spatial disorientation and reported
improvements in route learning and performance on neuropsychological measures
after repeated sessions. Other training work has targeted cognitive map formation
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speci�cally: McLaren-Gradinaru et al. (2020) used repeated navigation sessions in
a non-immersive 3D video game set in a �ctional city (Centerville) and reported
preliminary evidence of improved allocentric spatial memory on standard tasks.

A substantial body of research uses VR primarily as an experimental platform to
study spatial cognition and navigation strategies. Virtual implementations of classical
paradigms (e.g., the Morris Water Maze, Radial Arm Maze, and geometric arenas)
facilitate large-scale testing and enable translational comparisons with animal research
at relatively low cost (Kelly and Gibson 2007; Thornberry et al. 2021). For example,
Igl�oi et al. (2009) used a virtual star maze to show that sequential egocentric and
allocentric strategies can be acquired in parallel, by manipulating starting positions
and available cues to dissociate which representation participants had learned. A sys-
tematic review by Cogn�e et al. (2017) further showed that VR-based navigation tasks
are sensitive to aging, Alzheimer-type dementia, brain injury and schizophrenia, and
can reveal speci�c de�cits in landmark memory, route learning and environmental
con�guration that are not always captured by traditional neuropsychological tests.

Within this broader context, serious games provide a complementary framework
for delivering spatial navigation training and assessment. Serious games are video
games designed primarily to educate or train players rather than to provide enter-
tainment alone (Mortara et al. 2014; Theodoropoulos and Antoniou 2022; Michael
and Chen 2006). They have been widely used to enhance cognitive functions such as
attention, memory and spatial navigation, with promising outcomes across domains
(Oei and Patterson 2013; Ackerman et al. 2010; Perdomo and P�erez 2025). A bib-
liometric analysis reported that serious games have grown across �elds since 2019,
with cognition-related studies occupying a particularly prominent position in relevance
and development (Perdomo and P�erez 2025). Serious games also frequently integrate
virtual or augmented reality technologies, supporting interactivity, motivation, high
repeatability of experimental protocols, and continuous collection of in-game perfor-
mance data (Checa and Bustillo 2020; Perdomo and P�erez 2025; Lampropoulos and
Kinshuk 2024).

Empirical evidence supports the potential of serious games for navigation-related
outcomes. Sacco et al. (2022) developed MindTheCity!, a 3D game set in a �ctional
town composed of multiple districts, where players retrieve bicycle components dis-
tributed across the environment. Across three experiments with repeated sessions,
they observed improvements in several aspects of spatial memory, consistent with
enhanced remapping of space in allocentric coordinates. More broadly, a systematic
review and meta-analysis by Abd-Alrazaq et al. (2022) indicated that serious games
can be e�ective and safe tools for improving cognitive abilities in older adults with
cognitive impairment, supporting their use in populations likely to bene�t from engag-
ing, technology-mediated interventions. These �ndings complement earlier evidence
that non-action video games can produce speci�c cognitive improvements and that
older adults can learn and use such games e�ectively { an important prerequisite for
aging-focused research (Oei and Patterson 2013; Ackerman et al. 2010).

Taken together, the literature suggests that VR and serious games form a strong
methodological combination for spatial navigation research and cognitive training.
VR provides controlled yet realistic environments and enables �ne-grained behavioral
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and physiological data collection, while serious games o�er engaging task structures
and scalable training protocols (Diersch et al. 2019; Perdomo and P�erez 2025). This
combination appears particularly promising for designing implicit or explicit proce-
dures aimed at improving allocentric navigation strategies and landmark-based spatial
memory (Diersch et al. 2019; Sacco et al. 2022; Ellis 2009).

2.3 Locomotion and Immersion in VR Navigation

Immersion in VR is classically de�ned by the extent to which a system can replace
the user's sensory access to the physical world with computer-generated stimulation,
thereby hiding (or substantially occluding) the surrounding reality from the user's view
(Riva and Waterworth 2014; Slater and Sanchez-Vives 2016). Under this perspective,
VR systems are commonly grouped into three categories based on their level of percep-
tual isolation and user envelopment: non-immersive systems (e.g., desktop displays;
Desktop Virtual Reality, DVR), which preserve full awareness of the real environ-
ment; semi-immersive systems (e.g., large-screen or projection-based setups), which
partially surround the user and enhance engagement without fully occluding reality;
and immersive systems (typically HMD- or CAVE-based; Immersive Virtual Reality,
IVR), which provide stereoscopic, head-tracked views that largely hide the physical
surroundings and support a �rst-person experience of the VE (Jensen and Konradsen
2018; Cipresso et al. 2018; Di Natale et al. 2020). Beyond this display-centric taxon-
omy, and coherently with previous literature (Radianti et al. 2020; Bo� et al. 2024),
we use the term Enhanced Virtual Reality (EVR) to denote VR setups that extend
sensorimotor involvement beyond vision (and basic audio) by integrating additional
interfaces that provide more realistic interaction and/or feedback (e.g., haptic/force-
feedback devices or locomotion platforms). When EVR is implemented with an IVR
(HMD-based) setup in our study, we refer to it as Enhanced-IVR (E-IVR).

However, in navigation contexts immersion depends not only on display technology
but also on how users move through the VE (Slater 2009; Ho�rej�s�� et al. 2025). Many VR
navigation applications rely on HMDs combined with hand-held controllers or simple
input devices such as joysticks or keyboards (Monteiro et al. 2025; Steed and Lai 2025;
Buttussi and Chittaro 2021). In these setups, users typically remain seated or standing
in place while translating and rotating through the environment via button presses
or joystick movements. The headset provides stereoscopic vision and, when equipped
with six degrees of freedom (6 DoF), tracks both head rotations and translations;
integrated 3D audio can further contribute to a sense of presence (Lee et al. 2017).
However, because the body does not physically move, self-motion is conveyed primarily
through visual and auditory cues. The resulting mismatch between visual motion and
the absence of congruent vestibular and somatosensory input is a key mechanism
underlying cybersickness (Lackner 2014; Clifton and Palmisano 2020). The literature
therefore emphasizes the importance of maintaining high and stable frame rates {
often on the order of 75 frames per second or higher { to preserve motion smoothness
and reduce sensory con
ict (Lee et al. 2017; Chang et al. 2020).

Driving simulators represent one approach to reintroducing vestibular information
into VR locomotion. Beyond steering wheel and pedal interaction, advanced simula-
tors can integrate motion platforms that reproduce weight shifts during acceleration,
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Fig. 1: An example of Omnidirectional treadmill: the Virtualizer, by Cyberith.

braking, and turns, providing motion cues that target the vestibular system and mean-
ingfully in
uence steering and speed control (Gabes and M•uhlberger 2024). Visual
information can be delivered via single or multi-monitor setups or via HMDs; recent
work suggests that, for some driving tasks, there is no clear evidence of strong dif-
ferences in immersion between multi-monitor and HMD-based con�gurations, and
professional simulators therefore often do not require HMDs (Gabes and M•uhlberger
2024). Nonetheless, even with motion platforms, these systems cannot fully replicate
the range of accelerations experienced in real driving, and residual inconsistencies
between visual and bodily cues can still induce motion sickness (Lackner 2014). Despite
these limitations, driving simulators remain highly valuable for research questions that
depend on vestibular stimulation (e.g., speed perception, steering control).

Omnidirectional treadmills (ODTs) extend this principle by enabling users to phys-
ically walk in any direction while remaining in place (Figure 1). Typical ODTs include
a low-friction walking surface together with a ring-and-harness system that stabilizes
balance and keeps the user centered; motion is then captured through sensor systems
that estimate walking direction and speed (and sometimes body rotation) to drive
locomotion in the VE (Diersch et al. 2019; Warren and Bowman 2017). These sys-
tems are used in gaming, professional training, simulations, and rehabilitation, and
they can improve performance and precision in navigation tasks by coupling visual
information with more natural locomotor patterns (Diersch et al. 2019; Chakraborty
et al. 2024). However, ODTs are constrained by cost and space requirements and may
introduce a dual-task situation in which motor demands compete with cognitive pro-
cessing (Hooks et al. 2020; Wang et al. 2023). Evidence from VR navigation studies
with older adults suggests that treadmill-based locomotion can sometimes impair per-
formance in this population because walking and cognitive processing draw on shared
resources (Diersch et al. 2019).
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Overall, locomotion interfaces for VR navigation span a continuum from purely
controller-based movement to solutions that engage vestibular and somatosensory sys-
tems (e.g., driving simulators and ODTs). The available literature suggests that higher
immersion and richer bodily feedback can support learning, presence and ecological
validity (Guti�errez et al. 2007; Fusco and Tieri 2022), but may increase complexity,
provoke cybersickness, and { in certain target groups such as older adults { heighten
cognitive-motor interference (Diersch et al. 2019; Lackner 2014). Locomotion choice
is therefore a central design variable in VR navigation studies because it determines
the cue set available to the navigator and the practical trade-o�s among immersion,
usability, and safety.

2.4 Eye Tracking and Landmark Use in Virtual Navigation

Eye tracking o�ers a direct behavioral window onto how navigators sample visual
information while moving through an environment. Modern VR headsets can integrate
infrared cameras that track pupil and corneal re
ections in real time (Moreno-Arjonilla
et al. 2024). This approach { known as video oculography (van der Geest and Frens
2002) { enables estimation of gaze origin and direction concurrently with head pose
and position. Earlier eye-tracking systems relied on intrusive magnetic contact lenses
(van der Geest and Frens 2002; Robinson 1963), whereas current infrared-based
solutions are non-invasive and can be embedded into HMDs, enabling the study of
attention, perception and decision-making during more naturalistic navigation tasks
(Moreno-Arjonilla et al. 2024; Callahan-Flintoft et al. 2021).

From a spatial cognition perspective, eye tracking is particularly informative
because visual landmarks are primary cues used to build allocentric and egocentric rep-
resentations of space (Klatzky 1998; Chan et al. 2012). As outlined in subsection 2.3,
landmarks may be proximal or distal, and Chan et al. (2012) proposed a functional tax-
onomy (beacon, orientation, associative, and reference-frame cues). Because di�erent
landmark types support di�erent navigational functions, patterns of gaze allocation
can provide indirect evidence about the navigator's strategy { for example,whether
behavior is dominated by local beacons or instead emphasizes distal orientation and
reference-frame cues (Chan et al. 2012).

VR research also underscores the central role of landmarks when other cues are
reduced, which motivates measuring how attention is allocated to them during navi-
gation. Youngstrom and Strowbridge (2012), for example, used a virtual water maze
in which mice (head-�xed on a levitated spherical treadmill) had access only to visual
information from a surrounding display; animals learned to navigate to a hidden plat-
form based solely on the con�guration of visual landmarks, suggesting that allothetic
visual cues can be su�cient to support spatial learning in VR. Related VR paradigms
further indicate that nonvisual information can complement visual processing when
visual cues are impoverished: Gr•ohn et al. (2005) reported that participants could suc-
ceed in a VR gate-navigation task using auditory cues, although performance was best
with combined audiovisual signals. Together, such �ndings emphasize that landmark
processing is often central when navigation relies heavily on vision and navigation
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performance may re
ect how visual and nonvisual information is sampled and inte-
grated { making eye tracking a valuable tool when visual information is expected to
be task-relevant.

IVR can increase ecological validity by allowing participants to actively explore
large-scale environments while experimenters record position, head orientation, and {
when available { eye movements at high temporal resolution (Diersch et al. 2019; Zhao
et al. 2023). Eye tracking in these settings supports gaze-based metrics such as total
dwell time on landmarks and the number of sustained �xations above a given tempo-
ral threshold. These measures can be related to subsequent performance on explicit
landmark recognition, route recall, or map reconstruction tasks (Viaene et al. 2016;
Zhao et al. 2023; Wenczel et al. 2017). In principle, longer and more frequent �xations
on distal orientation or reference-frame cues may be consistent with allocentric map
construction, whereas heavier reliance on nearby beacons may align with egocentric
or sequential strategies (Klatzky 1998; Chan et al. 2012). In clinical contexts, this
approach is further motivated by evidence that VR navigation tasks are sensitive to
landmark and route-memory de�cits in aging and dementia (Cogn�e et al. 2017), high-
lighting the potential value of quantifying how visual information is sampled during
navigation.

3 Materials and Methods

3.1 City Walk

3.1.1 Application Design

City Walk is a serious game designed to support implicit training of spatial navigation
in an everyday-like urban environment. The application targets a broad user base, from
young to elderly adults, with a particular focus on individuals who are not habitual
video game players. For this reason, the interaction model was deliberately kept simple:
the core task consists exclusively of moving from a starting location to a destination
within a small virtual city, without additional mini-games or complex interactions. The
game is intended to be easy to learn and to reuse in di�erent experimental protocols
in the domain of cognitive training.

The design goal was to manipulate immersion and locomotion while keeping the
cognitive demands of the navigation task constant. To this end, the same city lay-
out, level structure, and game logic are shared across two builds that di�er only in
interaction modality and degree of sensorimotor involvement: a DVR version, used as
control condition, and an E-IVR version, combining an HMD with an omnidirectional
treadmill (the Cyberith Virtualizer 1). This dual-build architecture enables direct com-
parison between traditional keyboard{mouse navigation and embodied locomotion on
a motion platform within the same virtual environment.

Both builds are implemented in Unity (version 2021:3:24f1), sharing the same
underlying scene structure, level de�nitions, and event-driven game logic. In the DVR
version, the player navigates the city using a standard �rst-person controller. View ori-
entation is controlled with the mouse, while translation is mapped to keyboard arrows

1 https://www.cyberith.com/
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Fig. 2: City environment, seen from the height.

or WASD keys. Completion and failure of each level are communicated via dedicated
end-of-level screens, and transitions between levels are mediated by a loading screen
that conveys contextual information about the upcoming task. This con�guration pro-
vides a baseline navigation condition with low sensorimotor immersion but familiar
interaction and minimal hardware requirements. In the E-IVR version, the same nav-
igation tasks and feedback screens are presented through an HTC Vive Pro Eye HMD
while the player avatar is controlled via an omnidirectional treadmill. Controller-based
translation is disabled, and forward motion and turns are driven by the user's phys-
ical walking and body rotations on the Virtualizer. Visual and auditory feedback
remain identical to the DVR version, ensuring that performance di�erences can be
attributed primarily to the locomotion modality and immersion-related sensorimotor
contingencies rather than to changes in task content.

Across both versions, the application maintains the same narrative framing, start-
ing/ending point logic, and level sequence (described in the following subsections).
This design ensures that di�erences in performance and behavior can be attributed
primarily to the locomotion modality and immersion level rather than to changes in
game content or task demands.

3.1.2 City Layout and Landmark Design

The VE consists of a small coastal city located on an island, designed to balance ecolog-
ical plausibility and experimental control (Figure 2). Both versions of the application
use the same city scene, so that navigation demands and spatial information are identi-
cal across conditions. The same city layout is available in both daytime and nighttime
scenes, allowing us to probe spatial learning under di�erent lighting conditions while
preserving an identical map structure. The creation of the city map followed three
main steps: de�nition of the street topology, placement of salient landmarks, and �ll-
ing the remaining space with generic buildings to control visibility. All design choices

10




	Introduction
	Background and Related Work
	Spatial Navigation and Cognitive Maps
	Virtual Reality and Serious Games for Spatial Navigation
	Locomotion and Immersion in VR Navigation
	Eye Tracking and Landmark Use in Virtual Navigation

	Materials and Methods
	City Walk
	Application Design
	City Layout and Landmark Design
	Task Structure and Levels
	Logging Data: Movement Heatmap and Landmark Observation

	Experimental Design
	Experimental Measures


	Experimental Results
	In-App Performances
	Questionnaire Results

	Discussion
	Immersion and Locomotion: Implications for Navigation Efficiency and Spatial Learning
	User Experience, Usability and Cybersickness: Acceptability of the Approach
	Limitations

	Conclusions and Future Research Directions
	Statements and Declarations


