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Figure 1: Demonstration of the use of MagicMap: (a) selecting an exhibition room to teleport, (b) entered the room to see museum
collections, and (c) review annotations and visiting trace on the map. Features supported in MagicMap: © 3D miniature of a
museum on a 2D map interface, @ hover to show exhibition information, ® slide to adjust the transparency of walls, @ a multi-view
interface showing details while keeping an overview at the corner, ® button for annotating museum collections, ® annotations (in
red) displayed on MagicMap, @ a heatmap (in yellow) showing the visiting traces (points), and ® hover the annotation to view a

miniature of annotated objects.

ABSTRACT

Museum visitors are typically advised to follow trajectories planned
by curators. Nevertheless, the diverse locomotion techniques avail-
able in Virtual Reality (VR) offer various navigation methods that
are unattainable within physical museum spaces. Interestingly, these
techniques have rarely been explored within museum settings. Our
study aims to investigate appropriate navigation methods in VR mu-
seums. We first conducted a study in a virtual reconstruction of a
local museum with the following navigation methods: a 2D mini-
map, a World-in-Miniature (WiM) system, and a WiM map. Our
results showed that the WiM map with a point-and-select interaction
technique outperformed the other two regarding ease of learning,
reduced workload, lessened motion sickness, and greater user pref-
erences. Based on the findings, we improved the WiM map and
introduced MagicMap. It builds upon the WiM map and translates
the curatorial principles of museum visiting into a hierarchical menu
layout. Our further evaluation showed that MagicMap supported
prolonged engagement in VR museums, enhanced system usability
and overall user experience, and reduced users’ perceived workload.
Our findings have implications for the future design of navigation
systems in VR museums and complex indoor environments.

Index Terms: Human-centered computing—Human computer
interaction (HCI)—Interaction paradigms—Virtual reality; Human-
centered computing—Human computer interaction (HCI)—HCI
design and evaluation methods—User studies

1 INTRODUCTION

Navigation is a fundamental activity in real and virtual environments
[69]. As one of the most basic tasks in Virtual Reality (VR), navi-
gation includes locomotion and wayfinding components [24]. With
the development of eXtended Reality (XR) technologies, navigation-
related research has proliferated rapidly. Navigation in open areas
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and outdoor environments has garnered significant attention in re-
search and has been explored across a wide range of scenarios and
contexts [37,42,68,69]. Comparatively, navigation within complex
indoor environments such as museums has been less explored, al-
though it has always been an important research area whose findings
can be applied to many other real-world scenarios [21, 63].

Our study aims to improve the navigation experience in VR mu-
seums. Based on previous works on navigation methods, VR loco-
motion techniques, and museum studies, we identify an opportu-
nity to combine a 2D mini-map and the World-in-Miniature (WiM)
metaphor to support effective navigation in VR museums. Inspired
by navigation methods studied in related works, we first designed a
WiM map. We created a virtual reconstruction of a local museum,
based on which we conducted a within-subjects experiment (n = 24)
to evaluate the use of three navigation methods: 2D mini-map, WiM,
and WiM map. Participants were guided through a series of tutorials
and were asked to perform two tasks: an object collection task and
a map drawing task. This study serves to answer RQ1: Can inter-
active maps (WiM and WiM map) better support users’ navigation
in complex indoor VR environments, compared to 2D mini-maps?
We found that (1) interactive maps (WiM and WiM map) facilitate
more efficient navigation in VR museums than a 2D mini-map; (2)
WiM map showed a greater perceived performance and lower per-
ceived workload than WiM and 2D mini-map; (3) Compared to
WiM, participants found the WiM map easier to learn and required
fewer movements of the dominant hand; and (4) WiM map also
caused less motion sickness (nausea and disorientation) than the 2D
mini-map.

The results and participants’ feedback led us to see the strong
potential of the WiM map to support effective navigation and al-
lowed us to gain some insights into its improvements. Thus, we
optimized the WiM map design and proposed a novel navigation
system, MagicMap (see Figure 1). The design of MagicMap in-
cluded features that improved the accuracy of locomotion and the
ease of wayfinding. To evaluate its use in VR museums, we pop-
ulated the environment with 106 museum collections distributed
across 11 exhibition rooms. The second study (n = 24) comparing
the WiM map and the MagicMap provided answers to our RQ2: Do
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MagicMap’s features improve users’ navigation experience in VR
museums, compared to WiM map? An improved system usability,
enhanced user experiences, prolonged engagement in museum Visits,
and a reduction in workload were shown in the results.

Our work demonstrates the following contributions to VR, human-
computer interaction, and cultural heritage research. (1) We iden-
tified from related works that the design of the WiM map based
on a 2D mini-map and WiM could potentially contribute to VR
navigation. (2) We empirically evaluated the effectiveness of the
aforementioned three navigation methods in supporting indoor navi-
gation. (3) We introduced a novel navigation system, MagicMap, for
VR museums that integrates WiM based on 2D user interface control,
supporting scalable map navigation and personal meaning-making.
Study results showed that MagicMap was able to support improved
navigation experiences for VR museum visitors. (4) We showed
that the design of MagicMap can be directly taken into future VR
museum systems. In the meantime, the features supporting precise
locomotion and intuitive wayfinding are transferable and scalable to
other complex indoor navigation scenarios. (5) Our research under-
scores the importance of addressing complex indoor environments
in navigation research, particularly in the context of VR museums.
We provide design guidelines for researchers and practitioners to
explore more effective navigation solutions.

2 RELATED WORK

In recent decades, VR has increasingly been used for museum visits,
transforming the way heritage is experienced and making museums
more accessible. To contextualize our research on navigation within
VR museums, we examine research related to navigation in both
physical museums and virtual museums. Subsequently, we provide
an overview of VR navigation research, focusing on its relevance
and applicability in the context of VR museums.

2.1 Effects of Navigation on Museum Experiences

Bitgood [6] highlighted the importance of navigation to visitors’ mu-
seum experience: it determines what they see and do and, ultimately,
what they experience and learn in museums. While research on
navigation-related experiences in VR museums is currently limited,
there is a greater body of research on such experiences in physical
museums. Therefore, in this section, we draw insights from both
physical museums and VR museums to inform our work.

2.1.1 Navigation within Physical Museums

When discussing navigation within museums, we often need to look
into wayfinding, as real-world locomotion typically involves phys-
ical walking. Previous research has highlighted that wayfinding
can pose challenges for both museum curators and visitors [52]. It
can be particularly tricky due to the complex layouts of museum
interiors [53]. Therefore, aiding visitors in both their physical and
cognitive orientation is of paramount importance [6]. The conven-
tional method is to provide visitors with a paper map prior to their
visits or at key junctures within the museum [29]. Various research
has reported the positive effect of maps on visitors’ experiences. For
instance, a study conducted at the Birmingham Zoo showed that
visitors with handheld maps tended to explore more of the exhibi-
tion compared to those without maps [6]. Similarly, a study at the
St. Louis Science Center revealed that visitors equipped with maps
stayed three times longer and expressed higher levels of satisfaction
with their visit compared to those without guide maps [6].

With the development of information and communication tech-
nologies, researchers explored ways to streamline the cognitive effort
required for navigation. For example, digital devices enabled contin-
uous updates of “you-are-here” markers on virtual maps. A notable
example of adopting such a navigation approach is MusA [53]. It
utilizes vision-based indoor positioning to provide real-time spatial
positioning on a map, allowing users to select specific collections

(landmarks) and receive guidance to their destination (route) via
handheld devices. More recently, Augmented Reality (AR) hand-
held devices and head-mounted displays (HMDs) have become more
affordable [3,7] and can be integrated into the exploration of phys-
ical spaces. In summary, these studies on navigation in physical
museums confirmed the importance of navigation for visitors’ mu-
seum experiences and showed strong potential of digital solutions to
support indoor wayfinding.

2.1.2 Navigation within VR Museums

In contrast to navigation within physical museums, navigation in
VR museums involves more than just wayfinding: locomotion also
plays a vital role. Several commercial VR museum applications
are available on various digital distribution services and storefronts,
such as Steam and the Meta Quest Store. In this section, we explore
how different navigation methods impact user experiences based on
some example applications and identify the existing research gaps.

In general, navigation can be broadly divided into discrete or
continuous, and, depending on how it is provided, it can impact
users’ experience and cognitive processes [38, 39, 62,71]. Our
literature review shows that almost all commercial VR museum
applications adopted a discrete locomotion technique: point and
teleportation [11]. Typical examples are The Kremer Collection VR
Museum!, VR Museum Tour Grand Collection®, Mona Lisa Beyond
The GlassS, and Smithsonian American Art Museum®. Point and tele-
portation enables fast travel between locations [65], reducing travel
time and increasing efficiency while causing less motion sickness
compared to continuous locomotion [11,44]. Consequently, it has
become the standard in many VR applications [34,51]. Due to its
popularity, it is widely used in VR museums. However, previous re-
search also showed that point and teleportation tends to cause disori-
entation and negatively affects the sense of spatial awareness [50,65].
Meanwhile, scholars in museum studies have a consensus that the
museum space plays a significant role in the subsequent process of
meaning construction and interpretation [54]. The visiting paths are
also closely related to the storytelling. Thus, the issue of spatial
awareness should be addressed in a VR museum if the point and
teleportation technique is adopted.

Unlike discrete locomotion, continuous locomotion techniques
often perform better in supporting spatial awareness. However, they
can also lead to more motion sickness [44, 45,61, 70], which can
be severe in many users, thereby negatively affecting their overall
experience. Real walking, although ideal, requires a large or tracked
physical space, which is not always practical or feasible [10]. To
overcome these issues, researchers have proposed continuous loco-
motion techniques such as redirected walking [57], zooming [36],
or walking-in-place [46]. These techniques use walking-based
workarounds to facilitate continuous locomotion in a virtual envi-
ronment [41]. However, these approaches have their own limitations
and complexities, such as the need for additional devices and signifi-
cant efforts to set up. Some approaches, such as bicycle riding [46],
are not suitable for VR museum scenarios.

Among the very few VR museum applications that supported
wayfinding, The VR Museum of Fine Arts> offers users a 2D hand-
held leaflet that shows the layout of the museum before the visit.
Apart from this example, most commercial designs of VR museums
offered nearly no support for wayfinding. This signifies a significant
opportunity for research in wayfinding design within VR museums.

To summarize, there are substantial research opportunities in VR
museum navigation. The locomotion techniques available on com-
mercial VR devices are largely restricted to point and teleportation.

Ihttps://store.steampowered. com/app/774231/The_Kremer_Collection_ VR Museum/
2https ://store.steampowered.com/app/1484150/VR_Museum_Tour_Grand_Collection/
3 https://store.steampowered.com/app/1172310/Mona_Lisa_Beyond_The_Glass/

4https://store.steampowered. com/app/1087320/Smithsonian_American_Art_Museum_Beyond_The_
Walls/

5 https://store.steampowered.com/app/515020/The_VR_Museum_of_Fine_Art/
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Such discrete locomotion techniques may disrupt spatial awareness,
while continuous locomotion methods can lead to motion sickness.
Navigation methods in VR museums need to be better designed
to adopt appropriate locomotion techniques and support wayfind-
ing. Consequently, our work aims to seek opportunities to improve
navigation (locomotion and wayfinding) in VR museums.

2.2 Map and World-in-Minature in Virtual Environments

The review of related works in the previous section showed that a 2D
map is one of the most common wayfinding aids in both physical and
VR museums. Its positive effect on experience in physical museums
has been widely acknowledged [6]. However, Liitjens et al. [40]
highlighted that using 2D maps in an inherently 3D VR environment
can present cognitive challenges to users. To address this issue,
researchers have explored using 3D maps, also known as World-in-
Miniature (WiM). It was first introduced by Stoakley et al. [58] as a
handheld scaled-down replica of the virtual environment.

As a 3D map, WiM can support intuitive wayfinding. Berger and
Wolf [5] demonstrated that users can gain an overview of the envi-
ronment and a clear understanding of landmark locations compared
to using a 2D map. They stated that WiM can offer detailed informa-
tion and richer interactions [5]. Many researchers have used WiM
as a tool to enhance users’ understanding of virtual environments.
For example, Weissker et al. [64] used WiM to show participants
the route they needed to follow in a virtual city. Zhang et al. [68]
made WiM an auxiliary tool for virtual urban navigation, helping
users annotate, locate their positions, and explore urban points of
interest. Recently, researchers also explored the use of WiM as a
spatial design tool [67]. Based on these example uses of WiM, it
is likely to contribute to wayfinding and help mitigate the issue of
spatial awareness during museum Visits.

Traveling guided by a WiM is not new. Bowman et al. [10] argued
that techniques used for travel and wayfinding should be integrated if
possible, given that these two tasks are inherently linked. Using WiM
as a locomotion technique, a small representation of the user, often
in the form of a human figure, is placed within the WiM to indicate
the user’s position and orientation in the virtual world. Users can
pick up and drop their representatives in the WiM to define routes
or teleportation points. The system then executes the corresponding
motions in the full-scale virtual environment. Berger and Wolf [5]
compared WiM, continuous locomotion, and teleportation. They
found that as a locomotion technique, WiM outperformed the other
two techniques in velocity for long distances, providing users with
the highest spatial knowledge while causing the slightest motion
sickness. Danyluk and Willett [23] conducted a similar comparison
of flight, teleportation, and WiM in a large outdoor environment.
They concluded that WiM is less prone to motion sickness than
flight and more efficient in getting an overview of the scene than
teleportation.

3 DESIGN DIMENSIONS OF THE WIM MAP IN VR MUSEUMS

Two key findings were learned from the related works and motivated
our design of the WiM map:

(1) It is a common approach to use handheld 2D maps as a
wayfinding tool in physical and virtual museums.

(2) World-in-Miniature demonstrates great benefits in supporting
efficient locomotion and wayfinding in VR environments.

Thus, we propose to combine the features and explore the use of
a WiM map to enhance navigation in VR museums. Specifically,
we aim to leverage the WiM map to improve the efficiency and
precision of instant discrete locomotion techniques while mitigating
potential VR-induced discomfort. Additionally, we seek to provide
wayfinding support in VR museums to compensate for the loss of
spatial awareness resulting from teleportation.

Danyluk et al. [22] proposed seven design dimensions for the
WiM: size-scope-scale, abstraction, geometry, reference frame, links,
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multiples, and virtuality. Detailed descriptions of dimensions, along
with examples, were presented in their paper. Here, we discuss the
design of the WiM map in a VR museum context and explain the
features we considered based on previous works.

The size-scope-scale dimension describes the physical dimen-
sions of the miniature replica. Given the appropriateness of using
a 2D handheld mini-map in museums, we thus defined a building
scope design of the museum WiM that is scaled to fit a small size
map (10-30 cm). Similar to the previous design of WiM with a
building scope, we adopted a just areas abstraction. Regarding ge-
ometries, we kept the WiM in a cube shape. The reference frame
of our WiM map design is peripersonal and sits on a handheld inter-
face. While pointing and selecting a teleport point on the WiM map,
a cursor is shown on the ground of the VR museum environment,
indicating a link between the WiM and the environment. We did not
include any mutiples because the design of the WiM map mainly
aims to support locomotion and wayfinding, but not interaction with
specific parts of the map itself (e.g., urban planning). Finally, we
target a design for headset VR, the utterly immersive end of the
virtuality dimension. In summary, we narrowed down the design
space of the WiM map to a small handheld interface that presents
museum building areas and shows a link between the WiM and the
museum environment.

In addition, we consider some design solutions to address some
challenges indicated in the related works. The first is occlusion. Tru-
man et al. [60] identified occlusion as a significant challenge in the
implementation of WiM. This challenge stems from obstacles within
the virtual environment, such as walls, roofs, and furniture, obstruct-
ing users’ views of certain parts of the interface. One approach is
to remove or modify parts of the virtual environment (e.g., walls
or roofs). However, it may not be suitable for our virtual museum
setting, where the architectural structure plays a crucial role in the
museum experience. Instead, we chose another method: adjusting
the WiM’s transparency [5]. By making the WiM map translucent,
we aim to maintain the visual connection between the user and the
virtual environment while mitigating the occlusion challenge posed
by physical structures within the museum. We also considered the
display orientation and the locomotion interaction technique,
which determine how users interact with the WiM design. 2D mini-
map and WiM vary in their display orientations. WiM is often
displayed in a horizontal manner to support users’ mental model of
its orientation in relation to the physical environment. The common
manipulation technique used in WiM locomotion required users to
pick up and drop their miniature representations [22,58,60]. On the
other hand, 2D handheld interfaces usually have a vertical display
so that users can hold and read [13]. Such vertical layouts have been
widely adopted in VR system controls, such as menu interfaces and
web browsers, which facilitate intuitive point-and-select interactions
such as raycasting. Recent works also explored the use of raycasting
to realize instant teleportation in WiM, such as the Group WiM [17].
Thus, we designed the WiM map to match the ground of a museum
WiM to a vertical display of a 2D mini-map, where users could tele-
port using point-and-select interactions. We also considered users’
postures of using the WiM map. Previous work [13] indicated that
a vertical layout with a wrist-based approach was found efficient for
a 2D interface design in 3D spaces. Thus, we adopted this approach
that required users to raise and bend their elbows to see the WiM
map. Table 1 provides a summary of the three navigation methods.

4 STuDY 1: MAP NAVIGATION IN COMPLEX INDOOR VR
ENVIRONMENTS

Considering the various design dimensions of map navigation sys-
tems, it is infeasible to follow a comprehensive factorial design to
evaluate the effectiveness of each design dimension. Therefore, we
conducted a focused comparative study to assess the WiM map de-
sign against two conditions that emerged from the review of related
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Table 1: Comparing 2D mini-map, WiM, and WiM map.

2D mini-map WiM WiM map
Map 2D image 3D model 3D model with 2D panel
Link None None Cursor
Display  Vertical Horizontal Vertical
Posture Elbow bent Arm forward Elbow bent
Teleport  None Pick up and drop ~ Point and select

works and museum applications. Specifically, a 2D map is designed
to simulate the most common way used in current VR museums, and
WiM is implemented as how it is designed to show and interact with.
We designed a three-condition within-subjects experiment to answer
RQ1: Can interactive maps (WiM and WiM map) better support
users’ navigation in complex indoor VR environments, compared
to 2D mini-maps? Our primary objective is to assess the overall
effectiveness of each navigation technique in supporting general
navigation tasks within complex indoor VR environments. We used
a VR museum environment but did not include any museum collec-
tions in it. This decision was made to prevent potential confounding
effects that could arise from the presence of museum collections and
to focus solely on the evaluation of the navigation methods. Figure 2
illustrates the use of three navigation methods in the VR museum.

B e—

Figure 2: Screenshots showing the three navigation methods and how
they were used in the VR museum scenario: (a1-2) hold and view a
2D mini-map; (b1-2) pick up and drop one’s representation to teleport
in WiM; and (c1-2) point and select to teleport using WiM map.

4.1 Apparatus and Implementation

We used a computer with an Intel Core i7-12700k CPU @ 3.60GHz,
32GB RAM, and a NVIDIA GeForce GTX 3080 graphics card with
4GB RAM. A Meta Quest 2 (1920x 1832 resolution for each eye,
72 Hz refresh rate) with two controllers was used. The system was
built using Unity (version 2021.3.32f1c1) under the 3D Universal
Render Pipeline and the OpenXR package (version 1.4.2).

Commercial VR devices support steering as the most common
continuous locomotion technique, while teleportation is the most
popular discrete locomotion technique. Recent work has shown
the benefits of the combined use of both steering and teleportation
techniques [71]. Thus, we adopted both steering (moving speed: 1.4
m/s [43], turning speed: 60 degrees/s [2]) and teleportation (liner-
instant, maximum distance: 18 m [41]) as the locomotion techniques
and allowed users to switch between them at will.

We created 3D models of the Suzhou Museum using Autodesk
Maya 2020 based on its public map, the virtual tours on the museum
website, and some photos taken onsite (see Figure 3). The museum
covers an area of about 10,700 square meters, with a construction
area of more than 19,000 square meters. There are three floors for
public visits. However, we did not consider multi-floor navigation at
this stage and used only the ground floor for evaluation.
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Figure 3: (a) Photographs of the Suzhou Museum; (b) screenshots of
the VR museum in Unity.

4.2 Tutorial Scene and Experimental Tasks
4.2.1 Tutorial Scene

To mitigate the influence of unfamiliarity with the navigation meth-
ods, we prepared a tutorial scene that includes two parts: (1) how
to steer, teleport, switch between locomotion methods, and change
views, and (2) how to interact with the map and collect objects. In
the first part, participants learned the operations of the locomotion
techniques following step-by-step guidance pre-programmed into
the system. After participants completed the locomotion tutorial,
a maze was shown. Illustrations of the map controls and written
instructions were included in the scene that guided them to use the
map and collect three cubes in the maze.

4.2.2 Object Collection Task

Within each scene, participants were asked to explore the museum
environment using the map and collect five target objects distributed
in the scene. We did not include museum collections in the envi-
ronment but used 3D geometries (cube, thombus, cone, cylinder,
and sphere) to focus on the effectiveness of navigation. Figure 4a
shows an example scene with five target objects. To prevent learning
effects, different locations of target objects were used in the three
experimental sessions.

4.2.3 Map Drawing Task

After completing the object collection task, participants were asked
to complete a map drawing task in a task environment showing a
board textured with the layout of the VR museum and five blank
spaces (see Figure 4b). The task design was inspired by [69]. Each
task includes five correct answers and five distractors. Participants
needed to select the correct screenshots of the target locations and
match them with the corresponding blanks on the map. The task
score (S) is calculated by dividing the number of correct selections
(x) over the total number of blanks: S = x/5.

4.3 Procedure

Figure 5 illustrates the experimental procedure. Participants were
first informed of the purpose of the study and signed a consent form.
After that, they were asked to fill in the demographic questionnaire
that included information about their gender, age, and dominant
hand, as well as their familiarity with VR and the museum layout.
Each experimental session started with the tutorial scene. After the
tutorial training, participants explored the VR museum environment
and completed the object collection and map drawing tasks. Next,
they put off the VR headset and filled in a questionnaire. A Latin
Square Design was followed to counterbalance the sequential ef-
fects [12]. After the three sessions, they were asked to rank the
three navigation methods and discuss their experiences in a semi-
structured interview. The experiment took ~40 minutes in total.
This study is approved by the University Ethics Committee of Xi’an
Jiaotong-Liverpool University.

4.4 Variables and Hypotheses

The review of related works showed a potentially more significant
learning cost of 3D manipulation techniques [10]. Previous re-
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Figure 4: (a) An example object collection task scene with five 3D geometry shapes scattered around the VR museum. The screenshots show the
first-person perspective views of the five target objects and an example distractor in (b) the corresponding map drawing task.
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Figure 5: An illustration of the experimental procedure.

searchers found both the 2D mini-map and the WiM could improve
users’ navigation efficiency and spatial awareness [5,6]. In the mean-
time, we noted that instant teleportation reduces spatial awareness
and presence but also alleviates motion sickness [9,64]. Thus, we
hypothesize that there is a difference among 2D mini-map, WiM,
and WiM map in users’ perceived ease of learning (H1a), naviga-
tion efficiency (H1b), spatial awareness (H1c), perceived presence
(H1d), perceived workload (H1e), perceived motion sickness (H1f),
and preferences (H1g).

4.5 Measures and Scoring
451 System Logged Data

Our system logged objective data in the training session and the task
sessions. Specifically, we recorded (1) tutorial time: the time spent
to complete the tutorial tasks; (2) object collection task time: the
time spent to complete the collection tasks; (3) map drawing task
time and accuracy: the time spent to complete the map drawing
task and the accuracy of the map drawing task, calculated by the
number of correct answers over five (the total number of tasks);
and (4) hand and head movements: the accumulated movement
distance and rotation angle of two hands and the head during the
task sessions.

4.5.2 Questionnaire Measures

We included four subjective measures. (1) Presence is measured
using one question: “I have a sense of being there” [56], rated on a
7-point Likert scale; (2) workload is measured using the standard
NASA Task Load Index [30] that includes six indicators: mental de-
mand, physical demand, temporal demand, performance, frustration,
and effort, with a total score ranging from 0 to 100 [28]; (3) motion
sickness is measured using the Simulator Sickness Questionnaire
(SSQ) [32] with 16 items, rating symptoms of nausea, oculomotor,
and disorientation (none, slight, moderate, and severe). In addition,
we invited participants to provide (4) preference ranks among three
navigation methods.

453

The semi-structured interview was guided by three questions: Q1:
Why did you rank the three methods this way? Q2: How would you

Interview Questions
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plan your visit within a VR museum? Q3: Do you have any other
comments or suggestions?

4.6 Participants

This study involved 24 participants (13 male, 11 female) between
16 and 26 years old (M = 21.17,SD = 2.12). All participants are
right-handed. Most of them (N = 22) had prior experience with VR
equipment. On a scale from 1 to 5 (5 = extremely familiar), they
were familiar with VR (M = 3.29,SD = 1.08) and slightly familiar
with the layout of the local museum (M = 1.88,SD = 1.03). No
participant asked to stop the experiment early.

4.7 Results

We used IBM SPSS Statistics for the data analysis. The normality
of data distribution was assessed based on the Shapiro-Wilk test
results, and the homogeneity of variances was assessed using Lev-
ene’s tests. We performed one-way repeated-measures ANOVA and
used the Friedman test when the data failed to meet the assumptions.
We computed the effect size n? for one-way repeated-measures
ANOVA, with threshold values of 0.01, 0.06, and 0.14 representing
small, medium, and large effects, respectively. The effect size W for
Friedman tests has threshold values of 0.10, 0.30, and 0.50 for the
above-mentioned effect magnitudes. Figure 6 summarizes the anal-
ysis results. Pairwise comparisons showing statistical significance
are marked in the figures (*p < 0.05, **p < 0.01, ***p < 0.001).

4.71

Tutorial Completion Time. A Friedman test showed a statistically
significant difference in the time required to learn the three naviga-
tion methods, y%(2) = 11.93, p = 0.003, W = 0.25. Post-hoc tests
revealed that the time required to learn the WiM map was signifi-
cantly less than the 2D mini-map (p = 0.009) and WiM (p = 0.001).
The results support Hla: WiM map was easier to learn than 2D
mini-map and WiM.

Object Collection Task. A Friedman test showed a statistically
signiﬁcant difference in the completion time of the collection task,
x~(2)=33.25,p <0.001,W =0.69. Post-hoc tests revealed that the
task completion time using the WiM map was significantly shorter
than using the 2D mini-map (p < 0.001) and WiM (p < 0.001).
The results support H1b: navigating using the WiM map was more
efficient than using a 2D mini-map and WiM.

Map Drawing Task. No significant difference was found in the
time required to complete the map drawing task (x2(2) = 0.06, p =
0.97,W = 0.001) or the map drawing accuracy (x2(2) = 0.91,p =
0.63,W = 0.02). Hlc is not supported: perceived spatial awareness
did not vary significantly.

Hand and Head Movements. Friedman tests showed statis-
tically significant differences in users’ right hand movement dis-
tance (x2(2) = 10.75, p = 0.005,W = 0.22), head movement dis-
tance (¥2(2) = 15.08,p = 0.001,W = 0.31), left hand rotation
(x*(2) = 10.58,p = 0.005,W = 0.22), right hand rotation angle

System Logged Data
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Figure 6: Box-plots and tables of descriptive statistics (means and standard deviations) showing the data analysis results in Study 1.

(x*(2) = 17.58,p < 0.001,W = 0.37), and head rotation angle
(x*(2) = 10.58, p = 0.005,W = 0.12) using the three navigation
methods. Post-hoc analysis results are shown in Figure 6. The re-
sults showed support for H1b. The left hand movement distance had
no significant difference (x%(2) = 5.58, p = 0.06,W = 0.12).

4.7.2 Questionnaire Measures

Presence. No significant difference was found in participants’
perceived presence using the three navigation methods, x2(2) =
4.28,p =0.12,W = 0.09. H1d is not supported.

Workload. We observed a significant effect of maps on per-
ceived workload, F(1,23) = 161.40,p < 0.001,n% = 0.88. Post-
hoc tests revealed that participants reported a significantly lower
overall workload using WiM map than using 2D mini-map (p <
0.001) and WiM (p = 0.043). Hle is supported. Specifically,
statistically significant differences were found in perceived phys-
ical demand (x2(2) = 12.59, p = 0.002,W = 0.26), performance
(F(1,23) = 223.20, p < 0.001,17%> = 0.91), and effort (F(1,23) =
118.57,p < 0.001, n2 = 0.84). Post-hoc analysis results are shown
in Figure 6. No statisticallz/ significant difference was found in
perceived mental demand (*(2) = 4.98, p = 0.08, W = 0.10), tem-
poral demand (y%(2) = 4.11,p = 0.13,W = 0.09), or frustration
(x*(2)=5.27,p =0.07,W = 0.11).

Motion Sickness. We observed a significant effect of maps
on motion sickness, x2(2) = 6.96, p = 0.031,W = 0.15. Post-hoc
tests revealed significant differences between the 2D mini-map and
WiM map (p = 0.021). H1f is supported: users’ perceived motion
sickness using the WiM map was significantly lower than the 2D
mini-map. Specifically, statistically significant differences were
found in the nausea (y%(2) = 8.316,p = 0.016,W = 0.173) and
the disorientation symptoms (¥2(2) = 9.09, p = 0.011,W = 0.19).
Post-hoc tests revealed a significant difference between the 2D mini-
map and WiM map in the nausea (p = 0.030) and the disorientation
symptoms (p = 0.025). No statistically significant difference was
found in the oculomotor symptoms, y>(2) = 2.56, p = 0.28, W =
0.05.

Preference Rank. Fifteen participants preferred the WiM map
the most, followed by WiM (n = 5) and 2D mini-map (n = 4). Fif-
teen participants ranked the lowest on the 2D mini-map, followed by
WiM (n = 8) and WiM map (n = 1). This shows support for H1g.

4.7.3 Interview

In terms of preference (Q1), most participants (n = 20) favored in-
teractive maps (WiM and WiM map) over the 2D mini-map. They

found using the 2D mini-map tiring and disorienting, with one partic-
ipant expressing frustration about following step-by-step movements
in VR. Comparing the WiM to the WiM map, participants found the
point-and-select interactions more intuitive than the drag-and-drop
interactions (n = 15). For example, P22 commented on WiM that
“It’s unnatural. I find it hard to pick it up and down to change my po-
sition.” In contrast, P6 found the drag-and-drop interaction playful,
but he commented that “my whole attention is on the map”, which
shows a distracting impact.

Regarding path planning in museums (Q2), participants tended
to use “the collections I like” and “the things I’'m not interested in”
to describe how they use museum objects as landmarks to navigate
in a museum. Most participants (n = 21) preferred planning their
routes based on exhibits they liked, while the other three indicated
they did not have a particular preference but followed the exhibition
layout. Many participants (n = 9) also mentioned that they would
avoid repeated routes in their visits.

Participants also provided suggestions for improving the naviga-
tion systems (Q3). Seven participants encountered visibility and
readability issues with the translucent WiM map design under bright
lights. They suggested keeping a solid background to address this
concern. Two participants highlighted accuracy issues with selection
and suggested map scaling as a means to improve precision. One
participant suggested reducing the amount of text on the map.

In summary, participants’ comments suggested that WiM map
with point-and-teleport has the potential for further development. To
optimize this, it was recommended to address issues related to 1)
occlusion, 2) text display, and 3) scaling. Participants’ feedback also
indicated the need to 4) support personal meaning-making. Features
such as annotations and traces are needed on the map to help them
navigate based on preferred collections and avoid repeated routes.

5 DESIGN OF MAGICMAP

Based on the results of our first study, we improved the design
of WiM map and developed MagicMap (see Figure 1). Table 2
summarizes the improvements and new features. We fixed some
issues identified by participants. For example, we added a radio
slider for users to adjust the transparency of the museum building
abstractions. This was applied to the walls but not the floor for better
clarity. We observed that many participants were confused about
the wrist-based interaction with elbow bent and tended to use the
arm forward posture. In addition, we added a hover interaction to
avoid abundant text on the map and only show those of interest.
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Table 2: Comparing WiM map and MagicMap.

WiM map MagicMap
Map 3D model 3D model
Display Translucent, vertical ~ Adjustable transparency, vertical
Posture Elbow bent Arm forward
Teleport Point and select Point and select
Text on map Show all Hover to show
Map view Overview only Overview and details
Multi-view None Two views
Visiting trace  None Heatmap
Annotation None Annotate collections
5.1 Enable Scalable Map View

The major improvement in MagicMap lies in the scalability of the
map view. We explored the design space of map scaling to see how
we can better support the view of map details. Several methods have
been proposed to tackle this issue. Enlarging the entire 2D map
interface was an option being denied as it was found to be intrusive
and potentially overwhelming. Scaling and scrolling is another
approach that has been used, which remains the size of the interface
but changes the view of the WiM [60,66]. However, these techniques
can be relatively complex to operate, and participants in previous
studies have reported a learning curve of 10-15 minutes to master
them [66]. Besides, Trueba et al. [59] proposed Dynamic Worlds
in Miniature (DWiM), which automatically subdivides scenes into
logical structures such as rooms, floors, and so on.

Our proposed WiM map differs from traditional WiM in its com-
bined use with a 2D mini-map, making it natural to be aligned with
the system control in 2D user interfaces [10]. Combining 2D inter-
face features with the system control metaphor and the WiM map
could be a novel way to make the map view scalable. We adopted this
approach for the following reasons. From a developer’s perspective,
it simplifies the representation of museum environments. Museums
have inherently clear structures in their architecture, and spatial lay-
outs are logically shaped by curators. This logical structure can be
directly translated into the virtual environment. Additionally, the 2D
menu is well-suited for structuring a large number of functions [10].
It also allows us to incorporate explanatory text like a museum hand-
held leaflet. From a user’s perspective, this approach leverages users’
existing mental model of 2D interaction and minimizes the learn-
ing curve for users. Furthermore, interacting in two dimensions is
generally easier and allows users to perform tasks such as selection
and manipulation (e.g., point and teleport) with a higher level of
precision [10]. In addition to the scalability in the map view, we
also included a multi-view interface so that users can see both an
overview and map details (see Figure 1).

5.2 Enhance Navigation and Support Meaning-Making

Museum visits often involve personal meaning-making, where users
tend to create their own records during their visits. For example, dur-
ing the interview of our first study, participants frequently mentioned
their navigation strategies based on personal interests and experi-
ences, such as “the collection I like” and “the place I visited”. Pre-
vious studies also found that some participants intentionally moved
in specific paths to create some trails in a certain pattern [35]. Klein-
ermann et al. [33] emphasized the importance of allowing users to
add personal meaning to the objects in the virtual environment and
to the environment itself. In this way, users are more likely to stay
engaged and immersed in the environment. Based on these findings,
we incorporated the following features into MagicMap:

(1) A heatmap showing visiting traces. We added a heatmap
to MagicMap, inspired by Kraus et al. [35]. They suggested using
heatmaps in conjunction with a mini-map to support users’ ori-
entation in virtual environments when adopting the teleportation
locomotion technique.
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Figure 7: (a) The layout of exhibition rooms and the collections in the
VR museum; (b) a screenshot of an example collection.

(2) Annotation of collections to view and teleport. We allow
users to annotate collections within the VR museum. A heart-shaped
annotation will appear on the MagicMap to represent the marked
collection. Users can hover over the annotation to view a miniature
representation of the collection and point to the annotation to tele-
port. This feature enhances navigation by allowing users to attribute
personal meanings to specific collections within the museum. It also
aids in memorizing locations and supports wayfinding.

6 STuDY 2: EVALUATION OF MAGICMAP IN A VR MUSEUM

In this study, we included museum artifacts and simulated navigation
in the museum with no specific navigation goals. We designed
a two-condition within-subjects experiment to answer RQ2: Do
MagicMap’s features improve users’ navigation experience in VR
museums, compared to the WiM map?

6.1

The apparatus used for the system development was the same as
the previous study. The experimental scenes were populated with
photo-realistic museum collections, maintaining consistency with
the physical museum layout and their themed objects (see Figure 7a).
Each scene has 53 museum collections (e.g., a painting, see Fig-
ure 7b) and a scene set up (i.e., a study room) distributed in 11
exhibition rooms. Different collections of the same types were used
in the two experimental sessions to facilitate a valid comparison.

Apparatus and Implementation

6.2 Experimental Tasks and Procedure

Instead of asking participants to perform object collection and map
drawing tasks, we gave the following instructions: Please explore
the museum collections and use the map to help you navigate. You
may stop the visit once you feel that you have visited all the exhibi-
tion rooms. The study followed a similar procedure, as described in
Section 4.3. The tutorial allowed participants to practice using the
two locomotion techniques (steering and teleport) and familiarize
themselves with the WiM map and the MagicMap. Participants
freely explored the museum exhibition rooms using the WiM map
and the MagicMap, after which they filled in questionnaires to eval-
uate their experiences. At the end of the experiment, participants
discussed their preferences and provided suggestions in an interview.
The experiment took ~30 minutes in total.

6.3 Dependent Variables and Hypotheses

Following up on the previous study, we hypothesize that map sys-
tems will not have a significant impact on users’ perceived presence
(H2a). Compared to WiM map, MagicMap could reduce users’
perceived workload (H2b) and motion sickness (H2c¢). In addition,
it should be preferred by users (H2d), sustain prolonged engagement
(time spent) (H2e), and have a better system usability (H2f) and
greater user experience (H2g).

6.4 Measures and Scoring

The measures of presence, workload, motion sickness, and pref-
erence were the same as the previous study (see Section 4.5.1). In
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Figure 8: Box-plots and tables of descriptive statistics (means and standard deviations) showing the data analysis results in Study 2.

addition, we used system logs to record the time participants spent in
the VR museum. Given that we did not include task settings in this
study, we dropped the measures of task performance. Instead, we
measured usability and user experience using the System Usability
Questionnaire (SUS) [14] and the short version of the User Experi-
ence Questionnaire (UEQ-S). We invited participants to discuss their
preferences (Q1) and give their suggestions (Q2) in the interview.

6.5 Participants

Twenty-four participants (12 male, 12 female) between 19 and 26
years old (M = 22.58,SD = 2.43) participated in the study. All
participants are right-handed. Most of them (N = 21) have used
VR before. They were familiar with VR (M = 3.38,SD = 1.17) and
slightly familiar with the museum layout (M =2.04,5D =0.91). We
found no significant effect of familiarity on the measured variables.

6.6 Results

We assessed the distribution and homogeneity of variances of our
data to help determine the statistical tests to use. Paired sample t-tests
were applied for data that met the test assumptions, and Wilcoxon
signed-rank test was used otherwise. Figure 8 summarized the
results. We computed the effect size d for paired sample t-tests, with
threshold values of 0.2, 0.5, and 0.8 representing small, medium, and
large effects, respectively. The effect size r for Wilcoxon signed-rank
test has threshold values of 0.1, 0.3, and 0.5 for the above-mentioned
effect magnitudes. Figure 8 shows the analysis results.

Presence. We observed no significant effect of maps on par-
ticipants’ perceived presence using the two navigation methods,
Z=—-1.26,p=0.21,r =0.26. H2a is supported.

Workload. Similar to Study 1, we observed a significant effect
of maps on perceived workload, #(23) = 2.53,p = 0.019,d = 0.43.
Participants reported a significantly lower overall workload using
MagicMap than WiM map. H2b is supported. Specifically, we
found statistically significant differences in perceived effort, Z =
—2.72,p = 0.006,r = 0.56. No significant difference was shown
in perceived mental demand (Z = —0.88, p = 0.38,r = 0.18), phys-
ical demand (#(23) = 1.66,p = 0.11,d = 0.29), temporal demand
(Z=-1.76,p = 0.08,r = 0.36), performance (#(23) = 0.49,p =
0.63,d = 0.12), or frustration (Z = —1.20,p = 0.23,r = 0.24).

Motion Sickness. Wilcoxon signed-rank test showed no sta-
tistically significant difference in the reported symptoms of nau-
sea (Z=—0.83,p =0.41,r = 0.17), oculomotor (Z = —1.39,p =
0.17,r = 0.28), disorientation (Z = —1.62,p = 0.11,r = 0.33), or
the overall motion sickness (Z = —1.41,p =0.16,r = 0.28). H2c is
not supported.

Preference Rank. Twenty-two out of 24 participants preferred to
navigate in VR museums using the MagicMap. H2d is supported.

Museum Visiting Time. A Wilcoxon signed-rank test showed
a statistically significant difference in the museum visiting time,
Z = -2.20,p = 0.028,r = 0.37. H2e is supported: participants’
prolonged engagement (time spent) was significantly greater using
MagicMap than WiM map.

Usability. Both the median and the mean scores of WiM map
and MagicMap fell within the suggested acceptable range [14],
showing good usability. A Wilcoxon signed-rank test showed a
significant difference in usability scores, Z = —2.10, p = 0.036,r =
0.43. Participants rated significantly higher usability for MagicMap
than the WiM map. Thus, H2f was supported.

User Experience. A Wilcoxon signed-rank test showed a signifi-
cant difference in the evaluation of user experience, Z = —2.66,p =
0.008,r = 0.54. Participants rated significantly higher for Mag-
icMap than the WiM map on the overall user experience. Significant
differences were shown for the pragmatic quality (Z = —2.16,p =
0.031,r = 0.44) and the hedonic quality (Z = —3.52,p < 0.001,r =
0.72). Both were rated higher for the MagicMap than the WiM map.
The results support H2g.

Interview. Most participants (n = 22) showed strong preferences
for the MagicMap (Q1). P20 and P15 favored the WiM map because
they found it clear and straightforward to use. P20 explained that
the WiM map required fewer operations, making it “easy fo use for
more people, like children.” Participants who favored the MagicMap
highly praised the use of annotations and traces. Most of them
(n = 20) reported that they did not remember where they had visited
when using the WiM map. P21 said “I completely forgot where
I have been before, so I just jumped around the museum with the
map to confirm.” Only one participant (P7) explicitly stated that
he could remember all visited locations without the assistance that
MagicMap provided. P7 further expressed that “I hesitated because
MagicMap was information-overloaded for me. For example, this
heatmap, I don’t think I need it.” Three participants (P4, P9, and
P14) commented that the scalable map design allowed them to point
and select the map to teleport more accurately.

Participants commented highly on the MagicMap design when
we asked for suggestions (Q2). Nevertheless, P11 reported that
“Sometimes I bumped into the wall when I teleport, which was uncom-
fortable.” This indicates the need for a preview of the target location
before confirming the selection to ensure a smooth transition. In
addition, four participants expressed unease when visiting a museum
alone, especially around Buddha statues. P16 proposed adding “fake
tourists” (i.e., virtual avatars) for accompanying. P18 suggested that
“It would be great if the heat map I saw was generated by everyone
there!” This indicates the need for social presence as an integral part
of the museum visiting experience.
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7 DisScUSSION OF DESIGN IMPLICATIONS

Study 1 underscored the importance of interactive navigation tools
and answered RQ1: the WiM map can better support users’ navi-
gation in complex indoor VR environments. The WiM map demon-
strated greater ease of learning (H1a), shorter collection task time
and reduced dominant hand movements (H1b), lower perceived
workload (H1e), slighter perceived motion sickness (H1f), and
greater preferences (H1g). However, we did not find significant
differences in spatial awareness or presence. Hlc and H1ld were
not supported. The results showed that participants had an overall
medium accuracy in the map drawing tasks (~50%) when using all
three techniques, suggesting room for improvement. Similar to the
findings in [62], our results indicated that interactions with naviga-
tion tools may not have a significant effect on perceived presence.

Study 2 answered RQ2 by showing that compared to the WiM
map, MagicMap has improved users’ navigation experience in VR
museums. The evaluation results showed that presence is not signifi-
cantly affected by the map systems (H2a), which is consistent with
the finding in Study 1. Despite this, MagicMap demonstrated im-
provements in its reduced workload (H2b), greater user preference
(H2d), prolonged engagement (H2e), and improved system usability
(H2f) and user experience (H2g). Although motion sickness was not
significantly improved (H2c, not supported), both the WiM map and
the MagicMap showed very slight symptoms. Moreover, interview
comments showed that some features of MagicMap, such as anno-
tations and traces, contributed to users’ spatial awareness. Those
results signified the effectiveness of MagicMap in addressing key
challenges faced in VR museum navigation.

MagicMap features a museum WiM attached to a 2D mini-map.
Throughout our studies, we explored various map layouts, display
approaches, and holding postures. The design of MagicMap embod-
ies incremental integration of effective means reported in previous
research, including multi-view, heatmap, and annotation, among
others. While navigation in VR museums has not been extensively
studied in the literature, our research contributes to filling this gap.
The study showcases the effectiveness of MagicMap for indoor mu-
seum navigation and provides valuable insights into the advancement
of navigation technique design. From our findings, we derive a set of
design implications for future navigation techniques in VR museums
or similar complex indoor environments.

e Static 2D mini-maps may not work well in VR museums as
users can get lost more easily in virtual environments [16],
where navigation expectations differ from physical museums.
Be mindful of the learning curve when incorporating 3D ma-
nipulation into navigation systems. Aligned with previous
work [10], using WiM with 3D manipulation had a higher
workload than the WiM map with 2D control metaphor.
Display wrist vertical map in an ‘arm forward’ posture. The
‘elbow bent’ posture illustrated in [13] was found to cause user
confusion about the front and back of the map.

Allow adjustable transparency of walls and roofs but keep a
solid material for the ground. This helps solve the occlusion is-
sue without disrupting the architecture. Avoid fully translucent
WiM (e.g., [5]) under strong lights (e.g., spotlight).

Use system control metaphor to scale the WiM or WiM-
based map. Compared with previous scrolling and scaling
methods [8, 60], which require 10-15 minutes to master, this
approach requires much less learning time.

If a map is designed for a complex indoor environment, provide
annotation and trace functions for users to have personalized
visits. These can act as landmarks and facilitate wayfinding.
Give users options to enable information (e.g., hover to view)
and disable functions to cater for individual preferences.
Incorporate a preview function for long-distance teleportation,
allowing users to recognize what they will encounter next and
adjust their navigation accordingly.
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8 LIMITATIONS AND FUTURE WORK

This research has some limitations and room for future work. First,
our sample primarily included young adults who are familiar with
VR. This group of users have been identified as the primary au-
dience for VR museums and the target users in promotional ef-
forts [4,20,27,55]. Attracting young people via technological means
was included in strategies aiming to address the declining num-
ber of young people visiting museums [19,25,31]. Despite this,
the inclusion of other age groups and remote participants into the
audience spectrum can be highly beneficial as well. Second, our
comparisons in the first study were more exploratory than confirma-
tory. Although both steering and teleport were allowed in the 2D
mini-map, it may be disadvantaged since it does not support long-
distance teleportation from the map. Third, our VR museum was
not a 1:1 replica of the physical museum. Further explorations in-
volving actual collections and comparing navigation within physical
museums could provide valuable insights. In addition, despite inter-
view comments showing the potential effectiveness of MagicMap in
supporting spatial awareness, this should be further validated using
task measures. Fourth, we did not explore navigation in multi-floor
environments, which are common in museums and other complex
indoor environments such as shopping malls and schools. Given the
scalability demonstrated in our MagicMap design, we plan to further
improve the design by incorporating techniques for multi-floor 3D
maps (e.g., [18,48]) in our future work. Fifth, museum visiting is a
social activity [26], but we only explored the single-person naviga-
tion experience. The observation of participants reporting strange
feelings when visiting alone in the second study raises an interesting
point about the potential impact of social interactions and collab-
orative navigation in VR museums. It is a valuable direction for
future research to explore how user-generated content in the form
of heatmaps and annotations can be leveraged in a collaborative
context. Future work should also explore methods to enhance the
teleportation experience with WiM-based systems, incorporating
suggestions such as the teleportation preview mentioned by our par-
ticipants. This could be combined or compared with other transition
techniques (e.g., [1,15,47,49]).

9 CONCLUSION

In this paper, we presented two studies focusing on improving navi-
gation in Virtual Reality (VR) museums. The first study compared
the effectiveness of three maps (2D mini-map, WiM, and WiM
map) in guiding users through a VR museum. The findings high-
lighted the potential of the WiM map, demonstrating significant
enhancement in ease of learning, efficiency, perceived workload,
perceived motion sickness, and user preference. Building on par-
ticipants’ feedback for improvements and insights from previous
research, we introduced MagicMap, a novel navigation system that
leverages the WiM map as its foundation. Our results show that
it helped address the challenges of navigating complex indoor VR
environments with improved system usability and user experience,
minimizing workload and enhancing prolonged user engagement.
Participants’ feedback in the interview also indicates its strength in
supporting spatial awareness and wayfinding. Furthermore, we for-
mulated initial design guidelines for map-based navigation systems
in the context of VR museums. These guidelines serve as a valuable
starting point for researchers and developers seeking to enhance the
user experience of VR museum navigation. Future work can build
upon these guidelines, validating and refining the design through
user evaluations to continually improve navigation in VR museums.
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