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Abstract

This study investigates how virtual reality systems can support inclusive access to culturally
restricted sacred heritage sites. Two extended reality (XR) approaches were developed
and deployed in a real-world setting: a VR360 virtual tour and an Al-driven immersive
virtual reality prototype with conversational interaction. A research-in-the-wild, between-
subjects study was conducted with 136 participants using mixed methods, including
standardized questionnaires (System Usability Scale, User Engagement Scale, and Igroup
Presence Questionnaire), retrospective interviews, and exhibition staff observations. The
results reveal clear trade-offs between the two systems. The VR360 system demonstrated
higher usability and operational reliability, requiring minimal supervision and technical
resources, whereas the Al-driven immersive VR system supported embodied exploration
and conversational inquiry, which was associated with higher spatial presence and helped
visitors address questions during exploration. Qualitative findings further indicate that
conversational interaction enhanced user experience but also introduced greater technical
complexity and staffing requirements. Overall, the study provides empirical insights for
designing and deploying XR systems in heritage contexts and highlights how different
levels of immersion and interaction influence usability, presence, and operational feasibility
when supporting inclusive access to culturally restricted sites.

Keywords: Al-driven immersive VR; VR360; sacred heritage sites; spatial presence;
conversational Al; virtual museums; inclusive access

1. Introduction

Access to cultural heritage sites is essential for supporting cultural understanding,
historical interpretation, and sustainable heritage tourism. However, physical access to
such sites is frequently constrained by conservation requirements, architectural fragility,
safety concerns, or long-established ritual and cultural practices [1,2]. In particular, sacred
architectural spaces are often governed by traditional norms that restrict access to specific
areas or to certain visitor groups. These access constraints are not exceptional cases limited
to individual sites, but rather represent a recurring structural condition observed across
different religious and cultural contexts worldwide [3]. As a result, a persistent gap exists
between the cultural value of sacred heritage sites and the ability of all visitors to experience
and interpret them directly.

To address this challenge, Virtual Reality (VR) technologies have increasingly been
adopted as alternative access mechanisms for cultural heritage interpretation [4]. VR-based
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systems enable visitors to explore heritage spaces remotely, mitigate physical impact on
fragile structures, and provide access to sites that are geographically distant or culturally
restricted. Among existing approaches, VR360 systems are widely used due to their
relatively low development cost, straightforward deployment, and ability to present high-
fidelity panoramic visual content [5]. However, prior studies have noted that VR360
systems typically rely on predefined viewpoints and fixed informational hotspots, resulting
in largely passive user experiences with limited interactivity and minimal support for
user-driven inquiry [6]. In contrast, immersive VR systems based on fully navigable three-
dimensional reconstructions allow greater spatial exploration and user agency, but demand
more complex content production pipelines and interaction design considerations [7].
Presence and spatial experience have therefore become key evaluation dimensions in virtual
heritage research, often assessed using standardized presence measurement instruments [8].

Recent advances in artificial intelligence, particularly Large Language Models (LLMs),
further extend the capabilities of immersive VR by enabling conversational and adaptive
interaction within virtual environments [9]. Al-driven conversational interfaces allow users
to pose natural language questions and receive context-sensitive explanations, transforming
VR from a static visualization medium into an interactive information system. Despite
growing interest in Al-enhanced virtual heritage, empirical comparisons between conven-
tional VR360 systems and Al-driven immersive VR systems remain limited, especially in
real-world heritage contexts characterized by ritual access restrictions [10]. Three limita-
tions in the current literature can be identified. First, many studies examine immersive
VR and panoramic VR360 systems separately, without conducting controlled comparisons
between different access paradigms within the same heritage context. Second, a substan-
tial portion of Al-enhanced virtual heritage research focuses on technical prototypes or
laboratory-based demonstrations, leaving limited empirical evidence from real-world her-
itage deployments where operational constraints and visitor diversity influence system use.
Third, although conversational AI has been proposed as a mechanism to enrich interpreta-
tion and visitor engagement, little empirical evidence exists regarding how conversational
interaction influences user experience outcomes compared with established VR360 system.

To address these gaps, this study adopts a comparative research-in-the-wild approach
to examine two virtual heritage access paradigms—a VR360 system and an Al-driven
immersive VR system with conversational interaction—deployed in an access-restricted
sacred heritage site. To strengthen the theoretical grounding of this study, we adopt an
interaction-driven perspective in which VR360 and Al-driven immersive VR are concep-
tualized as distinct interaction modalities that shape user experience through differences
in interaction characteristics, including user agency, system responsiveness, and cognitive
load. This perspective is situated within the context of access-restricted sacred spaces,
where virtual reality functions as a mediated access mechanism.

The research contributes to the literature in three ways: theoretically, by clarifying
how interaction modality influences presence and user experience in culturally constrained
heritage environments; methodologically, by demonstrating the value of real-world com-
parative evaluation for XR heritage systems; and practically, by identifying design and
operational trade-offs between VR360 and Al-driven immersive VR to inform heritage
institutions seeking to balance inclusivity, experiential depth, and deployment feasibility.
To guide the comparative analysis, this study addresses the following research questions:

RQ1: How do VR360 systems and Al-driven immersive VR systems differ in terms
of perceived usability and user engagement when applied to an access-restricted sacred
heritage context?

RQ2: How do VR360 systems and Al-driven immersive VR systems differ in terms of
presence and perceived spatial presence in an access-restricted sacred heritage context?
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RQ3: What system-level design and operational trade-offs emerge when transitioning
from VR360-based heritage access systems to Al-driven immersive VR systems for access-
constrained cultural heritage sites?

2. Related Work
2.1. Virtual Reality for Cultural Heritage Access

VR has become a widely adopted approach for extending access to cultural heritage
when physical visitation is constrained by distance, conservation requirements, or site
fragility. In cultural heritage practice, VR is used not only for visual reproduction but
also as a mediated access layer that supports interpretation, navigation, and contextual
information delivery within reconstructed heritage environments. Recent evidence from
systematic reviews indicates that VR in cultural heritage has matured from early demon-
strations into a structured research area with clearer taxonomies of goals (e.g., access,
preservation, education, tourism) and evaluation practices spanning usability and user
experience. In particular, comprehensive reviews emphasize that VR can improve per-
ceived accessibility and engagement, but outcomes depend strongly on system design
choices, interaction mechanisms, and the degree of immersion provided by the hardware
and software stack [11,12].

More recent work further highlights a shift toward immersive, content-rich heritage
experiences and the need to evaluate VR systems as information systems that mediate
visitors” spatial understanding and interpretive depth. For example, systematic and biblio-
metric syntheses of virtual exhibitions and heritage VR research show sustained growth in
the field, with increasing attention to interaction design, presence, and deployment realism
(i.e., beyond lab-only prototypes) [13]. At the application level, recent implementations
in venues such as museums and archaeological sites demonstrate how immersive VR
pipelines are being operationalized for preservation and visitor experience, while also
surfacing practical trade-offs in cost, content creation, and usability—factors that directly
affect how VR supports “access” in real settings [14,15].

2.2. VR360-Based Heritage Documentation

VR360-based heritage documentation (e.g., 360° panoramas and hotspot-based vir-
tual tours) is widely adopted as a pragmatic approach to extend public access to cultural
heritage when time, budget, or modeling constraints limit full 3D reconstruction. Recent
work emphasizes that VR360 virtual tours can deliver high visual realism and fast content
production, making them attractive for museums and heritage settings seeking scalable
online access. For example, empirical evaluation studies of online museum virtual tours
propose and validate measurement frameworks for assessing perceived quality and ef-
fectiveness, highlighting that VR360 can be a viable access medium when designed with
clear navigation and interpretive cues [16]. In parallel, recent museum-focused evaluations
comparing immersive technologies (including VR360) report that VR360 can meaningfully
support visitor experience, but outcomes depend strongly on interaction design and the
alignment between narrative structure and exploratory behavior [17].

However, more recent syntheses and implementations also underscore recurring limi-
tations of VR360 as a documentation-oriented paradigm: fixed viewpoints and predefined
hotspots can constrain user agency, reduce the depth of information inquiry, and limit
adaptive interpretation compared to interactive, reconstructed environments. Bibliomet-
ric and systematic analyses of virtual exhibitions and digital heritage systems identify a
growing emphasis on interactivity, presence, and “beyond-static” engagement, suggesting
that VR360 increasingly functions as a baseline reference condition rather than an end-state
solution [18]. Likewise, real-world digital heritage pipelines (e.g., digitization of exhibitions
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as online-accessible “digital twins”) illustrate how VR360 can be integrated into broader
documentation workflows, while also revealing practical trade-offs related to metadata,
interoperability, and long-term maintenance [19]. Recent comparative research on physical
versus virtual museum behavior further supports the need to evaluate virtual tour formats
as information systems that shape user engagement and interaction patterns, rather than
treating VR360 as purely visual documentation [20]. Accordingly, up-to-date scoping work
on UX evaluation in virtual museum tours consolidates recent methods and reinforces the
need for comparative studies that connect VR360 design choices to measurable experience
outcomes and interaction behaviors [21,22]. These findings motivate the present study’s
use of VR360 as a documented baseline for comparing against more interactive Al-driven
immersive VR approaches in access-constrained heritage contexts.

2.3. Immersive Virtual Reality Systems for Cultural Heritage

Immersive Virtual Reality (iVR) systems for cultural heritage increasingly move be-
yond panoramic viewing toward interactive, model-based experiences that emphasize
presence, embodied navigation, and situated learning. Recent synthesis work shows that
iVR cultural heritage reconstructions typically combine 3D data acquisition (e.g., pho-
togrammetry/laser scanning), real-time rendering, and interaction mechanics to support
exploration, interpretation, and experiential storytelling, while also reporting recurring
design trade-offs between visual fidelity, performance, locomotion comfort, and usabil-
ity in public-facing deployments [23]. Empirical case studies likewise demonstrate that
immersive heritage VR can meaningfully enhance perceived realism and engagement
when interaction is carefully scaffolded (e.g., guided tasks, assistance cues, and optimized
navigation) and when content is aligned with museum constraints such as short session
time and first-time user needs [24,25].

Up-to-date evaluation research also highlights a methodological shift: immersive
heritage systems are increasingly assessed through multi-dimensional user experience
constructs (e.g., presence, engagement, motivation, perceived authenticity, and behavioral
intention), rather than relying on ad hoc satisfaction questions. Comparative work in mu-
seum contexts that contrasts multiple XR modalities (VR, VR360, MR) provides evidence
that immersion level and interaction design jointly shape visitor outcomes—supporting
the rationale for controlled comparisons between immersive VR and lower-interactivity
baselines in heritage access scenarios [26]. In parallel, technical contributions broaden
evaluation beyond self-report by integrating objective—subjective frameworks (e.g., com-
puter vision + iVR for visual perception assessment in heritage sites) and by formalizing
design/evaluation pipelines and HCI methods for cultural heritage XR applications [27,28].
Beyond visitor interpretation, immersive VR systems have also been explored for profes-
sional applications such as remote inspection and monitoring of cultural heritage structures.
Recent review studies indicate that VR environments combined with Al-assisted visual
analysis can enable experts to examine architectural conditions and structural details re-
motely, reducing the need for continuous on-site access while supporting conservation
and documentation activities [29]. Collectively, this recent literature positions immersive
VR as a robust platform for heritage interpretation and access, while reinforcing the need
for comparative studies that tie specific interaction affordances (e.g., embodied interac-
tion, conversational guidance, adaptive information delivery) to measurable outcomes in
real-world heritage visitation constraints [30-32].

2.4. AI-Driven Interaction and Conversational Systems in Cultural Heritage

Al-driven interaction has become an increasingly prominent design direction in digital
cultural heritage, particularly as museums and virtual heritage experiences shift from static
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content delivery toward dialogue-based interpretation and personalized guidance. Recent
scholarship on generative Al in cultural heritage emphasizes that conversational systems
can support scalable interpretation (e.g., automated explanations, adaptive narration, and
visitor support), while also raising practical requirements around accuracy, provenance, and
curatorial oversight in Al-generated content [33]. Within VR-oriented heritage applications,
LLM-enabled chatbots have been proposed as a mechanism to move beyond fixed hotspot
narratives, enabling visitors to ask natural-language questions and receive contextual
responses that align better with individual curiosity and exploration styles [34].

In immersive and virtual museum contexts, recent studies and systems research
further examine how the form of conversational interaction (text chatbot, voice interaction,
embodied avatar/agent) affects engagement, trust, and perceived experience quality [35,36].
Empirical work comparing LLM-empowered chatbots and avatar-based conversational
interfaces indicates that interaction modality can meaningfully influence user engagement
and perceived experience outcomes, suggesting that “conversational AI” should be treated
as an interaction design variable rather than a purely technical add-on [35]. Complementary
HClI-oriented research on embodied conversational agents in virtual museums highlights
that embodiment and agent behavior can shape social presence and visitor perception,
reinforcing the need to design conversational systems with attention to role, persona, and
museum communication goals [36]. Beyond lab studies, recent deployment-focused work
in virtual museum tour agents shows that agent responsiveness (answering questions)
and situational awareness (navigational support) can measurably affect visitor experience,
providing practical evidence for designing conversational guides as integrated components
of the virtual tour system [37]. Large-scale heritage initiatives also report integrating Al-
driven components (including chatbots and context-aware tools) as part of broader digital
heritage ecosystems, further motivating rigorous comparative evaluations of conversational
interaction designs in cultural heritage access settings [38].

2.5. Conceptual Framework

This study is grounded in an interaction-driven theoretical perspective that conceptu-
alizes virtual reality systems as mediated access mechanisms within culturally constrained
environments. In the context of access-restricted sacred spaces, where physical access is
governed by ritual norms and cultural boundaries, virtual reality is not merely a visualiza-
tion technology but an interpretive interface that shapes how users experience and engage
with otherwise inaccessible environments. Within this framework, VR360 and Al-driven
immersive VR are conceptualized as distinct interaction modalities that structure user expe-
rience through their underlying interaction characteristics, including user agency, system
responsiveness, and perceived cognitive load. These interaction characteristics function
as mediating mechanisms that explain how different interaction modalities influence user
experience outcomes. In this process, interaction modality shapes user interaction character-
istics, which in turn influence user experience responses such as presence and engagement,
ultimately affecting overall user experience. The conceptual framework is illustrated in
Figure 1. Specifically, more interactive and conversational systems are expected to enhance
engagement and presence, while potentially introducing greater interaction complexity that
may affect usability. Based on this framework, the study compares VR360 and Al-driven
immersive VR systems to examine how differences in interaction characteristics drive
variations in usability, engagement, and presence.
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Figure 1. Conceptual framework of interaction modality and user experience in access-restricted
sacred heritage contexts.

3. System Overview
3.1. Cultural Heritage Context of Restricted Sacred Spaces

The Silver Ubosot at Wat Sri Suphan is a culturally significant sacred structure rooted
in Northern Thai (Lanna) Buddhist tradition and the long-standing silver-craft heritage
of the Wua-Lai community. The temple dates back to the sixteenth century during the
Lanna period and has historically functioned as both a religious center and a focal point
of neighborhood identity shaped by local silversmiths and artisanal guilds [39,40]. The
contemporary Silver Ubosot, distinguished by its elaborate silver repoussé decoration,
reflects the continuity of this craft tradition and incorporates symbolic and cosmological
elements embedded in its architectural design. As the ritual core of the temple, the ubosot
is governed by customary practices associated with monastic ceremonies, within which
physical access is traditionally restricted for women. This restriction reflects local interpre-
tations of ritual purity and the preservation of sacred boundaries, rather than contemporary
notions of exclusion or discrimination, and is closely intertwined with the historical role
of male silversmiths in the construction and ritual stewardship of the site. These access
constraints are explicitly communicated at the site through architectural boundaries and
on-site signage (Figure 2), illustrating a structural limitation on physical visitation. In
this context, virtual reality systems provide an ethical access layer that enables inclusive
cultural interpretation and engagement with the site’s artistic and historical value without
violating established religious norms.

3.2. Overall System Architecture and Design Rationale

The overall system architecture was designed to provide culturally respectful access
to a ritually restricted sacred space while enabling a structured comparison between
two virtual reality paradigms: a VR360-based heritage access system and an Al-driven
immersive virtual reality (VR) system. As illustrated in Figure 3, both systems are built
upon a shared cultural heritage data pipeline, ensuring that differences in user experience
and interaction can be attributed primarily to system design choices rather than content
inconsistency. This approach supports a fair comparative analysis while maintaining
consistency in heritage representation across system conditions.
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Figure 2. The Silver Ubosot at Wat Sri Suphan (left) and on-site signage indicating traditional access
restrictions to the sacred space (right).
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Figure 3. Overall system architecture showing the shared content layer and two virtual access
systems: VR360-based heritage access and Al-driven immersive VR.

At the architectural level, the system is organized around a common content and
narrative layer derived from the three-dimensional reconstruction and curated media
assets of the Silver Ubosot. From this shared foundation, the architecture branches into
two distinct interaction pathways. The VR360 system emphasizes panoramic visualization
through predefined viewpoints and informational hotspots, prioritizing visual authenticity,
narrative stability, and ease of deployment. In contrast, the Al-driven immersive VR system
enables free spatial navigation within a fully navigable virtual environment and integrates
an LLM-based conversational interface to support user-initiated inquiry and context-aware
interpretation. This dual-system design was intentionally adopted to examine key design
trade-offs between simplicity and interactivity, narrative control and user agency, and
static versus conversational information delivery within the context of access-restricted
cultural heritage.
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3.3. 3D Reconstruction of Wat Sri Suphan Silver Ubosot

The three-dimensional digital model of the Silver Ubosot was created using a
photogrammetry-based reconstruction workflow to support immersive virtual reality
interaction. High-resolution photographic data were captured on-site using an iPhone
15 Pro Max, with approximately 1200 images collected across the exterior and interior
areas of the ubosot to ensure sufficient coverage of architectural geometry and decorative
details. The image set was processed using Agisoft Metashape (Agisoft LLC, St. Petersburg,
Russia) to generate a dense point cloud, polygonal mesh, and texture maps, resulting in a
detailed 3D representation that preserves both structural form and surface characteristics
of the silver repoussé craftsmanship. This approach was selected to balance reconstruction
fidelity with practical feasibility in a real-world heritage environment.

As illustrated in Figure 4, the photogrammetry pipeline produces a structured wire-
frame mesh that captures the geometric complexity of the ubosot (Figure 4), a fully textured
exterior visualization suitable for real-time rendering, and a reconstructed interior space
that retains spatial layout and ornamental detail for immersive exploration (Figure 5).
The resulting 3D model is used exclusively within the Al-driven immersive VR system
described in this study, enabling free spatial navigation and interactive engagement with
the sacred space. In contrast, the VR360-based heritage access system relies on photo-
graphic 360-degree imagery rather than reconstructed geometry. By clearly separating
photogrammetry-based 3D reconstruction for immersive VR from image-based VR360
content, the system design ensures technical appropriateness for each access paradigm
while maintaining consistency in cultural representation across the comparative study.

Figure 4. Photogrammetry-derived wireframe (left) and immersive VR-rendered 3D model (right) of
the Silver Ubosot at Wat Sri Suphan.

Figure 5. Interior view of the photogrammetry-based 3D reconstruction of the Silver Ubosot at Wat
Sri Suphan rendered in the immersive VR environment.

3.4. VR360-Based Heritage Access System

The VR360-based heritage access system was implemented as a node-based virtual tour
using photographic 360-degree imagery captured at selected locations within and around
the Silver Ubosot. Rather than enabling continuous free navigation, the system allows
users to move between predefined viewpoints that correspond to physically meaningful
positions within the sacred space, thereby preserving spatial coherence while respecting
access constraints. This node-to-node navigation model provides a guided yet flexible
exploration experience that resembles a structured on-site walkthrough (Figure 6).
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Figure 6. VR360-based heritage access system showing node-based navigation and interactive icons
for information access and narrated storytelling at Wat Sri Suphan.

Within each panoramic scene, interaction is mediated through embedded visual
icons that support different layers of interpretation (Figure 6). Three types of interactive
icons are provided. Blue information icons display textual descriptions of architectural
elements, silver repoussé patterns, and decorative motifs directly linked to their spatial
context. White play icons activate narrated audio explanations describing historical and
cultural aspects of the site. Red icons link to YouTube-based video narratives presenting
historical background, religious symbolism, and community-based storytelling related to
specific features of the ubosot. By combining static panoramic visualization with layered
interpretive media, the VR360 system emphasizes narrative control and consistency while
maintaining high visual authenticity, thereby serving as a stable baseline for comparison
with the Al-driven immersive VR system. Additional demonstration materials are provided
in the Supplementary Materials.

3.5. AI-Driven Immersive VR System with LLM-Based Interaction

The Al-driven immersive VR system supports multimodal conversational interaction
within a fully navigable three-dimensional reconstruction of the Silver Ubosot, enabling
inquiry-driven exploration beyond predefined narratives. In addition to free spatial nav-
igation, visitors can engage with the virtual environment by asking spoken questions to
an Al-based tour guide assistant while examining architectural structures, religious ele-
ments, and artistic details at close range. This interaction paradigm allows users to initiate
information requests based on personal interest and spatial context, rather than follow-
ing a fixed storytelling sequence. As illustrated in Figure 7, spoken queries are captured
during exploration and processed in real time, allowing conversational interaction to be
seamlessly embedded within the immersive experience without interrupting navigation or
visual engagement. By integrating voice-based inquiry directly into spatial exploration,
the system aims to enhance user agency and support more natural and intuitive access
to cultural heritage interpretation. This interaction model is designed as a context-aware
interpretive interface rather than an open-domain conversational system, in which user
queries are intentionally constrained within culturally and contextually relevant topics
associated with the heritage site.

The conversational interaction pipeline integrates speech recognition, retrieval-based
knowledge grounding, and large language model generation. As illustrated in Figure 8,
Spoken input is transcribed using the Whisper speech-to-text model (OpenAl, San Fran-
cisco, CA, USA; version accessed in 2025) and matched against curator-prepared heritage
content and structured metadata. Relevant information is inserted into a prompt tem-
plate and processed by the ChatGPT-40 model (OpenAl, San Francisco, CA, USA; version
accessed in 2025) to generate context-specific responses. This retrieval-augmented and
prompt-constrained design functions as a safeguard mechanism to reduce the likelihood
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of hallucinated or culturally inappropriate outputs. Generated responses are delivered
through both synthesized speech and on-screen text panels anchored to spatial elements
within the virtual environment, supporting comprehension and allowing users to revisit
explanations during exploration.
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Figure 7. Al-driven immersive VR interaction with voice-based questioning and on-screen responses

at Wat Sri Suphan.
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=]
Al-based Tour Text-to-Speech API Custom training
Guide assistant (e.g, Whisper) knowledge

Figure 8. System architecture of the Al-driven immersive VR platform with LLM-based
conversational interaction.

In this study, the Al component is evaluated at the system level, focusing on its
operational performance and response reliability within a constrained, domain-specific
knowledge environment, rather than benchmarking the underlying language model. Eval-
uation therefore emphasizes interaction-based metrics, including response latency, query
frequency, and interaction duration, together with qualitative expert validation of gener-
ated responses. A subset of Al-generated answers was reviewed by domain experts to
assess factual accuracy, contextual relevance, and cultural appropriateness, particularly in
relation to sensitive or restricted content. Through this design, the Al-based tour guide
functions as an interactive interpretive layer that supports inquiry-driven engagement
while maintaining contextual coherence within the immersive virtual heritage experience.

3.6. Al Interaction Pipeline and Reliability Safequards

The conversational functionality of the immersive VR system follows a retrieval-
grounded generation pipeline. When visitors ask a spoken question, the audio input is first
transcribed using the OpenAl Whisper speech-to-text model. The resulting text query is
then processed by a retrieval component that searches a curated heritage knowledge base
consisting of curator-prepared descriptions, historical documentation, and structured meta-
data related to the Silver Ubosot. The most relevant passages are inserted into a prompt
template and provided as contextual grounding for the ChatGPT-40 model (OpenAl, San
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Francisco, CA, USA; version accessed in 2025), which generates the final natural-language
response. This retrieval-grounded prompting approach functions similarly to a lightweight
retrieval-augmented generation (RAG) mechanism, constraining the model to respond
using verified heritage information rather than generating unconstrained answers. This
design also reduces the risk of hallucinated responses by grounding generation in curated
knowledge sources. This architecture reflects a constrained, context-aware conversational
design in which user queries are interpreted within predefined cultural and informational
boundaries, ensuring that system responses remain aligned with domain-specific knowl-
edge and cultural sensitivity requirements.

Several safeguards were implemented to improve response reliability. The prompt
template explicitly instructs the model to avoid generating information beyond the re-
trieved knowledge context, and when relevant information cannot be identified the system
returns a refusal message indicating that the question cannot be answered with suffi-
cient confidence. During real-world deployment, the conversational pipeline relied on
cloud-based Al services and therefore required stable internet connectivity. The observed
average end-to-end response latency—including speech transcription, retrieval, and LLM
generation—was approximately 6.3 s under typical network conditions. When connectivity
was unstable, the system occasionally failed to return responses, in which case conversa-
tional interaction was temporarily unavailable while users continued visual exploration
within the virtual environment. To assess response quality, a small sample of generated
answers was periodically reviewed by domain experts and exhibition staff to verify factual
accuracy and cultural appropriateness. In addition, system-level interaction logs, including
query frequency, response latency, and interaction duration, were collected to support
analysis of system performance and user interaction behavior. Conversational logs were
stored in anonymized form for system monitoring purposes, and no personally identifiable
information was recorded in accordance with the ethical guidelines approved by the Chiang
Mai University Research Ethics Committee.

4. Research Methodology
4.1. Research Method

This study adopts a research-in-the-wild approach [41,42] to examine user interaction
and experience with virtual heritage systems under real-world conditions. Rather than
imposing tightly controlled laboratory tasks, the systems were deployed in a realistic
context that allows participants to explore freely according to their interests, thereby
preserving ecological validity. This method is particularly suitable for cultural heritage
applications, where user experience is shaped by situational context, intrinsic motivation,
and exploratory behavior. By observing naturalistic interaction patterns and collecting
experiential feedback in situ, the study aims to generate insights that reflect practical use
and real-world deployment of extended reality systems for cultural heritage access. This
approach also enables the collection of behavioral interaction data, such as interaction
duration and frequency, which can be used to further examine user engagement patterns
during system use.

4.2. Participants

Participants were recruited through on-site and community-based outreach using a
convenience sampling approach, in which visitors who were present near the exhibition
area during the study period were invited to voluntarily participate in the study. Par-
ticipants were then assigned to two experimental groups corresponding to the system
conditions, with each group consisting of 68 participants (N = 136 in total). To obtain
consistent experiential feedback within the operational constraints of the study site, partici-
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pation was limited to individuals who self-identified as female at the time of recruitment,
reflecting the predominant visitor group engaging with the virtual heritage systems during
the study period. The participants” mean age was M = 37.87 years (SD = 7.74). One group
interacted with the VR360-based heritage access system, while the other group experienced
the Al-driven immersive VR system with conversational interaction.

Gender identity beyond self-identification was not assessed, and sexual orientation
was not collected or analyzed, as these factors were outside the scope and objectives of
the study, which focused on system interaction and experiential feedback. All participants
provided informed consent prior to participation, and no personally identifiable informa-
tion was collected. The experimental sessions were conducted in a designated small room
located directly opposite the Silver Ubosot. As shown in Figure 9, this setup allowing
participants to engage with the virtual systems in close proximity to the physical heritage
site while avoiding interference with religious activities (Figure 10). The study was carried
out during official working hours to ensure appropriate supervision and compliance with
site management regulations.

>

Figure 9. Experimental setup of the virtual heritage systems in a designated room opposite the
Ubosot: a female participant using the system (left) and a monk serving as exhibition operation
staff (right).

Figure 10. Exhibit setting room opposite the Ubosot.

4.3. Instruments and Measures

The measurement instruments used in this study were based on widely validated
scales in human—computer interaction and virtual reality research. Specifically, the study
employed the System Usability Scale (SUS), the User Engagement Scale (UES), and the
Igroup Presence Questionnaire (IPQ), which have been extensively used in prior studies to
evaluate usability, engagement, and presence in interactive systems.
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4.3.1. System Usability Scale

SUS was used to assess participants’ perceived usability of the virtual heritage sys-
tems [43,44]. SUS consists of ten items rated on a five-point Likert scale, covering aspects
such as ease of use, learnability, and overall satisfaction. It provides a single usability
score that enables reliable comparison between system conditions and is widely validated
across interactive and immersive systems. The full questionnaire items are provided in
Appendix A.

4.3.2. User Engagement Scale

User engagement was measured using the UES, which captures multiple dimensions
of engagement, including focused attention, perceived usability, aesthetic appeal, and
reward [45,46]. The UES is particularly suitable for immersive and exploratory systems, as
it reflects both cognitive and affective aspects of user interaction beyond task performance.
The full questionnaire items are provided in Appendix A.

4.3.3. Presence and Spatial Experience

Participants’ sense of presence and spatial experience (here referring to perceived
spatial presence) was evaluated using the IPQ. The IPQ measures perceived spatial presence,
involvement, and experienced realism within virtual environments [47]. This instrument is
well established in virtual reality research and supports the assessment of how convincingly
users perceive and inhabit the reconstructed cultural space. The full questionnaire items
are provided in Appendix A.

4.3.4. Retrospective Interview

To complement the quantitative measures, retrospective interviews were conducted
with a subset of participants following system use [48]. The interviews focused on par-
ticipants” subjective experiences, perceived strengths and limitations of the systems, and
reflections on interaction, interpretation, and cultural understanding. This qualitative
component supports deeper interpretation of questionnaire results and provides contextual
insights aligned with the research-in-the-wild methodology. Interview responses were tran-
scribed and reviewed by two researchers, who identified recurring patterns and grouped
them into thematic categories. Representative anonymized quotes are provided in the
Section 5 to illustrate participants’ perspectives.

4.4. Experimental Design and Procedure

The study employed a between-subjects comparative design, with each participant
experiencing only one system condition to avoid learning effects and cross-condition bias.
Participants first received a brief introduction explaining the study purpose and system
usage, after which they were asked to provide informed consent prior to participation.
The experimental setup utilized a Meta Quest 3 head-mounted display for both system
conditions; the VR360 system was operated directly on the standalone headset, while the
Al-driven immersive VR system was rendered using a high-performance personal com-
puter connected to the headset, equipped with an NVIDIA GeForce RTX 4060 graphics card
(NVIDIA Corporation, Santa Clara, CA, USA), 16 GB of RAM, and an AMD-based CPU to
ensure stable real-time rendering and Al interaction. Following consent, participants were
allowed to explore the virtual heritage environment freely according to their interests for a
maximum duration of 30 min, with no fixed task sequence imposed in order to preserve
naturalistic exploration behavior consistent with a research-in-the-wild approach. Interac-
tion duration, navigation behavior, and conversational usage were recorded automatically
by the system throughout the session.
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4.5. Data Collection and Analysis

Quantitative data were collected using standardized questionnaires, including the SUS,
UES, and IPQ. All quantitative analyses were conducted using IBM SPSS Statistics (Version
27). Descriptive statistics (means and standard deviations) were computed for all measures.
Prior to conducting inferential analyses, standard statistical assumptions for independent-
samples t-tests were examined, including normality of distributions and homogeneity of
variance. Independent-samples f-tests were performed to compare overall scores between
the two system conditions, with statistical testing pre-specified for overall composite scores
only to reduce the risk of inflated Type I error. This statistical approach was selected because
the study employed a between-subjects experimental design comparing two independent
system conditions (VR360 and Al-driven immersive VR). The objective of the analysis
was therefore to examine differences in user experience outcomes between the two groups
rather than to model relationships among latent constructs. Effect sizes were calculated
using Cohen’s d, and a significance level of p < 0.05 was adopted for all inferential analyses.
Structural equation modeling was not applied because the study did not aim to test causal
relationships among variables, but instead focused on comparing user experience measures
across experimental conditions.

In addition to independent-samples t-tests, regression analysis was conducted to fur-
ther examine the relationship between interaction behavior and user experience outcomes.
Specifically, system condition and interaction duration were included as predictors, with
perceived presence specified as the dependent variable. This analysis examines whether
perceived presence is influenced not only by system type but also by the extent of user
engagement. This approach enables a more nuanced interpretation of how interaction be-
havior contributes to variations in perceived presence beyond differences between system
conditions. Qualitative data were obtained through retrospective interviews conducted
after the experimental sessions. Interview responses were transcribed and analyzed using
thematic analysis, following an iterative coding process to identify recurring patterns and
themes across participants.

5. Results
5.1. Result of System Usability Scale and User Engagement Scale

As shown in Figure 11, the SUS results demonstrate measurable differences in per-
ceived usability between the two systems. The VR360 system achieved a mean SUS score
of 81, whereas the Al-driven immersive VR system obtained a mean score of 74. According
to standard SUS benchmarks, both scores fall within the acceptable usability range and
correspond to the good adjective rating, indicating that participants generally perceived
both systems as usable. However, the distribution of scores shows that the VR360 system
reached a higher position within the good range, approaching the upper boundary associ-
ated with higher usability classifications. In contrast, the Al-driven immersive VR system
was positioned lower within the same usability range, reflecting comparatively reduced
usability scores across participants.

As summarized in Table 1, descriptive results of the UES indicate comparable engage-
ment levels between the two system conditions across multiple dimensions. For Focus
Attention, the VR+AI system showed a slightly higher mean score than the VR360 system
(3.79 vs. 3.64), while Perceived Usability was higher for the VR360 system (4.17) compared
to the VR+AI system (3.81). In terms of Aesthetic Appeal, the VR+AI system achieved a
marginally higher mean score (4.24) than the VR360 system (4.04). Similarly, the Reward di-
mension showed higher scores for the VR+AI system (4.07) compared to the VR360 system
(3.77). For the overall UES score, the VR+AI system demonstrated a slightly higher mean
(3.98) than the VR360 system (3.91); however, the independent-samples t-test revealed no
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statistically significant difference between the two conditions (p = 0.20), with a small effect
size (Cohen’s d = 0.22).

NOT ACCEPTABLE MARGINAL ACCEPTABLE
R — II | S I
RANGE
ggﬁf’g [ 3 [0 T kK 11T & T 2]
1 1
ADJECTIVE WORST BEST
RATINGS IMAGINABLE ~ POOR oK G°f=° D{CEL.'-ENT IMAGINABLE

0 10 20 30 40 50 60 70;80 90 100
1 1

SUS Score AVR VR360

Figure 11. SUS scores for the VR360 and Al-driven immersive VR systems, interpreted using standard

acceptability ranges and adjective ratings.

Table 1. Results of UES Using an Independent-Samples -Test.

UES Di . VR360 (N = 68) VR+AI (N = 68) Statistic Test
tmension Mean SD Mean SD P Cohen’s d
Focus Attention 3.64 0.65 3.79 0.66 N/A N/A
Perceived Usability 417 0.73 3.81 0.67 N/A N/A
Aesthetic Appeal 4.04 0.57 424 0.61 N/A N/A
Reward 3.77 0.78 4.07 0.61 N/A N/A
Overall 391 0.32 3.98 0.34 0.20 0.22

Note: Statistical testing was pre-specified for the overall UES score. Dimension-level values are reported descrip-
tively to avoid inflated Type I error from multiple comparisons.

5.2. Result of Presence and Spatial Presence

As illustrated in Figure 12 and summarized in Table 2, the IPQ results indicate compa-
rable patterns of perceived presence across the two system conditions, with consistently
higher mean scores observed for the Al-driven immersive VR system across all dimensions.
For Spatial Presence, the VR+AI system achieved a higher mean score (3.75) than the VR360
system (3.57), while similar trends were observed for Involvement (3.68 vs. 3.53) and Expe-
rienced Realism (3.81 vs. 3.71). With respect to overall presence, the VR+AI system also
demonstrated a higher mean score (3.75) compared to the VR360 system (3.60). Statistical
testing, which was pre-specified for the overall IPQ score only, revealed a statistically sig-
nificant difference between the two conditions (p = 0.027), with a small-to-moderate effect
size (Cohen’s d = 0.38). Dimension-level results are therefore reported descriptively, while
the overall IPQ findings indicate a measurable difference in perceived presence between
the two systems.
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Figure 12. Mean presence scores comparing VR360 and Al-driven immersive VR across
presence dimensions.
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Table 2. Results of IPQ Using an Independent-Samples ¢-Test.
. . VR360 (N = 68) VR+AI (N = 68) Statistic Test
IPQ Dimension
Mean SD Mean SD P Cohen’s d
Spatial Presence 3.57 0.63 3.75 0.66 N/A N/A
Involyement 3.53 0.66 3.68 0.68 N/A N/A
Experienced 3.71 0.57 3.81 0.63 N/A N/A
Realism
Overall Presence 3.60 0.37 3.75 0.37 0.027 0.38

Note: Statistical testing was pre-specified for the overall IPQ. Dimension-level values are reported descriptively to
avoid inflated Type I error from multiple comparisons.

5.3. Result of Behavioral Interaction

Behavioral interaction metrics provide additional insight into user engagement pat-
terns across the two systems (Table 3). Participants using the Al-driven immersive VR
system spent longer exploring the environment (mean 9.4 min) compared with the VR360
system (6.8 min). Interaction frequency was also higher in the immersive VR condition
(mean 14.4 interactions) than in the VR360 condition (12.3 interactions). In addition, partici-
pants asked an average of 6.6 questions during exploration, with a mean response latency
of approximately 6.3 s.

Table 3. Behavioral Interaction metrics.

Metric VR360 AI-Driven Immersive VR
Mean session duration 6.8 min 9.4 min

Mean number of user interactions 12.3 14.4

Mean number of Al questions - 6.6

Mean response latency - 6.3s

Note: “User interactions” refer to recorded interaction events such as navigation actions, hotspot selections, and
conversational queries.

To further examine the relationship between interaction behavior and user experience
outcomes, a linear regression analysis was conducted with perceived presence as the de-
pendent variable and system condition and interaction duration as predictor variables.
The regression model was statistically significant (p < 0.05), indicating that both system
condition and interaction duration significantly predicted perceived presence. These find-
ings suggest that perceived presence is not determined solely by system type, but is also
influenced by the extent of user interaction during the experience. In particular, interac-
tion duration showed a positive effect on perceived presence, indicating that extended
engagement contributes to immersive experience beyond structural differences between
VR modalities. This result supports an interaction-driven interpretation of presence, in
which experiential outcomes are shaped by user activity and engagement patterns rather
than by immersion level alone.

5.4. Result of Retrospective Interviews

Following the experimental session, retrospective interviews were conducted with
28 participants (14 from each experimental group) to further explore subjective experi-
ences and to contextualize the quantitative findings. The interviews focused on perceived
usability, realism, interaction experience, and practical considerations related to exhi-
bition deployment. Thematic analysis revealed four recurring themes across the two
system conditions.

5.4.1. The Usability—Realism Trade-Off

Participants consistently indicated that the perceived level of experiential realism was
broadly comparable between the two systems, as both relied on visual materials derived
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directly from real-world environments. The use of authentic imagery in both the VR360
and Al-driven immersive VR systems contributed to a similar sense of visual credibility
and environmental authenticity, reducing noticeable differences in realism from the partici-
pants’ perspectives. Consequently, experiential realism was not identified as the primary
differentiating factor when users reflected on their overall experience. Instead, participants’
evaluations increasingly centered on how easily they could interact with and navigate the
systems, shifting attention from visual realism to practical usability considerations.

The VR360 system was consistently described as easy to use and immediately un-
derstandable, requiring little to no instruction. Participants indicated that they were able
to navigate and engage with the content intuitively from the first use, allowing them to
focus primarily on the heritage information rather than on system operation. In contrast,
the Al-driven immersive VR system was frequently characterized as more complex. Par-
ticipants reported challenges related to interaction mechanics, including difficulties in
understanding how to initiate and manage conversations with the Al, occasional delays
in Al responses, confusion regarding available interaction functions, and inconsistencies
in the AI's voice tone. These usability-related issues increased cognitive effort during
interaction and shaped overall user impressions, helping to explain why similar levels
of perceived realism did not translate into higher engagement or usability scores in the
quantitative results.

5.4.2. Perceived Control and Interaction Experience

Participants generally reported that basic system control was manageable and did not
present major difficulties in either condition. Both the VR360 and Al-driven immersive
VR systems were perceived as controllable, and users indicated that they were able to
understand how to navigate the environments and operate the systems without significant
problems. This suggests that, at a fundamental level, participants felt a sufficient sense of
control when interacting with both systems.

However, notable differences emerged in relation to interaction experience, particu-
larly in the Al-driven immersive VR condition. While participants found the conversational
Al feature interesting and engaging, they also reported that interaction with the Al required
further refinement. Several participants indicated that the process of initiating and manag-
ing Al-based interactions was not always intuitive, highlighting issues such as uncertainty
when using the voice-recording button, delays in Al response time, and waiting periods
before receiving answers. Despite these challenges, participants acknowledged that the
Al was capable of providing diverse and contextually appropriate responses, and that the
conversational interaction added value to the experience. Overall, while the interaction
concept was viewed positively, participants emphasized the need for improvements in
interaction flow, responsiveness, and feedback mechanisms to enhance perceived control
and usability in the Al-driven immersive VR system.

5.4.3. Exhibition Operations and Social Context

Participants indicated that locating the experimental setup in close proximity to the
physical heritage site enabled them to more easily understand the contextual relationship
between the virtual content and the real environment. Being situated near the site helped
reduce uncertainty and curiosity about what was inside the restricted space, allowing
participants to form clearer expectations before engaging with the virtual systems. In this
regard, no notable differences were reported between the VR360 and Al-driven immer-
sive VR conditions, as both systems were perceived as effective in supporting contextual
understanding and addressing visitors” questions about the interior of the site. Overall,
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participants viewed the exhibition arrangement as a practical solution that successfully
enhanced interpretability while maintaining appropriate separation from the sacred space.

5.4.4. Operational Insights from Exhibition Staff

From the perspective of exhibition staff, substantial differences were observed between
the two systems in terms of operational manageability. The VR360 system was consistently
described as easy to manage, requiring minimal setup and little to no staff intervention dur-
ing operation. Staff reported that users were able to engage with the system independently
from the first use, and no major technical or operational issues were encountered. In con-
trast, the Al-driven immersive VR system was perceived as considerably more challenging
to manage. Staff noted that users frequently requested assistance, particularly when inter-
acting with the Al features. Operational issues such as intermittent internet connectivity
occasionally prevented the Al from responding to user queries, further increasing the need
for staff support. Additionally, the initial system setup for the Al-driven immersive VR
was described as more complex compared to the VR360 system. Overall, staff emphasized
that the immersive VR system required continuous supervision and technical oversight,
whereas the VR360 system operated reliably with minimal staff involvement.

6. Discussion
6.1. Usability and Engagement Trade-Offs in Access-Restricted Sacred Heritage Contexts

The following discussion interprets the empirical findings in relation to prior virtual
heritage and immersive media research. Addressing RQ1, the findings of this study
reveal a clear trade-off between perceived usability and user engagement when comparing
VR360 systems and Al-driven immersive VR systems in an access-restricted sacred heritage
context. These findings are consistent with the proposed conceptual framework, in which
interaction modality shapes user experience through interaction characteristics, particularly
user agency and perceived cognitive load. Consistent with the quantitative results, the
VR360 system demonstrated higher usability, while overall engagement levels between
the two systems remained comparable. Qualitative insights further contextualize these
findings, as participants frequently noted that the VR360 system could be used immediately
without prior instruction, enabling them to focus on heritage content rather than on system
operation. The higher usability observed in the VR360 system reflects its lower interaction
complexity and constrained navigation structure, which reduce perceived cognitive load
and support immediate user comprehension. In contrast, although the Al-driven immersive
VR system was often described as interesting and engaging, participants reported additional
interaction demands, including uncertainty in managing Al-based conversations, delays
in system responses, and confusion related to voice interaction functions. These findings
indicate that increased user agency and conversational interaction introduce additional
cognitive demands that constrain the effectiveness of engagement. As a result, the increased
interaction complexity did not translate into proportionally higher engagement. This
pattern supports prior work suggesting that, in heritage and museum contexts, ease of
interaction plays a critical role in shaping user experience, particularly when systems are
deployed in real-world, time-limited settings [12,23]. Behavioral interaction metrics further
support this interpretation, as participants in the VR360 condition demonstrated shorter
session durations and slightly fewer interaction actions compared with the immersive
VR condition, reflecting the simpler interaction structure that likely contributed to the
higher usability scores observed in the SUS results. These patterns indicate that increased
interaction effort does not necessarily improve user experience outcomes, but instead
reflects differences in interaction demands across system conditions.
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Existing literature on virtual heritage and immersive media similarly reports a tension
between interaction richness and usability. Lightweight VR approaches, such as panoramic
or VR360 systems, have been shown to reduce cognitive load and lower barriers to entry,
making them suitable for public exhibitions and first-time users [49]. In contrast, immer-
sive VR systems that incorporate advanced interaction techniques, including embodied
navigation and conversational interfaces, can enhance experiential depth but often intro-
duce usability challenges that require additional learning and ongoing support [50,51].
This comparison suggests that the benefits of advanced interaction mechanisms may only
become meaningful when interaction complexity remains manageable for first-time users
in public exhibition settings. The trade-offs observed in this study align with these findings
and demonstrate that interaction complexity functions as a mediating constraint between
interaction modality and user experience outcomes. Within the proposed framework,
this trade-off reflects the balance between reduced cognitive load in simpler interaction
modalities and increased user agency in more complex systems. One possible explanation
is that visitors in heritage contexts often prioritize interpretive clarity and ease of access
over technological novelty, particularly when the interaction occurs during short exhibition
visits. This suggests that design decisions for access-restricted sacred heritage sites should
carefully balance engagement ambitions with usability and operational constraints, rather
than assuming that increased immersion alone will lead to substantially improved user
experiences. From a design perspective, these results reinforce the importance of aligning
interaction complexity with the situational context of use, where simplicity and reliability
may be more valuable than advanced interaction capabilities in supporting inclusive her-
itage access. Overall, these findings provide empirical support for an interaction-driven
model of immersive experience, in which user experience outcomes are shaped by the
balance between interaction capability and cognitive demand.

6.2. Presence and Perceived Spatial Presence Across VR Modalities

Addressing RQ?2, the findings indicate that the Al-driven immersive VR system elicited
higher levels of overall presence and a stronger perceived spatial presence than the VR360
system, although the magnitude of this difference remained small to moderate. These
findings are consistent with the proposed conceptual framework, in which interaction
modality influences perceived presence through interaction characteristics such as user
agency and embodied engagement. Quantitative results from the IPQ demonstrate a
consistent directional advantage for the immersive VR condition in overall presence, while
differences at the dimension level were modest. The relatively small effect size suggests
that differences in presence between immersive VR and VR360 are likely moderated by
factors such as visual fidelity and content realism rather than immersion level alone.
Qualitative feedback indicates that this difference was not primarily driven by visual
realism, as participants frequently noted that both systems appeared similarly realistic
due to their reliance on imagery captured from real-world environments. Because both
systems were derived from real-world visual capture, the perceptual gap typically observed
between panoramic VR and fully navigable VR environments may have been reduced in
this deployment context. Instead, perceived presence is shaped by interaction modalities,
spatial navigation, and the degree of embodied engagement supported by each system. In
particular, higher user agency and the ability to navigate freely within the immersive VR
environment support stronger experiential involvement, which contributes to increased
perceived presence. Behavioral interaction metrics further support this interpretation,
as participants in the immersive VR condition spent longer exploring the environment
and engaged in more interaction actions during each session, patterns that are consistent
with the higher spatial presence scores observed in the IPQ results. Regression analysis
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further confirms this relationship, indicating that interaction duration significantly predicts
perceived presence, demonstrating that extended interaction contributes to immersive
experience beyond differences between system conditions. These results indicate that
perceived presence is not solely determined by system type, but is partially explained by
interaction behavior, particularly sustained engagement. This finding provides empirical
support for the proposed mediation mechanism, in which interaction characteristics—
particularly sustained engagement—serve as a key pathway linking interaction modality
to perceived presence.

Qualitative insights further clarify that participants in the immersive VR condition
often described a stronger sense of “being inside” the environment, which they associated
with embodied exploration and freedom of movement. In contrast, participants interacting
with the VR360 system characterized their experience as more observational, frequently
describing it as viewing or “looking around” the space rather than occupying it. Similar
distinctions between observational and embodied forms of presence have been reported
in recent immersive VR and cultural heritage research, which emphasizes the role of
interaction and spatial engagement in shaping presence beyond visual fidelity alone [31,52].
However, participants also reported that interaction complexity and occasional system
delays in the immersive VR system disrupted their sense of immersion, consistent with
studies showing that usability issues and system responsiveness can moderate perceived
presence and overall user experience in immersive environments [53,54]. Within the
proposed framework, this suggests that while increased interactivity enhances presence
through greater user agency, it also introduces interaction friction that constrains the
overall experiential effect. This observation highlights an important design implication:
technological immersion alone does not guarantee stronger presence if interaction friction
or system latency interrupts the experiential flow. Taken together, results from the real-
world deployment indicate that Al-driven immersive VR is associated with higher spatial
presence than VR360 by combining embodied navigation with conversational interaction.
Participants reported that the ability to ask questions and receive contextual explanations
during exploration helps resolve uncertainties as they emerge, contributing to a more
continuous and immersive experience. This finding reinforces an interaction-driven account
of immersive experience, in which presence is shaped not only by visual realism but by the
depth and continuity of user interaction with the virtual environment.

6.3. Design Implications for Inclusive and Respectful Heritage Access

Addressing RQ3, the real-world deployment of both systems revealed substantive
design and operational trade-offs that extend beyond immersion level alone. These findings
can be interpreted through the proposed conceptual framework, where differences in inter-
action modality shape not only user experience outcomes but also operational requirements
through variations in interaction characteristics. From an operational perspective, the
Al-driven immersive VR system required substantially greater technical and human re-
sources, including high-performance PCs, stable high-bandwidth internet connectivity, and
continuous staff supervision. Qualitative feedback from participants and exhibition staff
indicated that visitors frequently requested assistance when interacting with the Al-based
conversational interface, particularly in managing voice input, understanding interaction
cues, and coping with response delays caused by network instability. Within this frame-
work, increased user agency and conversational interaction are associated with higher
interaction complexity, which translates into greater technical and operational demands.
At the same time, participants consistently reported that the ability to ask questions freely
and receive contextual explanations during exploration helped them resolve uncertainties
as they emerged, especially when encountering unfamiliar or culturally complex elements
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of the sacred space. This inquiry-driven interaction contributed to a more continuous
and immersive experience and a stronger sense of presence, aligning with prior work
emphasizing the role of interaction and interpretive support—rather than visual immersion
alone—in shaping presence and user experience in heritage VR systems [12,23]. In this
context, inclusive access should not be interpreted as unrestricted physical access to sacred
spaces. Instead, inclusive access in this study refers to interpretive and informational
access that enables visitors to engage with culturally restricted areas while respecting
community-defined boundaries and ritual practices. The deployment of the systems was
coordinated with local stakeholders, including temple representatives and exhibition staff,
to ensure that the virtual experience complemented existing cultural norms rather than
challenging them.

In contrast, the VR360 system demonstrated clear advantages in usability, reliability,
and operational sustainability under real-world conditions. Observations and interview
data showed that participants were able to use the VR360 system immediately without
instruction, and exhibition staff reported that the system operated consistently without
requiring ongoing supervision. The node-based navigation structure and predefined infor-
mational hotspots were sufficient to address most visitors’ common questions, particularly
those related to visual access and basic interpretation of the restricted space. This finding
is consistent with previous research showing that lightweight VR and panoramic-based
approaches can effectively reduce cognitive load and support accessible interpretation in
public-facing heritage contexts [49,50]. Within the proposed framework, this reflects how
lower interaction complexity and constrained interaction structures reduce cognitive load
and support stable, scalable deployment in real-world settings. Taken together, the findings
suggest that Al-driven immersive VR is most appropriate for institutions with sufficient
resources and dedicated personnel, such as museums and curated exhibitions, where deep,
inquiry-driven engagement is a priority, whereas VR360 systems provide a more practical
and sustainable solution for general heritage and tourism sites, enabling inclusive and
respectful access without imposing excessive operational demands. However, the design
implications identified in this study should be interpreted within the specific cultural
and institutional context of the case site. While the underlying design principles may be
transferable to other heritage environments with access constraints, their implementation
must remain sensitive to local cultural norms, governance structures, and stakeholder
expectations. To further contextualize these findings within the broader landscape of
virtual heritage access approaches, Table 4 summarizes the key strengths and limitations
of commonly used VR approaches for cultural heritage interpretation, including VR360
virtual tours, immersive VR environments, and the Al-driven immersive VR approach
developed in this study.

Table 4. Comparison of VR Approaches for Cultural Heritage Access.

Approach Strengths Limitations
Easy deployment, high visual realism, o g . .
VR360 Virtual Tours low development cost, minimal Limited interactivity, fixed viewpoints,

.. . assive exploration
supervision required p p

Immersive VR Reconstruction ngh spatlal presence, free navigation, Higher development cost, complex
interactive exploration content production
Conversational interaction, Higher technical complexity,
Al-Driven Immersive VR inquiry-driven exploration, enhanced infrastructure dependency, need for
perceived spatial presence operational support
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6.4. Limitations and Future Work

This study has several limitations that should be acknowledged when interpreting
the findings. First, the evaluation was conducted in a single real-world heritage context
involving an access-restricted sacred site, which may limit the generalizability of the results
to other cultural, institutional, or spatial settings. In addition, all participants self-identified
as female, reflecting the primary visitor group engaging with the virtual systems during
the study period and the cultural constraints of the site. While this focus was appropriate
for examining inclusive access under ritual restrictions, it constrains the applicability of
the findings to broader visitor populations with different demographic characteristics or
interaction preferences. Furthermore, the Al-driven immersive VR system depended on
stable internet connectivity and cloud-based Al services, which occasionally resulted in
response delays and required staff intervention during deployment. In addition, Al-driven
immersive VR systems may require substantial computational resources and technical
support to ensure stable operation in real-world heritage environments. These technical
dependencies may have influenced usability perceptions and moderated the experiential
advantages observed for Al-driven interaction. Moreover, the study does not aim to
quantitatively benchmark the performance of the underlying language model; instead,
the AI component is evaluated at the system level within a constrained, domain-specific
knowledge environment.

Future work should extend this research in several directions to address these limi-
tations. Comparative studies across multiple heritage sites, including secular museums,
outdoor attractions, and sites with different access constraints, would help validate and
refine the proposed design implications. Expanding participant demographics beyond
female-only groups would further support broader generalization of the findings. In addi-
tion, future system development could explore hybrid design approaches that integrate
the operational simplicity of VR360 with selectively activated Al-driven features, such
as optional conversational assistance, to balance cost, usability, and engagement. Future
research may also incorporate more formal evaluation metrics for Al-generated responses,
such as response accuracy assessment, consistency analysis, or hallucination detection, to
provide a more comprehensive validation of Al performance. Finally, advances in edge
computing and offline or lightweight Al models may reduce infrastructure and staffing re-
quirements, making Al-enhanced immersive VR more feasible for a wider range of heritage
and tourism contexts.

7. Conclusions

This study provides empirical evidence from a real-world deployment showing how
different virtual reality approaches support inclusive access to ritually restricted sacred
heritage sites. The findings indicate that VR360 systems offer high usability, operational
stability, and low maintenance requirements, making them effective for addressing visitors’
curiosity and providing basic interpretive access with minimal infrastructure and staffing.
In contrast, Al-driven immersive VR was associated with a stronger perceived spatial
presence and sense of presence by supporting embodied exploration and conversational
inquiry, allowing visitors to ask questions and resolve uncertainties in situ. This capability
enhances perceived spatial presence and interpretive engagement, particularly in contexts
involving culturally complex or unfamiliar heritage elements.

Beyond user experience outcomes, this work contributes informatics-oriented insights
that support system selection, deployment decisions, and institutional planning for vir-
tual heritage applications. The results demonstrate that immersive technologies alone do
not guarantee improved experience; rather, meaningful spatial presence emerges when
interaction design, interpretive support, and system reliability are aligned with opera-
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tional feasibility and institutional capacity. By grounding the comparison in real-world
deployment and qualitative feedback, the study provides evidence-based guidance for her-
itage institutions and cultural organizations to adopt VR strategies that balance inclusivity,
cultural respect, experiential depth, and long-term system sustainability.

Supplementary Materials: VR360 tour: https:/ /angkaew.com/Wat_Srisupan/vtour/ (accessed on
25 March 2026); AI-VR interaction video: https://www.youtube.com/watch?v=K6oNwlYBuHo
(accessed on 25 March 2026).
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Appendix A

Table Al. The System Usability Scale Questionnaire.

Item No.

Questionnaire

= OO UT & WN -

I think that I would like to use this system frequently.

I found the system unnecessarily complex.

I thought the system was easy to use.

I think that I would need the support of a technical person to be able to use this
system.

I found the various functions in this system were well integrated.

I thought there was too much inconsistency in this system.

I would imagine that most people would learn to use this system very quickly.
I found the system very cumbersome to use.

I felt very confident using the system.

I needed to learn a lot of things before I could get going with this system.

Table A2. The User Engagement Scale Questionnaire.

Dimension

Questionnaire

Focused attention

Perceived Usability

I was fully focused on the interaction with the VR360/VR+AI during the VR task.
I'lost track of time while interacting with the VR360/VR+AI

I was deeply concentrated on the information provided by the VR360/VR+AL
The VR360/VR+AI was easy to interact with during the VR task.

The interaction with the VR360/VR+AI felt smooth and well-organized.

I could interact with the VR360/VR+AI without confusion or difficulty.
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Table A2. Cont.

Dimension Questionnaire

Aesthetic appeal

The presentation of the VR360/VR+AI was visually appealing in the VR
environment.
The VR360/VR+Al interface enhanced my overall VR experience.

Reward Interacting with the VR360/VR+AI was enjoyable.

I felt motivated to continue interacting with the VR360/VR+AL
The VR360/VR+AI made the museum experience more interesting.

Table A3. Presence and Spatial Experience Questionnaire.

Dimension Questionnaire

Spatial Presence I felt like I was really inside the virtual environment.

The virtual environment seemed like a place I could actually visit.
I'had a sense of being physically present in the virtual space.

The virtual environment surrounded me.

I felt like I was inside the virtual world rather than just looking at it.

Involvement I was completely focused on the virtual environment.

I was deeply involved in the virtual experience.
I did not notice my real surroundings while using the system.
My attention was fully captured by the virtual environment.

Experienced Realism The virtual environment seemed realistic to me.

The experience felt believable.
The virtual environment gave me a convincing impression of reality.
The way the virtual environment responded to my actions felt realistic.
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