H buildings

Article

A Spatio-Temporal Overlap Narrative Experience Model for
Archaeological Site Museums: A Case Study of the
Panlongcheng Archaeological Site Museum

Qi Hu *', Xiao He

check for
updates
Academic Editor: Angel Fermin

Ramos Ridao

Received: 4 September 2025
Revised: 20 October 2025
Accepted: 29 October 2025
Published: 2 November 2025

Citation: Hu, Q.; He, X.; Wei, T.; Yuan,
Y. A Spatio-Temporal Overlap
Narrative Experience Model for
Archaeological Site Museums: A Case
Study of the Panlongcheng
Archaeological Site Museum. Buildings
2025, 15,3956. https:/ /doi.org/
10.3390/buildings15213956

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

, Tianyu Wei

and Yi Yuan

College of Industrial Design, Hubei University of Technology, Wuhan 430068, China;
102301595@hbut.edu.cn (X.H.); 102311545@hbut.edu.cn (T.W.); 102311552@hbut.edu.cn (Y.Y.)
* Correspondence: jessie_hoo@hbut.edu.cn; Tel.: +86-158-2713-5245

Abstract

In the global trend of museums transitioning from static displays to digital, narrative, and
experiential forms, heritage museums face challenges such as weakened cultural identity,
insufficient emotional resonance, and the separation of reality and fiction. To address these
issues, this study, based on the theory of spatial narrative, introduces the tripartite theory
of spatial production to jointly construct a narrative experience model with overlapping
time and space. By expanding the dimensions of time and space, it achieves a deep
correspondence of virtual experiences, providing guidance for the virtual-real integration
experience design of heritage museums. Methodologically, a combined approach of FAHP1-
spatial syntax-FAHP2-FCE is adopted. Taking the Panlongcheng Heritage Museum as an
example, with user experience needs as the starting point and the analysis results of the
physical exhibition space as the basis, the heritage culture theme serves as the narrative
thread, integrating into an experiential model with contextual virtual-real fusion. Finally,
the design practice is verified through FCE. The results show that this model can optimize
the virtual-real integration experience, enhance users’ cultural identity and emotional
resonance, and provide beneficial insights for the digital and experiential transformation of
heritage museums.

Keywords: archaeological site museums; digital cultural experience; spatiotemporal narra-
tive; serious games; fuzzy analytic hierarchy process; space syntax

1. Introduction

Museums have evolved from static guardians of cultural heritage into participatory
cultural spaces that, while preserving, interpreting, and disseminating heritage, actively
contribute to public education, cultural communication, collective memory, and identity
formation in the digital age [1-3]. In the digital context, digital cultural experience has
become an important means of achieving cultural communication [4,5]. Digital culture,
characterized by virtualization, interactivity, and data-driven approaches, is reshaping the
presentation and dissemination of museum cultural content [6-8]. Emerging technologies
such as virtual reality, augmented reality, and artificial intelligence further break the bound-
aries of physical exhibitions [5,9,10], driving museums toward immersive and personalized
experiences [11]. Interactive visitor experience design is becoming a key direction for the
innovative integration of digital culture and museums.

Although digital transformation brings new opportunities for museum experiences,
the diversity of museum types means that interactive visitor experiences in various mu-
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seums still have significant room for improvement. Archaeological site museums, in
particular, face challenges in their digital transformation, including weakened local iden-
tity, insufficient emotional resonance, and limited spatial development [12,13]. Existing
research on physical experiences focuses on optimizing circulation routes in exhibition
spaces, creating immersive environments through lighting and sound effects, and on-site
delivery of cultural information [14,15]. In terms of virtual experiences, research primarily
concentrates on technical implementations such as three-dimensional digital modeling,
immersive interactions, and virtual tours [16-18]. However, the narrative linkage between
the two remains insufficient, with virtual experiences often operating independently from
physical spaces, lacking systematic correspondence with physical circulation routes and
narrative pacing. Some studies attempt to combine physical and virtual elements through
mixed reality or digital twin exhibition narrative design [19-21], but practical applications
still suffer from asynchronization between virtual and physical experiences in temporal
and plot progression, as well as insufficient overall narrative continuity. For instance,
a comparative study of the physical and virtual exhibitions at the Pitt Rivers Museum
revealed that 3D virtual exhibits often become disconnected from the spatial logic and
narrative coherence of their physical counterparts, resulting in fragmented visitor experi-
ences [22]. In the recently developed dual-mode virtual museum of Sanxingdui, researchers
acknowledged that although virtual reality museums provide immersive environments,
they still lack opportunities for deeper user engagement and cultural learning activities [23].
Furthermore, Pietroni’s research on multisensory museums pointed out that while several
mixed-reality projects excel in enhancing visual and interactive dimensions, they continue
to struggle with synchronizing virtual and physical narratives in terms of temporal rhythm
and plot progression [24]. Existing studies and practices therefore indicate persistent chal-
lenges in achieving temporal and narrative synchronization between virtual and physical
experiences, as well as maintaining overall narrative continuity.

Building upon the above background, this study proposes a spatiotemporal overlap-
ping narrative experience model for site museums. Based on traditional spatial narrative
theory and incorporating Lefebvre’s triadic concept of spatial production, the model ex-
tends both temporal and spatial dimensions to construct a narrative experience framework
encompassing historical time, virtual time, and real time, as well as physical space, virtual
space, and hybrid space. Through spatiotemporal overlapping narratives, the model es-
tablishes a deep correspondence between physical environments and virtual experiences,
enabling visitors to obtain continuous and semantically coherent cultural experiences
within space. The Panlongcheng Site Museum serves as the practical case for this study.
The proposed method integrates FAHP weight analysis, space syntax optimization, and
FCE feedback. Through design practice, the adaptability and feasibility of the model are
validated in optimizing cultural identity and emotional resonance experiences, offering
insights into the digital and experiential transformation of site museums. This research
focuses on localized cultural experiences, spatiotemporal overlapping narrative pathways,
and virtual-physical integration approaches in site museums, addressing the following
key questions:

1.  How can deep integration between virtual and physical narratives be achieved in the
digital and experiential transformation of site museums?

2. How can a spatiotemporal overlapping narrative experience model be constructed to
enhance the digital cultural experience of site museums?

3. How can the connection between physical space and virtual experience be strength-
ened to realize deep synchronization between narrative and experience?
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2. Literature Review
2.1. Museum Experience Design in the Context of Digital Culture

Digital culture drives the diversification of museum media forms, making cultural
content expression more multidimensional, immersive, and personalized. Parry [25] notes
that the introduction of digital media transforms museums from static information trans-
mission to dynamic situational simulation, generating multimodal, cross-media perception
mechanisms. Giannini and Bowen [26] further propose the concept of “cultural experience
systems,” where immersive media, AR/ VR systems, visual databases, and other tools
not only enhance the accessibility of artifact information but also drive audiences from
passive recipients to active explorers, even becoming reproducers of cultural narratives.
In this context, cultural experience design based on digital means has become an impor-
tant direction for contemporary museums to reconstruct communication pathways and
audience relationships.

Current museum digital experience design faces multifaceted challenges. In practical
applications, virtual systems are often added as additional layers onto physical spaces,
lacking deep integration with physical exhibition spaces, visitor pathways, and cultural
contexts. Furthermore, some museums still center on exhibits or exhibition items, neglect-
ing user-centered interactive behaviors and perceptual psychology, resulting in fragmented
and superficial digital cultural experiences. Archaeological site museums often face ad-
ditional difficulties such as weakened regional cultural identity, difficulty in inspiring
emotional resonance among users, and limited spatial development. Digital design often
fails to effectively restore spatial context, exhibiting superficial tendencies while ignoring
users’ behavioral pathways, psychological changes, and cognitive rhythms, making it
difficult to inspire deep cultural experiences and affecting users’ cultural cognition and
emotional connection.

In the current digital cultural context, museum experience design urgently needs to
integrate more structural and culturally logical narrative approaches beyond technological
application, constructing an experience design system with virtual-physical integration as
its strategy. This study focuses on archaeological site museums, exploring collaborative
pathways between physical and virtual elements in digital cultural experiences.

2.2. Spatial Narrative and Cultural Construction of Museum Physical Experience

Museum space serves as a comprehensive medium for cultural meaning production
and emotional experience [27], not only carrying physical display functions but also re-
quiring narrative logic and cultural symbolism to enable visitors to form deep cultural
understanding and emotional resonance during their visits. The introduction of spatial
narrative theory provides important theoretical support for extending museum physical
experience toward cultural construction functions. Spatial narrative theory originates from
the intersection of narratology and spatial theory, emphasizing space as a medium and
structural framework for narrative expression [28,29]. Through elements such as exhibition
layout, environmental atmosphere, and interactive design, story content is embedded into
perceivable, walkable spaces [30]. Narrative is no longer limited to temporal sequence de-
velopment but forms synergy with spatial layout, making cultural information transmission
occur simultaneously in both temporal and spatial dimensions.

The core characteristic of spatial narrative lies in the synchronous integration of tem-
porality and spatiality [31]. Temporality encompasses both the chronological sequence
of historical events and the control of narrative rhythm during visitors” tours [6], such as
guiding cognitive focus and emotional transformation through rhythmic variation patterns
(e.g., fast-slow-fast). Spatiality manifests in the supportive role of physical structure for
narrative pathways, including structural attributes such as accessibility, connectivity, and
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visibility, which directly influence visitors” behavioral flow and information reception
sequence [32]. Methods such as space syntax are widely used to reveal correlations be-
tween spatial structure and visiting behavior, providing methodological basis for narrative
pathway optimization [33].

Existing research systematically categorizes the constituent elements of spatial nar-
rative [29,34,35]. Spatial narrative typically consists of five core elements: people, events,
objects, time, and place. “People” refers to the behavioral subjects of narrative experience
(such as visitors); “events” refers to the events and plots that constitute the narrative chain
(such as historical stories and archaeological processes); “objects” refers to artifacts and
digital media that carry information; “time” encompasses historical time sequences and
visiting rhythm; and “place” includes exhibition pathways, narrative nodes, and spatial
atmosphere among other physical contexts. These elements interact to collectively shape
the semantic network and emotional environment of cultural narrative.

Meanwhile, the development of digital technology injects new expressive means into
spatial narrative while expanding the expressiveness and narrative depth of spatial informa-
tion. For example, Dima et al. combined augmented reality with live performance, enabling
visitors to obtain extended narrative dimensions and immersive perception within the
physical space of archaeological sites [36]. The physical realm serves as the foundation for
providing cultural information and contextual experience and is also a key link connecting
the authenticity of historical sites, local cultural contexts, and visitor immersion, making it
crucial in the spatial narrative of archaeological site museums.

2.3. Museum Virtual Experience and Serious Games Research

With the maturation of digital media technology, virtual experience has become an im-
portant means of museum cultural communication. In virtual experience design, audiences
can obtain immersive cultural cognition and spatial perception in non-site environments.
This exhibition form that breaks physical boundaries is particularly suitable for recon-
structing irreproducible scenes in archaeological site museums, enriching information
expression dimensions and enhancing audiences’ sense of presence and cultural under-
standing. However, as museums rooted in specific geographical and historical contexts,
site museums must place greater emphasis on locality and contextual responsiveness in
digital cultural experience design [37-39]. At present, the development of site museums
faces three major challenges:

1.  Weakening of regional cultural identity: As immovable cultural heritage, archae-
ological sites often struggle to concretize their historical temporality due to static
display methods, making it difficult for visitors to develop an authentic perception of
historical evolution.

2. Lack of emotional resonance: Traditional exhibition models focus primarily on the
transmission of information while neglecting situational engagement, resulting in
limited emotional immersion and empathy among visitors.

3. Spatial development constraints: Limited physical space, a small number of arti-
facts, and fragmented exhibition paths hinder visitors from experiencing a coherent
spatial narrative.

The core of these issues lies in the absence of a narrative mechanism that achieves
deep synchronization and emotional resonance between physical space and virtual experi-
ence. Single virtual experiences still have limitations in contextual authenticity, emotional
resonance, and cultural depth communication. Recent research increasingly emphasizes
the integration of physical elements. For example, Champion proposes the concept of
“hybrid narrative environments” [40], and Rzeszewski proposes “literary place-making”
methods [41]. Serious games can combine virtual technology to construct archaeological
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scenes, spatiotemporal events, and multiple roles, compensating for the limitations of tradi-
tional exhibitions while strengthening audiences’” understanding and memory construction
of site cultural connotations.

Therefore, this research introduces the concept of serious games, combining game
mechanisms with educational objectives to explore more interactive and participatory
digital cultural experience models [42]. Serious games center on education and cultural
dissemination [43], constructing virtual environments with learning objectives through task-
driven approaches, role immersion, and situational construction [44], not only enhancing
audiences’ initiative and participation but also reconstructing the narrative pathways of
cultural knowledge [45]. Virtual experiences in serious games reconstruct archaeological
scenes through serious games, guiding audiences through time and space to generate
individualized cultural memories, compensating for the limitations of on-site displays.
The integration of virtual experience and serious games provides a promising innovative
pathway for museum digital cultural communication.

2.4. Research Trends in Virtual-Physical Integration and Spatiotemporal Overlapping Narrative

With the advancement of digitalization, integrated virtual-physical experience models
have become a significant trend in spatial narrative and audience interaction design. This
approach not only addresses contemporary audiences’ needs for immersive and diversified
experiences but also extends the expressive capacity of cultural narratives across multiple
temporal and spatial dimensions.

Traditional research has extensively applied spatial narrative theory to the design of
virtual museum experiences. While these studies have made progress in emphasizing the
narrative function of physical space and extending virtual experiences based on real-world
contexts, they often overlook the alignment between virtual experiences and physical
settings [46]. As a result, issues such as insufficient virtual-physical integration and weak
emotional resonance remain prevalent. Fundamentally, this reflects a lack of analysis
regarding whether the virtual experience truly meets the needs of the real spatial context.
Lefebvre’s triadic theory of spatial production emphasizes the interaction among conceived
space, perceived space, and lived space, revealing that space is not only a product of practice
but also a synthesis of ideology and social relations [47]. This theory provides spatial
theoretical support for the virtual-physical integrated experience design of archaeological
site museums. Therefore, this study adopts the triadic theory of spatial production to
interpret how spatial narratives are constructed within digital cultural environments.

However, site spaces carry layered histories and collective memories; their narratives
are not merely the reproduction of physical structures but rather the composite expression of
temporality, events, and emotions [48]. Traditional applications of the triadic theory mainly
focus on the social construction of space [49], where temporal information is often implicit,
making it difficult to fully address the temporal layering and emotional transmission
intrinsic to archaeological sites. In the experiential process of site museums, historical
context, virtual content, and real-world experience must be temporally aligned to achieve
holistic virtual-physical integration. Accordingly, this study extends the traditional spatial
narrative framework by incorporating three temporal dimensions—historical time, virtual
time, and real time—corresponding to physical space, virtual space, and hybrid space, as
summarized in Table 1. It further introduces the concept of spatiotemporal overlapping,
referring to the interweaving of multiple temporal-spatial threads within the museum
environment. Through the collaborative construction of physical and virtual elements,
this approach enhances the sense of immersion and establishes a continuous, emotionally
resonant experience that bridges virtual narratives and physical spaces.
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Table 1. Spatiotemporal dimensional extension of the triadic theory of space production.

Triadic Theory of Space
Production

Temporal Dimension  Spatial Dimension Primary Experience Characteristics

Perceived Space

Conceived Space

Conceived Space

Historical Time Physical Space Primary Experience Characteristics
Virtual Time Virtual Space Spatiotemporal exPloratlon beyond
reality
Real Time Hybrid Space Emotional resonance and meaning
generation

Although existing studies have proposed various narrative models and frameworks
for virtual-physical integrated experiences, such as the Contextual Model of Learning [50],
the Interactive Experiential Model [51], the VR Exhibition Experience Model [52], and the
Chronotopic Narratives Model [53], each focusing on aspects such as audience participation,
contextual guidance, or immersive experience (Table 2), these models are primarily suited
to traditional museums and digital environments. They fail to effectively address the
unique challenges currently faced by archaeological site museums. To this end, the present
study develops a Spatiotemporal Overlapping Narrative Experience (SONE) Model, which
aims to resolve issues of temporal asynchrony, narrative discontinuity, and virtual-physical
fragmentation in current museum experiences. By synchronizing narrative rhythms across
temporal and spatial dimensions, this model strengthens the virtual-physical connection,
stimulates cultural identity and emotional resonance, and directly responds to the core
challenges in the digital and experiential transformation of site museums.

Table 2. Comparative analysis of virtual-physical narrative models.

Model Name Core Mechanism Applicable Context Limitations
Contextual Model of . . . Negle.cts. spa’a.al structure and
. Contextualized learning cycle Educational museums multidimensional temporal
Learning narratives

Interactive Experiential
Model

VR Exhibition Experience
Model

Chronotopic Narratives
ModelR Exhibition
Experience Model

Emphasizes interactivity but
lacks control over narrative
rhythm
Difficult to integrate with the
structure of physical spaces
Lacks a synchronization
mechanism between virtual
and physical spaces; fails to
establish a closed loop
integrating user needs, spatial
context, and cultural
expression

VR exhibitions, digital
museums

Audience interaction and
feedback loop mechanism

VR exhibitions, online

Immersive VR spatial narrative exhibitions

Narrative construction and
virtual reconstruction of
historical spatiotemporal

scenes

Digital heritage, virtual
historical reconstruction

3. Methodology
3.1. Spatiotemporal Overlapping Narrative Experience Model

In the context of museum digitalization, scholars have proposed various experience
design models to address the dual needs of enhancing audience engagement and pro-
moting cultural dissemination. Compared with other models, although each has its own
advantages, they fail to meet the requirements of cross-temporal narrative continuity
and deep virtual-physical integration in site museums. Therefore, this paper proposes
a Spatiotemporal Overlapping Narrative Experience Model for site museums (Figure 1).
This model is based on spatial narrative theory, incorporates Lefebvre’s triadic theory of
spatial production, and extends its temporal and spatial dimensions to form a narrative
experience framework combining three temporal dimensions, three spatial dimensions,
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and virtual-physical integration. The temporal dimensions include historical time, virtual
time, and real time, while the spatial dimensions include physical space, virtual space,
and hybrid space. Historical time and physical space carry the authentic reproduction
of cultural contexts, forming the foundation of narrative construction; virtual time and
virtual space extend historical plots and enhance the expressiveness of information through
digital means, providing visitors with immersive exploratory experiences; real time and
hybrid space enable the real-time interweaving of virtual and physical realms, where
digital content dynamically adjusts according to visitors” behaviors, locations, and con-
texts. Through synchronized mapping between physical space and virtual experience,
rhythmic alignment and semantic complementarity are achieved in the narrative process.
Ultimately, a spatiotemporal overlapping narrative experience is formed, enhancing the
connection between physical and virtual experiences and evoking visitors’ cultural identity
and emotional resonance.

‘Y"
Virtual-real integration of
user experience demands

I
Topic ‘~ ®

Extraction -

Virtual and physical

correspondences .
Virtual
Historical A space
time A
1
Tour Plot
Vil Time Route @ ,‘ Outline Space Actual
. . . . . space
time , Dimension » : Dimension - **
Design integration
Actual " Integrated
time space
games products
N p an— AR
Time-Overlapping
narrative experience
e —
Design Feedback .
Optimization Entity

"= = === Virtual entity

Figure 1. Spatiotemporal overlapping narrative model.

Specific research approach: First, experience design should be user-centered [54],
extracting the core needs of museum visitors and transforming them into methods for
virtual-physical integrated design. Then, to strengthen the connection between physical
space and virtual experience, the virtual and physical components should be analyzed
separately before integration. Since the virtual layer is based on the physical one, the
physical space is analyzed first to provide the basis for virtual touring routes. Next,
the virtual part is analyzed using the three-layer model of culture theory to sort out the
cultural characteristics of the site and extract cultural themes and elements. Afterwards,
the correspondence between the touring routes and narrative plots is established to realize
virtual-physical synchronization, and the design is integrated with visual and game scripts,
including serious games and physical interaction practices. Finally, the design practice
is evaluated.
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3.2. Method Selection

To systematically investigate the virtual-physical integration experience in site mu-
seums, this study constructs a combined methodological framework of FAHP1-Space
Syntax-FAHP2-FCE based on the theoretical path of the Spatiotemporal Overlapping Narra-
tive Model, forming a closed-loop logic that connects users, space, culture, and experience.
The rationale for each methodological choice is as follows:

1. FAHP (Fuzzy Analytic Hierarchy Process): This study aims to identify user experience
needs and narrative cultural themes that influence immersive experiences. Therefore,
a weighting method capable of handling subjective judgments and suitable for multi-
level hierarchical structures is required. Compared with traditional AHP, Fuzzy
Delphi, or Semantic Network Analysis, FAHP demonstrates stronger capabilities in
managing uncertainty and fuzziness, making it particularly suitable for calculating
relative weights among multi-dimensional indicators [55]. In this study, FAHP1 is
used to extract user experience needs, while FAHP?2 is used to identify narrative
themes and cultural elements.

2. Space Syntax: To explore how exhibition space structure affects narrative rhythm,
this study introduces space syntax to quantitatively analyze the visual and spatial
attributes of physical exhibition halls, providing structural data support for virtual
experience design. Compared with qualitative observation or behavioral tracking
methods, space syntax is more generalizable and computational, making it applicable
to analyzing site museum spaces characterized by both exhibition functions and
narrative logic [56].

3. FCE (Fuzzy Comprehensive Evaluation): The evaluation of virtual-physical integrated
experiences involves multiple dimensions and hierarchical indicators, requiring a
comprehensive evaluation method that can accommodate multi-factor systems. Com-
pared with traditional scoring methods, weighted average methods, or TOPSIS, FCE
offers greater flexibility in handling subjective fuzzy data, nonlinear indicator combi-
nations, and normalization across dimensions, making it highly suitable for evaluating
complex cultural experience systems [57].

These three methods are complementary and synergistic, jointly addressing the three
critical layers of subjective cognition, spatial structure, and comprehensive fuzzy assess-
ment. This integrated approach ensures systematicness and interpretability of results.
Compared with a single-path method such as user surveys or spatial analysis, the com-
bined FAHP-Space Syntax-FCE framework maintains quantitative rigor while integrating
multi-source data and expert knowledge, making it particularly effective for narrative-,
spatial-, and experience-oriented research in site museum design.

3.3. Data Collection

Data collection combined quantitative and qualitative approaches, encompassing
three data sources: user questionnaires, expert ratings, and spatial quantitative analysis.

To assess visitors’ museum experience needs, a quantitative questionnaire grounded
in user-perception theory was designed, covering five experience dimensions: perception,
cognition, emotion, interaction, and immersion. The questionnaire comprised 50 items.
Respondents were recruited via social platforms and museum visitor communities to
ensure participants had actual visiting experience and relevant background knowledge.
A total of 213 questionnaires were distributed; after removing invalid responses using
trap questions, 191 valid questionnaires were recovered. Frequency analysis and indicator
consolidation extracted 22 secondary indicators, which served as the basis for constructing
the user experience needs analysis system and supporting the FCE evaluation.
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The study organized three rounds of expert scoring, corresponding to: user experi-
ence needs analysis (FAHP1), cultural element extraction (FAHP2), and virtual-physical
integration experience evaluation (FCE). Considering the objectives of each round, ex-
perts and target users from diverse but related fields—such as museum spatial design,
interaction design, and industrial design—were widely invited to participate. The scoring
panel was composed to balance theoretical expertise, practical experience, and the per-
spective of target users. During scoring, the research team provided standardized scoring
instructions, explained the methodology, scoring criteria, and objectives in detail, and
conducted feedback clarification and follow-up after each round to enhance data reliability
and validity.

Physical spatial data were obtained from the official floor plans of the Panlongcheng
Site Museum and existing literature. Standardized floor plans were reconstructed in
AutoCAD 2017 (Autodesk Inc., San Rafael, CA, USA), and isovist (visibility) analysis was
conducted in DepthmapX 0.6.0 (University College London, London, UK) to calculate
the spatial visibility metrics Visual Integration and Visual Clustering Coefficient. Visual
Integration was used to identify key narrative nodes, while the Visual Clustering Coefficient
was applied to locate zones of emotional immersion, providing a structural basis for virtual-
physical content allocation and the design of immersive rhythm.

Method implementation procedure: (1) Summarize questionnaire results and perform
weighted analysis of user experience needs using FAHP, then translate core experience
needs into virtual-physical integration design requirements. (2) Apply space-syntax isovist
analysis to identify key narrative nodes and regions of emotional immersion within the
museum exhibition, thereby establishing the basis for narrative routes and spatial layout.
(3) Construct a cultural-element evaluation system based on the three-layer model of culture,
extract cultural narrative priorities via FAHP, and draft narrative plots corresponding to
physical loci. (4) Align spatial structure with narrative plots, integrate user requirements,
and develop game scripts to carry out design practice. (5) Introduce expert scoring into a
FCE to perform a comprehensive assessment of experiential outcomes.

3.4. Research Subject

The Panlongcheng Site Museum is located in Wuhan, Hubei Province, China and
primarily displays archaeological achievements and Shang Dynasty civilization history
of the Panlongcheng site. It represents an important early urban center in the Yangtze
River basin, witnessing the formation of the north-south bronze civilization dual-core
system, carrying multiple values including national governance, cultural exchange, and
archaeological research [58]. The current indoor exhibitions follow the main narrative
thread of site excavation processes, artifacts, and historical background, containing three
permanent exhibition halls and one temporary exhibition hall that, respectively, present
archaeological processes, unearthed artifacts, historical significance, and cultural value.
However, constrained by the fact that the museum was not built directly on the core site
area, exhibition formats tend toward information transmission, and virtual-physical display
integration is insufficient, the existing viewing pathways are generally linear and static,
with insufficient immersive and contextual guidance, making it difficult to fully reproduce
historical scenes and inspire cultural resonance among visitors.

This study selects the Panlongcheng Site Museum as the case study for the follow-
ing reasons: the site possesses a well-preserved cultural context and rich archaeological
findings, providing a solid historical foundation for site culture. Its static information
displays and linear exhibition characteristics align with the study’s focus on museum
digitalization and experiential design challenges. The lack of continuity and contextual
extension between virtual content and physical narratives presents a typical scenario for
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applying the proposed model. In addition, the availability of comprehensive baseline data
facilitates spatial analysis and experimental validation. Therefore, this case provides an
ideal setting for the validation and practical application of the SONE Model.

4. Research Process of Spatiotemporal Overlapping Narrative Experience
at Panlongcheng Site Museum

This study implements the Spatiotemporal Overlapping Narrative Experience Model
in the virtual-physical integrated experience design of the Panlongcheng Site Museum,
encompassing seven core stages: (1) Virtual-physical integration transformation guided
by user experience needs. (2) Quantitative analysis of physical space. (3) Formulation of
narrative themes and plots. (4) Virtual-physical correspondence. (5) Design implementation.
(6) Description of the immersive experience of virtual-physical integration. (7) Design
validation and evaluation.

4.1. User Experience Need-Oriented Virtual-Physical Integration Transformation

User experience need analysis is a crucial component in transforming archaeological
site cultural content into immersive interactive experiences. To precisely identify core
demands of audiences in spatiotemporal overlapping narrative experiences, this paper
constructs five primary indicators based on user perception theory (sensory experience,
cognitive experience, emotional experience, interactive experience, and immersion). A total
of 213 questionnaires were distributed online, and 191 valid responses were obtained after
filtering with trap questions. Based on the high-frequency options in the survey results,
22 secondary indicators were extracted to establish the analytical framework of museum
user experience requirements (Figure 2).
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Figure 2. Museum user experience requirements analysis framework.

To ensure the scientific rigor of weight allocation, an evaluation panel was formed
consisting of 4 museum spatial design experts, 6 interaction design graduate students,
and 11 visitors. A fuzzy complementary judgment matrix was established using the
0.1-0.9 scale method (Table 3) and consistency testing was conducted. Based on the
museum user experience needs analysis system Q, an evaluation framework is constructed
that includes five primary indicator categories: sensory experience needs R;, cognitive
experience needs R, emotional experience needs Rs, interactive experience needs Ry, and



Buildings 2025, 15, 3956

11 of 29

immersion needs Rs. Analysis using SPSSAU 25.0 (Beijing Qingsi Technology Co., Ltd.,
Beijing, China) shows that learning interactivity, visual sensory experience, and emotional
resonance ranked as the top three weights (Table 4).

Table 3. A 0.1-0.9 scale method and its meanings.

Scale Definition Explanation
0.5 equally important When comparing two factors, they are equally important
0.6 slightly important When comparing two factors, the row factor is slightly more
important than the column factor
. . When comparing two factors, the row factor is obviously more
0.7 obviously important .
important than the column factor
. When comparing two factors, the row factor is much more
0.8 much more important .
important than the column factor
. When comparing two factors, the row factor is extremely more
0.9 extremely important .
important than the column factor
0.1,02,0.3,04 inverse comparison If factor r; compared to factor r; receives judgment ;;, then

factor r; compared to factor r; receives judgment rj; = 1 —ry;

Table 4. Weight ranking of museum user experience needs analysis.

Indicator Layer Primary Weight Sub-Indicator Layer Secondary Weight Com&z&;g}e:swe Weight Ranking
Visual Sensory Experience Sq 0.24500 0.05390 2
Sensory Experien Auditory Sensory Experience S, 0.20500 0.04510 9
¢ S‘I’\IY 3 Plg ence 0.22000 Tactile Sensory Experience S; 0.21500 0.04730 7
ceds Olfactory Sensory Experience Sy 0.16500 0.03630 18
Gustatory Sensory Experience Ss 0.17000 0.03740 17
Coeniti Information Clarity Sg 0.25000 0.05125 5
Exoeriom “IiIe g 020500 Knowledge Education S; 0.25000 0.05125 5
xpe leRce ceds : Operational Usability Sg 0.22500 0.04613 8
2 Learning Interactivity Sg 0.27500 0.05638 1
Emotional Emotional Pleasure Sy 0.25833 0.04908 6
Exoorin IOII‘S d 019000 Bmotional Impact Sy 0.20833 0.03958 15
PR e : Emotional Resonance Sy 0.27500 0.05225 3
3 Knowledge Exploration S;3 0.25833 0.04908 6
Interaction Depth Sy4 0.18000 0.04050 14
Interactive Interactive Feedback Si5 0.19000 0.04275 12
Experience Needs 0.22500 Interactive Behavior Sy¢ 0.20500 0.04613 9
Ry Social Interaction Sy7 0.19500 0.04388 11
Interactive Entertainment Sqg 0.23000 0.05175 4
Environmental Atmosphere Sig 0.27500 0.04400 10
Immersion Needs 0.16000 Multi-technology Integration Sy 0.24167 0.03867 16
Rs ’ Contextual Authenticity Sy; 0.25833 0.04133 13
System Fluency Sy, 0.21667 0.03467 19
The weight vector of the indicator layer is calculated as follows:
no..on
Y, aij + 5~ 1
j=1 ,
W=—————,i=1,2,...,n 1
1 7’1(7’1 _ 1) ’ 7 7'ty ( )
The characteristic matrix is calculated as follows:
W Vi, j=1,2,---,n), ()

i~ W1'+W]'

W* = (Wif)nxn’ (3)
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The compatibility index is calculated as follows:

1 n o n
I(A, B) :?Zz‘aﬁ—l—bi}'—u, 4)
i=1j=1

To respond to users’ multiple experience needs in learning interactivity, visual sen-
sory experience, and emotional resonance, based on user-centered design principles and
spatial narrative theory, this paper constructs a User Experience Need Virtual-Physical
Integration Transformation model (Figure 3), encompassing a complete pathway from
user experience needs to content strategy, then to spatial narrative and virtual-physical
integrated experience design. The model consists of three layers: the need identification
layer, which identifies key user demands; the narrative mapping layer, which maps needs
onto narrative node strategies; and the design execution layer, which specifically guides
spatial positioning, virtual interaction, and rhythm design. Based on this model, analysis of
user experience need results yields narrative strategies and design methods for archaeolog-
ical site museums (Table 5), providing structured support for subsequent virtual-physical
integrated design and ensuring high alignment between design and audience needs.

User Core Experience Requirements

Requirement

Identification Layer

Requirement-Strategy
Conversion Relationship

Narrative
Mapping Layer

Space and Interaction
Design Guidance

Figure 3. Virtual-physical integration model for user experience requirements transformation.

Table 5. Virtual-physical integration transformation of user experience needs.

User Experience Needs Narrative Mapping Strategy Spatial and Interactive Design Methods

Virtual: Task-driven, knowledge card pop-ups
Physical: Artifact information points, trigger devices

Learning Interactivity Virtual-Physical Task Design Integration: Task completion triggers physical space
verification or achievements
Virtual: Dynamic narrative scene rendering, lighting,
sound effects
Visual Sensory Experience Spatial Node Integration Physical: Visual integration with high focal

enhancement display, unified color scheme
Integration: Unified visual style across virtual and
physical realms
Virtual: Character empathy, ritual interactive storylines
Emotional Resonance Collective Emotional Resonance Physical: Immersive node arrangement
Integration: Multi-person collaborative interaction
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4.2. Quantitative Analysis of Physical Space

Rational spatial organization not only carries artifact exhibitions but also undertakes
the task of physical mapping of the narrative rhythm. Particularly in archaeological site
museums, spatial structure itself serves as a medium for historical narrative. Based on
the analysis results from Section 4.1 (Table 5), this section reconstructs functional node
configurations in physical space to strengthen the synergistic relationship between spatial
structure and narrative content.

To identify key nodes that can support temporal flow and immersive dwelling, this
paper employs the visual field analysis method of space syntax to quantitatively model the
main exhibition line of the Panlongcheng Site Museum. Space syntax, proposed by Hillier
and Hanson, uses graph theory and topological structure to characterize spatial visibility
and connectivity, revealing relationships between spatial form and behavioral patterns [59].
In this study, Depthmap X0.6.0 software is used to conduct visibility analysis of exhibition
spaces. Visual integration is used to identify open areas with high visual accessibility
suitable for linking multiple narrative segments [60]. Visual clustering coefficients is used to
determine closed spatial nodes suitable for emotional immersion and story transitions [61].

Results show that the central axis area of the museum has significant integration
(Figure 4a), possessing advantages for guiding linear narrative and suitable as the main
axis for linear narrative, achieving comprehensive learning interactivity throughout. The vi-
sual clustering coefficients inside exhibition halls are prominent (Figure 4b), with relatively
enclosed spaces suitable for creating immersive atmospheres and emotional resonance
fields, achieving emotional resonance. In response to users” attention to visual sensory
experience, dynamic visual media and color enhancement devices are embedded in nodes
to create visual impact fields with rhythmic undulations. The overall spatial layout follows
four narrative rhythm stages of beginning, development, climax, and ending. Through plot
supplementation, eight suitable areas are finally determined to support layered transfor-
mation of user experience needs and rhythmic configuration of experience pathways in
structural organization and functional distribution.

Figure 4. (a) Visual integration analysis; (b) visual clustering coefficient analysis.

The overall spatial layout follows the classic four-stage narrative rhythm: introduction,
development, climax, and conclusion. To enrich the narrative progression, an additional
plot was incorporated into each stage, resulting in a total of eight designated zones. Based
on isovist (visibility) analysis, the key loci were connected to form a visitor circulation route
(Figure 5a). Subsequently, the functional roles of each locus within the physical exhibition
layout were analyzed (Figure 5b), providing structural support for the correspondence
between virtual and physical narrative plots.
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ancient Panlongcheng uals and Religious Beliefs

L~ 4
> Representation of Daily

esyo gl ° Life and Material Culture]
open-ended reﬂecmo:ll .

B Speculative Inquiry
into the Decline of

Figure 5. (a) Physical tour route; (b) entity site function.

4.3. Narrative Theme and Plot Formulation

Space is not a physical container but a medium carrying cultural information [62]. This
study integrates the Three Levels of Culture Theory to systematically analyze the cultural
connotations of the Panlongcheng archaeological site [63]. From the three dimensions
of material culture, institutional culture, and spiritual culture, nine core elements were
extracted (Table 6), forming the evaluation framework of cultural narrative elements for
the Panlongcheng site (Figure 6).

N
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Figure 6. Evaluation of cultural narrative elements at the Panlongcheng site.

To determine the importance of each element, fuzzy analytic hierarchy process is
employed for evaluation. The evaluation panel includes 6 industrial design experts,
5 design graduate students, and 5 target users. The 0.1-0.9 scale method is used to con-
struct judgment matrices, and through consistency testing, effective weight vectors and
rankings are obtained. The top three themes from the analysis results (Table 7) are selected
for design integration. Narrative theme construction adopts spiritual belief as the main
axis of spatiotemporal overlapping narrative, based on nature worship and spiritual faith,
linking ritual behaviors and cultural symbols from different historical periods to strengthen
emotional resonance. Ritual institutions form the task-driven part of narrative structure,
embedding interactive tasks and knowledge cards through material culture such as bronze
ritual vessels and jade systems, responding to learning interactivity needs. Artistic ex-
pression serves as a narrative auxiliary line with symbolic aesthetics, maintaining unified
stylistic language throughout spatial visuals and virtual media, enhancing the impact and
cognitive depth of visual sensory experience.
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Table 6. Cultural hierarchical classification of Panlongcheng site.

Cultural Level Type Corresponding Content Specific Elements

Secondary core area where early nobles or

Settl R . Wangjiazui craftsmen gathered
cttlement Remains . Noble burial area during the flourishing
Lijiazui .
period
Yangiiawan Latest period high-ranking noble burial

Palace Architecture

Civilian Architecture

Urban Production

Material Culture

Palace Foundation Sites 1, 2, and 3

of Panlongcheng

Stilt-style wooden frame houses

Post-hole construction

Bronze artifacts
Jade objects
Pottery
Stone tools

Bronze artifacts
Jade objects
Pottery
Stone tools

Bronze artifacts
Jade objects
Pottery
Stone tools

Bronze artifacts
Jade objects
Pottery
Stone tools

area of Panlongcheng
Site 1: Four-bay rear chamber building;
Site 2: Hall-style front court building; Site
3: Forms front court-rear chamber pattern
with Sites 1 and 2
Building style and techniques adapted to
climate by Panlongcheng ancestors
A process in building construction
Wine vessels, food vessels, weapons,
miscellaneous items
Ritual vessels, ceremonial implements,
ornaments
Cooking vessels, food vessels, drinking
vessels, storage vessels
Production tools, weapons, others
Wine vessels, food vessels, weapons,
miscellaneous items
Ritual vessels, ceremonial implements,
ornaments
Cooking vessels, food vessels, drinking
vessels, storage vessels
Production tools, weapons, others
Wine vessels, food vessels, weapons,
miscellaneous items
Ritual vessels, ceremonial implements,
ornaments
Cooking vessels, food vessels, drinking
vessels, storage vessels
Production tools, weapons, others
Wine vessels, food vessels, weapons,
miscellaneous items
Ritual vessels, ceremonial implements,
ornaments
Cooking vessels, food vessels, drinking
vessels, storage vessels
Production tools, weapons, others

Military System

Ritual System

Institutional Culture

Sacrificial Rituals

Expansion and Defense

Ritual System

Burial Hierarchy

Vessel Breaking Burial

Divination

Slave Sacrifice

Weapons constitute up to 70% of the total
bronze vessels; ring moat and city pattern
Large jade ge as an important ritual vessel;
a sacrificial vessel for heaven worship
Hierarchical configuration of burial goods
for nobles, commoners, and slaves
Deliberately breaking bronze and jade
vessels before burial; objects possess
spirits requiring destruction to release
spiritual power
Using turtle plastrons or ox scapulae for
fortune telling
Human sacrifice
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Table 6. Cont.
Cultural Level Type Corresponding Content Specific Elements
Spiritual Beliefs Nature Worship Tiger motifs, phoenix-bird elements
. . Heavenly Emperor, nature gods, ancestor
Deity Worship gods

Cicada patterns, taotie divine eyes, taotie
patterns, kui dragon patterns, symmetry
and order, geometric rhythm, round

Spiritual Culture . . Craft Aesthetics heaven and square earth (cosmic order),
Artistic Expression . o ..
gold and jade combination (symbolizing
imperial power), nine ways and nine
heavens (cosmic concepts and hierarchies)
comparing virtue to jade, abundant
Auspicious Blessings harvest and peace, warding off evil and
disaster, favorable weather
Table 7. Weight distribution of Panlongcheng site cultural elements.
Criterion Primary . . Secondary Comprehensive Weight
Goal Layer Layer Weight Primary Weight Weight Weight Ranking
Settlement Remains Cq 0.23333 0.07000 8
Material 0.30000 Palace Architecture C, 0.26667 0.08000 7
Culture By ’ Civilian Architecture C3 0.20833 0.06225 9
Panlongcheng Urban Production Cy 0.29167 0.08750 6
Site Cultural —
Narrative Material Military System Cs 0.26667 0.08889 5
0.33333 Ritual System Cq 0.40000 0.13333 2
Elements A Culture B,
Sacrificial Rituals Cy 0.33333 0.11110 4
Spiritual 0.36667 Spiritual Beliefs Cg 0.65000 0.23830 1
Culture B3 ’ Artistic Expression Cog 0.35000 0.12833 3

To strengthen the connection between physical space and virtual experience, the
functional roles of the spatial loci identified in the physical space analysis were combined
with the extracted spiritual and belief-related narrative themes, and plots were assigned
according to the exhibition context of each node. Specifically: Locus 1: Preparation for
ritual. Locus 2: Bronze sacrificial ritual. Locus 3: Evolution of royal authority symbolism.
Locus 4: Jade ritual. Locus 5: Tortoise-shell divination. Locus 6: Significance of royal power.
Locus 7: Speculation on the conclusion of Panlongcheng. Locus 8: Collective development
of civilization.

4.4. Virtual-Physical Correspondence

Based on the core user experience needs derived from virtual-physical integration, the
sequence of visitation generated by space syntax analysis was matched with the temporal
rhythm of cultural events, and an interactive experience script based on serious games was
designed as the basis for the spatiotemporal overlapping narrative experience.

According to the narrative themes and plot formulation of the Panlongcheng Site, a
virtual narrative script centered on spiritual beliefs was constructed (Table 8). The overall
game is titled “Nantu Huanghuang” (Splendor of the Southern Land). To enhance immer-
sion, a first-person perspective (as a Shang dynasty ritual practitioner) was adopted to
guide users into the scenario and advance the narrative. Introduction stage: Establishes
user identity, introduces the motivations of natural worship, triggers the first task, and stim-
ulates emotional connection. Development stage: Recreates ritual procedures according to
ceremonial systems, incorporates artifact-driven tasks, and promotes knowledge acquisi-
tion and interactive participation. Turning stage: Sudden disasters and divination increase
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game tension, while multi-branch narratives and ritual behaviors evoke collective emo-
tional resonance. Conclusion stage: Integrates blessing nodes in physical space with virtual
feedback outcomes, completing bidirectional mapping and reinforcing the significance of
cultural heritage. Within the overall spatiotemporal context: historical time reconstructs the
events of Panlongcheng’s evolution; virtual time advances the role-based experience; and
the hybrid phase integrates serious games, interactive installations, and physical exhibits,
forming a coherent spatiotemporal overlapping narrative experience structure.

Table 8. Interaction experience script based on serious games.

Rhythm Plot

Game Storyline

Game Interaction

Game Tasks

Character Identity

Plot Map

Prologue

All Things Have
Spirits

01 Opening

02 Bronze Rituals

03 Development Jade Sacrifice and

Blessing
Jade Bi
04 Questioning
Heaven
05 Climax Soul Return
Overcoming
06 Difficulties
Together
Cultural
07 Closure Continuity
08 Eternal Faith

Accept protagonist identity

Museum map understanding
Disasters occur requiring
sacrifice

Frequent disasters lead
Panlongcheng ancestors to
perform sacrificial rituals
praying for favorable weather

Exquisite bronze ritual vessels
carry ancestors’ beliefs in
communicating with deities

Conveying messages to deities
through jade as medium

Collared jade bi

Sacrificial divination of
Panlongcheng’s future destiny

Ancestors pray together

Early Shang Panlongcheng
disappears

Hoping for more brilliant
world civilization

Confirm the identity of the
person

Begin exploration
Continue storyline

1: Heavenly Emperor, nature
gods, ancestor gods
2: Continue preparing sacrifice
3: Nature worship, deity
worship, Heavenly Emperor,
nature gods, ancestor gods
knowledge cards
1: Ding, jue, gu vessels
2: Prepare libation ceremony
3: Bronze ritual vessels,
Panlongcheng bronzes, bronze
mask patterns, bronze vessel
types knowledge cards
1: King of jade ge, jade scepter,
jade xuanji
2: Communicating with gods
through jade, comparing virtue
to jade, six jade ritual
implements, Panlongcheng
jade knowledge cards
1: Detailed understanding
2: Collared jade bi knowledge
card

Randomly generated
hexagrams
1: Dispel disasters and pray for
blessings
2: Peace and safety
3: Favorable weather
1: Environmental changes
forced ancestors to migrate
from Panlongcheng
2: Attacks from surrounding
tribes caused Panlongcheng
ancestors to migrate
3: Central Shang Dynasty’s
intentions to choose more
suitable locations as new
southern regional control
points

Prayer and blessing

Learn about Shang Dynasty
professional ritual and
divination practitioners

Understand narrative rhythm

1. Learn the three-tier system of
Shang ritual deities
2. Learn the connotations of
nature worship and deity
worship

1. Learn bronze ritual vessels,
patterns, types, uses

2. Understand types of bronze

excavated from Panlongcheng

1. Learn the functions of jade
objects
2. Learn six types of jade ritual
implements
3. Learn jade objects excavated
from Panlongcheng

Learn the significance of
collared jade bi and the
connotations of nine-string
patterns

Learn turtle shell divination

Pray for Panlongcheng

Understand reasons for
Panlongcheng’s disappearance

Perceive history

4.5. Design Implementation

Based on the plot of the game script and the analyzed physical exhibit loci, typical

forms, patterns, totem elements, and colors were extracted from key unearthed artifacts
such as Panlongcheng bronzes and jade objects to construct the visual system for the virtual-
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physical integrated experience. The game script, visual system, and core user experience
needs were then combined to design the “Nantu Huanghuang” serious game.

In terms of visual design, the symbolic meanings of the artifacts within the Shang dy-
nasty ritual system were analyzed, translating cultural connotations into graphic language
and texture patterns, thereby establishing a visual factor library of Panlongcheng’s site
culture (Table 9). For color, the material tones of the excavated artifacts were continued,
extracting factors such as verdigris green bronze and golden ornament yellow, forming a
color system dominated by warm-cool contrasts. This visual system was applied through-
out the experience to ensure stylistic consistency of symbols and colors, providing a unified
perceptual context and cultural resonance mechanism for the spatiotemporal overlapping
narrative experience.

By integrating the interactive experience script, visual system, and the virtual-physical
transformation of user experience needs, the final game interface was developed (Figure 7).
Through diverse interactions in the serious game—such as task triggers, branching choices,
perspective shifts, and knowledge pop-ups—users’ understanding of Panlongcheng’s
historical changes and engagement with cultural narrative cues were strengthened, en-
abling emotional immersion, cultural comprehension, and identity formation, ultimately
achieving emotional resonance.

4.6. Description of the Immersive Experience of Virtual-Physical Integration

In the virtual-physical integration practice at the Panlongcheng Site Museum, starting
from user experience needs and centered on the “Nantu Huanghuang” theme, the spa-
tiotemporal overlapping narrative method was applied to achieve synchronized design of
physical spatial routes and virtual experiences.

The overall virtual-physical integrated experience is constructed through a spatiotem-
poral overlapping narrative, creating a cross-temporal context that strengthens the con-
nection between physical and virtual elements. Physical locations are synchronized with
narrative plots to produce a continuous virtual-physical experience. The implementation
of the spatiotemporal overlapping narrative is reflected in two dimensions. In the temporal
dimension, historical timelines are constructed through the physical exhibition narrative.
The virtual path extends historical time from the perspective of ritual participation, forming
virtual time. Hybrid time is realized through task-linked interactions between virtual and
physical spaces, with feedback mechanisms that enable the interweaving of temporal layers
and drive the narrative rhythm of “Nantu Huanghuang”. In the spatial dimension, the anal-
ysis of physical space provides a foundation for virtual-physical integration. Virtual plots
and interactive products follow this analysis to construct synchronized paths (Figure 8). In
virtual space, serious games supplement historical information that cannot be displayed
by artifacts alone. In the hybrid space, users experience the spatiotemporal overlapping
narrative through synchronized virtual-physical interactions, enhancing cultural identity
and emotional resonance.
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Table 9. Panlongcheng site cultural visual factor library.

Extracted Elements Cultural Connotations Process

Craft Aesthetics and Nature

Bronze Vessels
Reverence

| .

Jade Objects Royal Power and Craftsmanship
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Figure 7. Partial interface display of some serious games.
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Figure 8. Virtual-physical synchronization path.

The complete integrated experience process is as follows: In the physical space, interac-
tive products are set at each physical locus as media for synchronized narrative experiences
between serious games and physical exhibits. These interactive products are combined
with the assigned plots of each locus, through methods such as gesture interaction, dynamic
projection, multisensory interaction, and group participation, to enhance engagement and
guide users through a continuous narrative experience (Figure 9). For example, at the
“Perpetual Faith” locus, visitors trigger panoramic visual projections and environmental
audio through prayer gestures, which are overlaid with mechanisms enabling synchronous
multi-user participation, thereby creating emotional resonance. By overlapping multiple
temporal and spatial layers within the narrative space, this practice strengthens users’
cultural identity and emotional engagement. As the virtual experience carrier, the serious
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game guides users through continuous exploration of the physical space, while the unified
narrative context formed by the serious game, interactive products, and physical artifacts
compensate for the contextual limitations of physical exhibitions, enhancing cultural un-
derstanding and emotional resonance. For instance, during the Bronze Ritual experience,
users employ gesture interactions to trigger multisensory cultural perception, then com-
plete ritual tasks in the game to gain knowledge and finally return to the physical bronze
artifacts to deepen cultural understanding—guiding visitors step by step from perception
to comprehension (Figure 10).
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Figure 9. Product interaction experience.

Figure 10. Virtual-physical hybrid interaction.

4.7. Design Validation and Evaluation

Fuzzy comprehensive evaluation method is employed to assess the Nan Tu Huang
Huang experience design proposal at Panlongcheng Site Museum, using the previously
established user needs analysis system as the evaluation indicator framework for design
proposal assessment. Eight interaction design instructors and seven museum design experts
were invited to participate in the evaluation. The specific evaluation process is as follows:
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1. Establish the evaluation set U = {uj, uy, ..., un} for the Nan Tu Huang Huang spa-
tiotemporal overlapping narrative experience design and assign values
u={o0, 80, 60, 40}

2. Obtain evaluation indicator weight vectors. According to previous analysis (Table 3).
The weighting vectors for primary and secondary indicators are as follows:

Wo = (022000, 020500, 019000, 022500, 0.16000 ), 5)
Wiy = (024500, 020500, 021500, 0.16500, 017000 ), ©)
Wia = (025000, 0.25000, 0.22500, 0.27500), 7)
Wirs = (0.25833, 0.20833, 0.27500, 0.25833), 8)
Wia = (0.18000, 0.19000, 0.20500, 0.19500, 0.23000 ) )
Wrs = (0.27500, 0.24167, 0.25833, 0.21667), (10)

3. Construct secondary indicator evaluation matrices. Based on scoring by 15 experts,
fuzzy comprehensive evaluation matrices for the Nan Tu Huang Huang design pro-
posal are constructed, with results shown in Equations (11)—(15).

[0.80 0.13 0.07 0.00]
047 040 0.13 0.00
Ry = |007 060 027 0.07], (11)
0.00 0.00 0.00 1.00
10.00 0.00 0.00 1.00,

[0.67 0.27 0.07 0.00]
Ry — 0.67 020 0.13 o.oo, 12)
0.67 0.13 0.13 0.07

10.80 0.20 0.00 0.00|

[0.67 0.20 0.13 0.00]

) 27 01 .

Ry — 0.60 0 0.13 ooo, 13)
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) 27 01 .
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053 033 0.13 0.00

10.53 033 0.13 0.00]
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Setting the fuzzy evaluation set as E, the fuzzy evaluation sets obtained are
E; = Wgry x Ry =(0.3073 0.2416 0.1013 0.3499), E;, = Wgro x Ry = (0.7041 0.2011 0.0791
0.0158), E3 = Wg3 x R3 = (0.6691 0.2331 0.0978 0.0000), Ex = Wg4a X R4 = (0.6786 0.2012
0.0934 0.0268), Es = Wgs x Rs = (0.6245 0.2615 0.1140 0.0000). This constructs the secondary
evaluation matrix R, with results shown in Equation (16).

Eq 0.3073 0.2416 0.1013 0.3499
E; 0.7041 0.2011 0.0791 0.0158
E= |Es| = |0.6691 0.2331 0.0978 0.0000 |, (16)

E4 0.6786 0.2012 0.0934 0.0268
Es 0.6245 0.2615 0.1140 0.0000

Setting the comprehensive evaluation vector for the Nan Tu Huang Huang spatiotem-
poral overlapping narrative experience design proposal as W = Wy x E = (0.5917 0.2258
0.0963 0.0862), then the comprehensive evaluation weight vector is calculated; the design
practice total scoreis N = W x U = 80.543, corresponding to a “Good” evaluation level,
indicating good performance of this design in digital cultural experience. Through calcula-
tion of primary indicator scores and secondary sub-indicator scores (Figures 11 and 12),
user feedback shows overall satisfaction levels above average, but certain key dimensions
still display some disadvantages. Further optimization of experience design should focus
on tactile, olfactory, and gustatory sensory experience components.

Primary Indicator Evaluation Scores

Figure 11. Scores of primary indicators.
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To obtain subjective user feedback, the study conducted a follow-up survey with
participants of the experience, comprising five questions covering narrative continuity
(Table 10), virtual-physical synchronization, cultural identity, emotional resonance, and
overall satisfaction. A five-point Likert scale was used, and a total of 18 follow-up ques-
tionnaires were collected. The results indicated generally positive user feedback, with
high overall satisfaction, further supporting the effectiveness of the design model in
practical experience.

Table 10. Follow-up Satisfaction Questionnaire.

Dimension

Question

Narrative Continuity
Virtual-Physical Synchronization
Cultural Identity
Emotional Resonance

Overall Satisfaction

Does the virtual content integrate naturally with the physical exhibition
in terms of narrative logic?

Does the coordination between virtual experience and physical
exhibition space enhance your sense of interactive participation?
Has this experience deepened your understanding of Panlongcheng’s
historical culture?

Did the historical scenes and narrative atmosphere evoke emotional
resonance and immersion for you?

Overall, are you satisfied with this virtual-physical integrated museum
experience?

5. Discussion

The design practice at the Panlongcheng Site Museum validated the effectiveness of
the spatiotemporal overlapping narrative experience model in improving virtual-physical
integrated experiences in site museums. Centered on virtual-physical synchronization, the
model coordinates the rhythms of historical time, virtual time, real time, physical space,
virtual space, and hybrid space to achieve spatiotemporal overlapping narrative. This
approach strengthens the connection between virtual and physical elements, enhances the
contextuality and continuity of narrative experiences, and fosters cultural identity and
emotional resonance among visitors.

At the theoretical level, the model is grounded in spatial narrative theory and incor-
porates Lefebvre’s triad of spatial production, which is adaptively extended to include
explicit temporal dimensions, thereby constructing a spatiotemporal overlapping narra-
tive experience model. Compared with existing studies—such as the Contextual Model
of Learning [50], which focuses on learning paths in physical contexts with limited con-
sideration of virtual media—and unified models of immersive experience [64], which
explore immersion mechanisms in virtual environments but lack structural integration
strategies at the spatial narrative level, this model offers a more comprehensive framework.
Some studies have attempted to guide narratives through physical space. For instance,
Chen et al. [65] proposed using spatial layouts to guide narrative theme selection and
emphasized the mapping between space and theme, yet they did not integrate temporal
synchronization mechanisms. In contrast, the current model positions virtual-physical
synchronization as its core mechanism, by embedding virtual experiences within phys-
ical trajectories and providing a novel theoretical pathway for narrative construction in
site-based cultural spaces.

At the methodological level, the FAHP1-space syntax-FAHP2-FCE combination was
applied, integrating user experience analysis, spatial structure quantification, cultural
theme identification, and fuzzy comprehensive evaluation feedback. This approach ad-
dresses the interrelated elements of users, space, culture, and experience, achieving en-
hanced virtual-physical narrative integration. The combination forms a closed-loop path
from needs analysis to design and feedback. Unlike Dai et al. [66], who focused on spatial
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structure and individual physiological responses in art exhibition spaces, this study extends
spatial analysis to the cultural narrative dimension. Compared with Hu Yukun et al. [67],
who primarily applied FAHP to extract traditional cultural design elements from artifact
images, the current method achieves integration across space, narrative, and culture.

At the application level, unlike traditional static exhibition modes, the design practice
combines serious games, interactive products, and physical exhibits to realize dynamic
cultural narrative generation, spatial path organization, and user experience feedback. This
allows for the dynamic unfolding of spatiotemporal overlapping narratives within limited
physical spaces. The model’s framework and methodological approach provide a reference
for narrative, experiential, and digital transformation of site museums.

6. Model Limitations and Research Prospects

The spatiotemporal overlapping narrative model has achieved positive results in
practice, but several limitations remain and should be addressed in future research:

1.  Sample limitation: This study validated the design method using the Panlongcheng
Site Museum as a case. While effective in this context, the single-case nature limits
generalizability. Future research should select diverse types of cultural heritage
museums to examine the model’s stability and applicability across different contexts.

2. Spatial type limitation: The current case primarily involves linear exhibition layouts.
For open or nonlinear exhibition spaces, further validation by other research teams is
needed. Future studies should include a variety of spatial configurations to explore
the adaptation boundaries of the model.

3. Cultural adaptability: This study focuses on a Chinese cultural context. The model’s
universality across different cultural backgrounds remains untested. Variations in
how different cultures interpret historical narratives and interactive experiences may
affect applicability. Cross-cultural comparative studies are recommended to enhance
the model’s international adaptability.

4. Technical and environmental interference: Virtual-physical integrated experiences
rely heavily on equipment performance and environmental conditions. Factors such
as the processing capability of mobile devices, positioning accuracy, museum lighting,
and ambient noise may affect the synchronization of virtual-physical narratives and
the emotional resonance of the experience.

7. Conclusions

This study proposes a spatiotemporal overlapping narrative experience model aimed
at enhancing cultural identity and emotional resonance in site museums and applies it to the
design practice of the Panlongcheng Site Museum. Grounded in spatial narrative theory and
incorporating Lefebvre’s triad of spatial production, the model is further extended along
temporal and spatial dimensions to construct a framework for spatiotemporal overlapping
narrative experience. The design practice demonstrates that this model strengthens the
connection between physical space and virtual experience, creating a hybrid, cross-temporal
narrative environment through the synchronization of physical and virtual storytelling,
thereby enhancing users’ cultural identity and emotional resonance.

Methodologically, the study employs a combination of FAHP, space syntax, and FCE,
starting from user needs, informing design through physical space analysis, constructing
virtual narratives based on cultural themes and elements, and concluding with virtual-
physical integration and evaluation feedback. Compared to traditional single-method
approaches, this combination systematically integrates users, space, culture, and experi-
ence. In practice at the Panlongcheng Site Museum, serious games and interactive physical
products guide users through multisensory interactions, facilitating cross-temporal cul-
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tural perception. Results indicate that the proposed model effectively enhances narrative
continuity, visitor immersion, and cultural engagement, providing valuable insights for
designing virtual-physical integrated experiences in site museums.

However, this study has certain limitations. Validation was conducted solely at the
Panlongcheng Site Museum. Future research should include different types, scales, and
cultural themes of site museums to further test the model’s applicability. The case study
focuses on a linear exhibition, while validation in open or nonlinear exhibition spaces is
still required. Additionally, dynamic environmental and equipment factors may affect
user experiences. To address these limitations, future studies could employ cross-cultural
case comparisons, physiological feedback analyses, and multidimensional immersion
evaluation methods to further refine the model’s applicability and rigor. Overall, the study
provides new theoretical support and practical insights for the digital and experiential
transformation of site museums.
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