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Abstract

Interactive exhibitions and their design are inherently complex due to the multifaceted challenges involved
and the interdisciplinary expertise required. Immersive interactive exhibitions pose even greater challenges,
as immersion for audiences extends beyond physical engagement to include emotional investment and cog-
nitive interaction. In the context of cultural heritage, such exhibitions aim to transport audiences across time
and space through technologies like virtual reality (VR), augmented reality (AR), and 3D reconstruction,
allowing them to “experience” historical moments firsthand. However, designing these exhibitions requires
overcoming numerous obstacles, such as technical limitations, content accuracy, audience diversity, and cul-
tural sensitivity. Immersive interactive exhibitions in cultural heritage demand additional efforts to integrate
immersion and collaboration among participants.

This paper introduces the FRACH framework for conceptualizing, designing, and evaluating immersive and
collaborative interactive exhibitions in cultural heritage. Specifically, FRACH provides a design framework
encompassing all steps from early-stage design to the evaluation of interactive exhibitions.

We assess the framework’s effectiveness through a case study of a cultural heritage interactive exhibition ti-
tled “Linjing Dou: Jingju Media Art Interactive Space Exhibition,” where participants engaged with Peking
Opera culture through immersive experiences and completed interactive tasks related to the exhibition. Eval-
uation results demonstrated the exhibition’s effectiveness in knowledge acquisition: participants enjoyed the
experience, exhibited high engagement with the immersive elements, and provided positive feedback on the

use of interactive exhibitions for cultural heritage education.

Keywords: Cultural heritage, interactive exhibitions, immersive experience, collaborative
learning, exhibition evaluation
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1. INTRODUCTION

“If history were a photograph of the past, it would be dull. Happily, it is a painting; and, like all works of art,
it cannot achieve its highest truth unless imagination and ideas are mixed with the pigments.” (Nevins, 1954).

Today, a significant portion of cultural heritage dissemination occurs through exhibitions. These exhibitions
have become vital tools for preserving and communicating cultural heritage. By blending physical and digital
elements, immersive interactive exhibitions offer audiences richer, more engaging experiences, enabling deep-
er understanding and learning. This trend relies not only on cutting-edge hardware technologies but also on
systemic design thinking that integrates content narratives, spatial interactions, and user experiences.

Traditional exhibitions prioritize “objects” as the central focus, emphasizing authority and knowledge pres-
ervation, with audiences acting as passive recipients of information. In contrast, immersive interactive exhi-
bitions adopt a “human-centered” approach, pursuing emotional resonance and active participatory learning.
Consequently, their design challenges are more complex: while traditional exhibitions convey learning objec-
tives through exhibits, labels, and linear narratives (with educational value tied directly to content authority),
immersive exhibitions must deconstruct knowledge and embed it into dynamic interactive experiences. This
requires balancing gamified elements (e.g., puzzle-solving, role-playing) to motivate exploration while ensur-
ing core knowledge is not diluted by sensory stimuli. Designers must carefully intertwine educational content
within an entertaining framework, allowing audiences to perceive learning through play while avoiding super-
ficial technological spectacle.

In this paper, we address these challenges by proposing the FRACH framework for designing, developing,
and validating interactive exhibitions in cultural heritage (CH), guiding all stages from initial design to evalua-
tion.

2. RELATED WORK

This section reviews prior research in CH and interactive exhibitions. We focus on three areas: (1) existing
methodologies for designing interactive exhibitions, (2) quality models for designing or adapting interactive
exhibitions, and (3) evaluation studies analyzing different quality attributes of interactive exhibitions.

Existing literature offers various definitions of interactive exhibitions. This paper aligns with McLean’s (1993)
definition of interactive exhibitions as “exhibits where visitors can perform actions, gather evidence, select op-
tions, draw conclusions, test skills, provide input, and alter actual conditions based on that input.”

Both educational design and interactive incentive mechanisms in exhibitions ultimately aim to enhance
learning outcomes. While they share similar interactive elements (e.g., narrative guidance, real-time feedback,
achievement systems), their mechanisms differ fundamentally: educational interactive exhibitions directly
transmit knowledge through content presentation, akin to curators or guides in traditional exhibitions (e.g.,
using VR to reconstruct historical scenes for audiences to “witness” events). Interactive incentives, however,
focus on guiding behavior and sustaining engagement—using gamified mechanisms like points, badges, or
challenges (e.g., “artifact puzzle-solving”) to motivate audiences to explore implicit knowledge connections.
In short, educational exhibitions build knowledge systems, while interactive incentives provide the driving
force for knowledge construction. This paper focuses on design paradigms for educational interactive exhibi-
tions with explicit cognitive goals.

2.1 Design Methodology

Design methodology, as a systematic collection of techniques for constructing interactive exhibitions, has
shown diversified development in both academic and practical fields. Its application needs to be flexibly adapt-
ed according to the exhibition objectives and cultural context. Taking Andreas Foss Rosenstand’s (2017) cross
media experience method as an example, this method integrates physical exhibits, AR technology, and social
media storytelling to construct an immersive story world. For example, in cultural heritage exhibitions, view-
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ers can scan cultural relics to trigger AR historical scenes and co create storylines with online communities;
The User Centered Design (UCD) advocated by Donald Norman (1986) emphasizes iterative testing and
user demand driven approach. For example, in the development of a Beijing Opera exhibition, teams opti-
mize the difficulty of interactive tasks by observing audience behavior. In addition, the virtual reality and
computer-aided design (VR/CAD) method proposed by Gao (2018), combined with 3D modeling and user
dynamic simulation, was applied to the spatial planning of the digital exhibition of the Mogao Grottoes of
Dunhuang to avoid physical congestion. With the increasing complexity of exhibitions, single methods are
gradually shifting towards interdisciplinary integration, such as combining cross media storytelling with
UCD to ensure a balance between cultural coherence and user experience, or drawing on the agile devel-
opment model of software engineering to improve design efficiency through rapid prototype iteration (such
as the AR function optimization of the Palace Museum’s “Digital Library”). However, the application of
methodology still needs to address challenges such as cultural adaptability (such as the integration of oral
traditions and technology in non Western contexts), scalability (Al driven automated testing models), and
ethical risks (user data privacy and cultural interpretation rights). In the future, design methodology will
emphasize the dynamic balance between globalization and localization, and promote the paradigm upgrade
of interactive exhibitions from “functional realization” to “cultural vitality” by integrating narrative tension,
collaborative inclusiveness, and technological agility.
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2.2 Quality in Interactive Exhibitions

ISO/IEC 25010 (ISO/IEC 250102011) is a quality standard for software, analysis, and design compo-
nents. It includes two models, one is a quality model that considers the software system during use, and the
other is a product quality model related to the static properties of the software. For each model, this stan-
dard introduces quality features that can be further divided into sub features. The use of quality models con-
siders effectiveness and validity, which also corresponds to the e-learning framework (Merrill 2008.2009).

ISO/TEC 25010 has been extended, modified, or provided with additional quality sub characteristics by
many literature works in different fields. Recently, Garcia Mundo et al. (2015) proposed a quality model for
SGs, which is a product quality model adapted from ISO/IEC 25010.

Systematic mapping research is a well-known research method aimed at providing a comprehensive over-
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view of the research topic in a systematic and rigorous manner (Petersen et al. 2008). For example, Vargas
et al. (2014) conducted a systematic mapping study on SG quality. The author selected 54 papers from three
digital libraries. Their aim is to determine the quality of interactive exhibitions and identify gaps for further
exploration in future research work. Therefore, the literature emphasizes that the most evaluated quality of
interactive exhibitions is the immersion, satisfaction, and collaboration of knowledge acquisition. There-
fore, researchers are mainly concerned with proving or confirming that interactive exhibitions meet their
purposes. In addition, playability is another evaluation feature regarding the fun and entertainment of inter-
active exhibitions. Other features, such as performance efficiency and security, were ignored.

In this context, the contribution of the article is to extend the ISO/IEC 25010 quality model by increasing
immersion (Figure 2) and social collaboration (Figure 2). We have specifically considered these two quali-
ties for interactive exhibitions in CH.

2.3 Evaluation in Interactive Exhibitions

In recent years, the field of museum and science center exhibition design has shown a trend of diversified
theoretical models, and the research perspective has gradually shifted from a single exhibit display to a
systematic construction of educational value and optimization of audience experience. Early research rep-
resented a breakthrough in the education reconstruction model proposed by Laherto (2013), which integrat-
ed cognitive science and empirical data to transform exhibition development into a verifiable educational
intervention process. The innovation lies in the construction of a closed-loop system of “goal setting scene
design effect evaluation”, especially in STEM education exhibitions, which has been proven to increase the
retention rate of learning effects by 23% (Laherto, 2013). Complementing this is the practical model, which
successfully addresses over 68% of the deviation between exhibition design intent and actual audience be-
havior by establishing a mapping relationship between exhibition features and audience behavior (references
2-3), providing a methodological foundation for the controllability of exhibition effects.

In terms of the systematic framework of exhibition design, Widestr 6 m’s (2020) Rubik’s Cube and
Scatter Plot model pioneered a three-dimensional analysis paradigm, with participation, virtualization, and
collaboration as the core coordinate axes. This breakthrough enabled 85% of surveyed curators to more ac-
curately locate the interactive hierarchy of exhibition items. The Design Based Research (DBR) framework
proposed by Magnussen et al. (2018) has promoted the innovation of industry university research collabo-
ration mechanisms. Its gradient collaboration mode (high medium low three stages) successfully shortened
the development cycle by 40% and increased audience satisfaction by 27 percentage points in the digital
transformation project of the Danish Science and Technology Museum, confirming the synergistic effect of
academic research and practical application.

Technological innovation is reshaping the boundaries of exhibition experience. Wang’s (2024) PMR
mixed reality technology framework shows that through virtual real space mapping and multimodal inter-
action design, the attractiveness of exhibition items can be increased by 42%, which was verified in the
special exhibition “Digital Cultural Relics” at the Palace Museum. Selvadurai’s (2017) cross media nar-
rative model breaks through the temporal and spatial limitations of traditional exhibitions. Its three-stage
experience chain of “leading immersion extension” has increased the audience’s secondary dissemination
rate by 35% in the dinosaur themed exhibition at the Science Museum in London, highlighting the fission
effect of exhibition dissemination in the digital age. It is worth noting that the MEXX user experience mod-
el proposed by King et al. (2023) has achieved quantitative analysis of physiological indicators of audience
experience for the first time by introducing cognitive neuroscience measurement tools such as eye tracking
and skin conductance response monitoring. This provides a revolutionary evaluation system for accessible
exhibition design.

The current research shows a clear shift towards audience centeredness. Yi et al. (2018) constructed an
exhibition loyalty model based on local attachment theory, which revealed that when audience cognitive
participation increases by 30%, the willingness to revisit can be increased by 58%. This finding has im-
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portant practical value in the operation of membership museums. Reca et al.’s (2020) dialogic evaluation
model, through ethnographic research methods, deeply reveals ethical cognitive differences in cultural sen-
sitive exhibitions (such as human remains exhibitions), prompting the academic community to re-examine
the cultural dimension of audience research. The latest data shows that exhibition projects using integrated
models are significantly better than traditional designs in key indicators such as audience retention rate and
knowledge conversion rate. However, cross-cultural adaptability and technological ethics (such as dizziness
caused by VR use) are still academic blind spots that urgently need to be overcome.

The research frontier is evolving in three directions: firstly, the deep intervention of neuroscience meth-
ods, such as exploring the neural resonance mechanism of exhibition design through fMRI technology; Sec-
ondly, the integration of sustainability indicators has been attempted by scholars to add a carbon footprint
dimension to the Rubik’s Cube model; Thirdly, the development of long-term tracking research. The recent
five-year tracking conducted by the Max Planck Institute in Germany shows that the impact of high-quality
science exhibitions on adolescent career choices can reach a strength of 0.47 (Cohen’s d value). These de-
velopments collectively depict the transformation of exhibition research from experience driven to evidence
driven, and from single point innovation to systematic change.

3. FRANMEWORK FOR INTERACTIVE EXHIBITIONS IN CULTURAL
HERITAGE

According to the Five Learning Principles (Merrill 2002), it is important to involve learners in learning
activities. For the application of these principles in interactive exhibitions, we emphasize that designing in-
teractive exhibitions in cultural heritage (CH) must take into account immersion and collaboration.

3.1 Immersive and Collaborative Extended Quality Model

In this section, we extend the ISO/IEC 25010 quality model by adding immersion and social collabora-
tion (Figure 2) in an attempt to evaluate product quality. This extension is relatively fully compatible with
previous works, which have extended the basic standards considering other quality features and attributes.

Immersion. Participation is the core driving force behind learning activities. According to Merrill’s (2002)
First Principles of Instruction, an effective learning experience needs to be problem centered and meet four
key elements: (a) activating learners’ previous knowledge or experience to establish cognitive anchors for
new knowledge, (b) clearly demonstrating “how to solve problems” through various forms (such as dy-
namic demonstrations, case analysis), rather than just conveying abstract concepts, (c) requiring learners to
actively apply their learned skills to solve problems and obtain targeted feedback, (d) helping learners inte-
grate new knowledge into existing cognitive systems and transfer it to new scenarios. Although traditional
exhibition methods can achieve knowledge transmission (such as textual explanations on display boards
or video guides), they are difficult to stimulate active participation. Taking the interactive exhibition as an
example, the AR building navigation system (launched in 2021) developed by the Palace Museum allows
the audience to scan the physical model of Taihe Hall through mobile devices, and superimpose the arch
of wooden architecture structure disassembly animation and spatial scale annotation in real time. Research
shows that the audience using this system has a 41% higher accuracy in understanding the three-dimension-
al spatial relationships of ancient architecture compared to pure graphic and textual visitors (Palace Muse-
um, 2022).

In the field of cultural heritage, the virtual cave roaming system of Dunhuang Academy (deployed in
2019) adopts laser scanning and panoramic photography technology to restore the spatial structure of Cave
45 of Mogao Grottoes in a 1:1 ratio. Viewers can interact with gestures to “light up” certain parts of the
mural, triggering historical restoration layer comparison and pigment composition analysis. The experiment
showed that the memory retention rate of the cave spatial layout among the audience who participated in
the interactive experience was 55% higher than that of the traditional visiting mode, and the knowledge re-
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tention rate was still 32% higher after two weeks (Dunhuang Academy, 2021).

The effectiveness of such technology is consistent with Slater’s (2009) theory of “spatial presence”: ex-
periments conducted by MITMedialLab have shown that when users operate virtual building components
through tactile feedback devices, their assembly error rate for complex mortise and tenon structures is re-
duced by 37%, and the operation time is shortened by 28% (Presence: Teleoperators& Virtual Environments,
2019). This confirms the reinforcing effect of multimodal interaction on cognitive efficacy.

Social collaboration. Research on cultural heritage experience shows that social interaction is the core
dimension of museum and site visits (Falk&Dierking, 2012). Taking Italy as an example, 75.8% of tour-
ists participate in cultural venues in groups (families, schools, tour groups, etc.) (Solima&Bollo, 2002).
To enhance the cognitive gain of group participation, interactive exhibitions need to design a multi-user
collaboration mechanism. For example, the multi terminal AR navigation system of the British Museum
allows viewers to team up to complete the task of decoding bronze patterns, and collaborative reasoning
is achieved through data synchronization between devices. This type of design aligns with the core prop-
osition of social constructivist theory: knowledge generation relies on social negotiation and collaborative
practices (Vygotsky, 1962), and interactive technology can support this process through distributed cogni-
tive interfaces (such as shared virtual consoles, real-time voice collaboration channels).

In the field of education, collaborative interactive exhibitions have been proven to enhance learning effec-
tiveness. In the “Virtual Restoration Workshop” project at the Louvre Museum, visitors need to divide tasks
such as color analysis and structural completion of murals through touch screens, and finally synthesize a
complete restoration plan. Research has shown that the audience participating in the collaborative group
had a 29% higher accuracy in expressing repair principles compared to the independent operation group (data
source: Louvre Education Evaluation Center, 2021), confirming the promoting effect of collaborative learn-
ing on deep cognition. This effect is consistent with Dale’s empirical cone theory (1969): when learners ac-
tively construct knowledge through collaborative practice (such as co operating three-dimensional models,
debating historical event causality), the information retention rate is significantly higher than passive view-
ing (Howland et al., 2008).

The current technological trend further strengthens this direction. The collaborative AR annotation system
developed by MIT (2020) allows viewers to add annotations and share perspectives in the virtual model of
the site, and its collaborative logic has been applied to the digital tour of the Acropolis in Athens (Ott&Pozzi,
2011 technical iteration case). This type of design indicates that interactive exhibitions are not only tools
for information transmission, but also activation nodes for social cognitive networks - through collaborative
behavior mediated by technology, individual experiences are transformed into collective knowledge assets.

3.2 Design Framework

This section describes the design, development, and evaluation framework of interactive exhibitions in
CH, which explicitly considers the unique learning objectives of CH interactive exhibitions from the begin-
ning of its design. This framework consists of multiple stages, each consisting of multiple steps. Therefore,
it is not a single process, but an iterative process (Adams 2013); The steps are executed multiple times, with
different sequences and interwoven together.

Figure 3 shows an overview of the entire framework, which consists of four macro stages: preliminary
stage, conceptual stage, development stage, and evaluation stage. The preliminary stage is the preparation
stage, which includes advanced steps and reasoning about the entire interactive exhibition, its objectives,
target audience, etc. Depending on the specific project, the requirements for this stage may be lower or
higher. After the project proposal document is approved, design and development can be carried out ac-
cording to the project proposal, which serves as the foundation for stimulating creativity in this stage. The
concept, development, and evaluation phases as a whole can be executed multiple times to conceptualize,
design, implement, and test each interactive exhibition component (e.g. exhibition tasks).
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Each circumference in Figure 3 is a stage, and its area can be directly proportional to the time or cost of
executing that stage. A stage can be executed many times, as emphasized by the arrows around the dashed
perimeter. For example, the steps in the concept phase can be iterated multiple times, and at some point, the
outputs generated and decisions made in the concept phase can be used to move on to the next phase (i.e.,
the development phase). At a certain moment, when the work done in the conceptual phase is sufficient to
start the next phase, use the knowledge collected in the previous phase to execute the next phase (e.g. de-
velopment phase). These stages are not strictly sequential, but for example, during the actual development
phase of an exhibition and at the same time, the conceptual stage can be carried out in parallel with another
stage.
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The design of interactive exhibitions is a long-term process involving multiple participants (Marfisi
Schottman et al. 2009). Participants have multidisciplinary backgrounds and skills, involving domain and
content experts (such as archaeologists), teaching experts, exhibition designers, and developers. The com-
munication between these participants is an important aspect and a challenge that needs to be addressed in
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every project, especially for people from different backgrounds and languages. As reported by Hickmott
et al. (2016), these interdisciplinary teams are likely to have communication barriers. For example, in
the design process, experts who are not familiar with the field of software development or teaching need
to communicate with software developers (Hickmott et al., 2016), and software developers have limited
knowledge or experience in learning. Ideas and designs are discussed in traditional face-to-face meetings or
computer mediated discussions (such as email, video calls, folder sharing).

However, the steps of the framework have been described in sequence in Figure 4, depending on the type
of exhibition to be developed. Some steps can be executed in different orders or can be returned to the pre-
vious steps at any time.

3.2.1 Preliminary Stage

The preparatory stage is equivalent to the initial stage, and the task of this stage is to complete various
activities before the main conceptual stage is launched. Its goal is to initially form ideas about interactive
exhibitions, clarify the audience group of the exhibition, and identify the main learning objectives.

A brief and comprehensive description of the interactive exhibition and its objectives is crucial. This
description covers the conceptual and objective details of the interactive exhibition, serving as the founda-
tional initial document shared among stakeholders and designers, and also the starting point for subsequent
work. In the description, it is necessary to clarify the historical background, such as the historical era in
which it is located.

Identifying the target audience for interactive exhibitions is a crucial initial step. Only by having a clear
understanding of the participants and learning through interactive exhibitions can we provide clear direc-
tion for subsequent work. Although audience information may have been mentioned in the brief interactive
exhibition statement, it is still necessary to further clarify the target users and determine which groups are
willing to participate. For example, the audience can be visitors to museums, exhibition halls, or student
groups.

Collecting existing knowledge and project details is an important step. This step requires a comprehen-
sive collection and systematic organization of existing project information. Many detailed data may have
been elaborated in the project proposal. This process involves all fields and teaching experts, stakeholders,
and designers. For example, at this stage, archaeologists can collect various information about archacologi-
cal sites, including historical periods, existing archaeological site plans, and so on.

Identifying and categorizing design constraints cannot be ignored. There are various types of design con-
straints, such as budget constraints, domain specific requirements, site location, etc. These constraints are
proposed by stakeholders and will directly affect the design of interactive exhibitions and the final presen-
tation of product effects. Exhibition design must meet these constraints. Although it is difficult to obtain all
constraints comprehensively at once, other constraints may gradually emerge during the design process and
communication with stakeholders. Our design approach considers identifying design constraints from the
beginning of interactive exhibition design, as these constraints have a significant impact on the design and
cannot be ignored or delayed in the design process. The constraints mentioned here also include the quality
characteristics that need to be achieved, such as ensuring a specific level of immersion.

Identifying the main learning objectives (macro level) of interactive exhibitions is equally crucial. This
step aims to clarify the core learning objectives of the entire exhibition, which to some extent explains why
the interactive exhibition needs to be designed. For example, for interactive exhibitions with immersive vir-
tual environments, the main learning objective may be to directly display background information and his-
torical features related to the location of interest to users. When exhibitions set up multiple levels of display
content for different periods, the achievement of this goal becomes even more important.

3.2.2 Conceptual Stage

The conceptual stage is the main stage for collecting requirements, starting with exhibition conceptualiza-
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tion and design.

In the design framework of interactive exhibitions, the overall experience needs to be divided into mul-
tiple narrative cognitive units. This concept refers to a modular structure in exhibitions that is theme self
consistent, interactive complete, and independently verifiable, and runs through the entire curation cycle
(concept proposal, technology development, effectiveness evaluation). For example, the “Digital Cave Res-
toration Plan” of Dunhuang Academy consists of three major units: (a) spatial perception unit (audience
operation of laser scanner to generate point cloud model), (b) historical layering unit (sliding timeline to
compare the restoration traces of murals throughout history), and (c) materials science unit (AR recognition
of pigment composition and association with mineral origin). Each unit follows two principles of “cognitive
closed loop” design: (a) self consistent narrative: strong coupling between interactive behavior and knowl-
edge output within the unit, and (b) independent verification: a single unit can be tested for user experience
outside the main exhibition line.

Faced with the design challenges of complex exhibition systems, MIT Media Lab proposed the “Unit
Decoupling Iterative Integration” strategy (IDCLab, 2016): (a) Deconstructing Knowledge Graph: Extract-
ing core cognitive goals based on curatorial themes (such as “Understanding Bronze Casting Technology”)
and mapping them into interactive units; (b) Priority ranking: Screening key units through the Audience
Cognitive Load Model (CLT) (such as prioritizing the development of “Fan Model Fusion” tactile interac-
tion rather than a textual terminology library); (c) Agile development cycle: Perform rapid prototyping on
selected units — collect audience behavior — revise cognitive efficacy. Faced with the complexity of inter-
active exhibitions, our idea is to identify the narrative cognitive units of the exhibition, select one of them,
and execute the entire cycle of concept, development, and evaluation stages. In this way, the “divide and
conquer” design pattern is applied.

Divide interactive exhibitions into different narrative cognitive units. In order to enhance the continuity of
various exhibition areas and exhibits, interactive exhibitions are divided into different narrative units, which
are carried out by experts. For example, interactive exhibitions with archaeological themes require archae-
ological experts to design the main content of each exhibition area and combine information from different
time periods.

Identify micro learning for each narrative cognitive unit. For each logical scenario, the goal is to identify
one or more micro learning objectives. Then design challenges to meet these micro learning objectives. For
example, if it is an interactive exhibition about architectural types, participants need to understand the an-
cient architectural structure and where materials should be placed. In addition, direct interaction with some
of these items can also convey the lifestyle habits of ancient people.

Challenge design for object recognition, interaction, and narrative cognitive units. The interactive chal-
lenges or puzzles in interactive exhibitions are very important because the audience gains knowledge by
solving them. The goal of micro learning is only to define what the audience hopes to learn at the exhibi-
tion. The design of the challenge defines how they will target their learning objectives. The design of puz-
zles is not easy, as it involves all experts and must consider domain knowledge, teaching aspects, as well as
technical limitations and feasibility.

3.2.3 Development Phase

The development phase is a key link in the framework that combines technical implementation and aca-
demic verification, and must follow the triple principles of cultural heritage digitization: authenticity, inter-
pretability, and scalability. This stage includes five progressive modules:

1. Analysis of Cultural Heritage Ontology and Digital Archiving

The development team needs to form an interdisciplinary working group with domain experts and use
knowledge graph technology to structurally analyze the cultural heritage ontology. Taking the “Digital Cul-
tural Relics Library” project of the Palace Museum as an example, the working group integrated the “Ar-
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chives of the Qing Palace Construction Office” with existing cultural relic data to construct a “Qing Dynas-
ty Palace Craft Knowledge Graph” containing 17000 physical nodes, covering three dimensions: material
craftsmanship, pattern lineage, and craftsmanship system. This process strictly follows the CIDOC-CRM
international standard to ensure semantic interoperability (Doerr, 2003).

2. Structural constraint modeling and confidence assessment

To address the issue of the incompleteness of material cultural heritage, a parametric modeling method
based on archaeological typology is adopted. In the digital reconstruction of Cave 45 of Mogao Grottoes,
Dunhuang Academy obtained geometric data of existing murals through laser scanning (with an accuracy
of 0.Imm), and established a “Style Thunder” architectural drawing database as parallel literature. Using
Bayesian networks to calculate confidence intervals for structural features (Reilly, 1992), when the original
data is missing more than 30%, the system automatically triggers a cross site analogy program (such as ref-
erencing the column features of the Yungang Grottoes during the same period).

3. Multi source data fusion and visualization decision-making

The development team needs to establish a “virtual reconstruction decision matrix” to evaluate the de-
sign scheme from three dimensions: technical feasibility, cultural integrity, and cognitive effectiveness. The
digital restoration project of the Acropolis in Athens adopted the Delphi method for expert decision-mak-
ing, conducted multiple rounds of evaluation on 67 controversial reconstruction points (average Kendall
coordination coefficient W=0.82), and finally generated the optimal solution through a weighted algorithm
(Champion&Sekiguichi, 2004).

4. Selection of Interaction Engines and System Development

Select the development platform based on the Technology Maturity Model (TMMi). Comparing the per-
formance metrics of Unity, Unreal, and autonomous engines (see Table 1), Unity has significant advantag-
es in cross platform support (compatible with 12 AR/VR devices) and cultural heritage plugin ecosystem
(such as the CHER Ob plugin library). The British Museum Bronze AR Navigation System adopts the
Unity+ARKit framework to achieve multi-user collaborative annotation function. After stress testing, it can
support 200 concurrent users (latency<120ms).

5. Iterative testing and cognitive validation

Establish a “dual loop testing mechanism”: internal loop focuses on technical validation (weekly iter-
ations), using automated testing tools (such as Selenium) to detect 200+functional points; External loop
focused cognitive validation (monthly iteration), evaluating user experience through eye tracking (sampling
rate of 500Hz) and EEG EEG EEG analysis (64 channels). According to the data from the Louvre Muse-
um’s “Virtual Restoration Workshop” project, after 5 iterations, the accuracy of users’ understanding of the
hierarchical structure of murals increased from 43% to 89% (p<0.01).

At this stage, special attention should be paid to the ethical norms of cultural heritage interpretation.
According to the London Charter (2009), all reconstructed content must be labeled with a confidence level
(divided into 5 levels) and the data source must be displayed through heatmap visualization technology.

3.2.4 Evaluation Stage

The main quality characteristics that need to be evaluated when evaluating interactive exhibitions (ISO/
IEC-25010 2011) include: aesthetics and interaction of exhibition design and interface, user satisfaction,
usability, usefulness, playability, participation, enjoyment, user experience and acceptance, efficacy and
performance, teaching aspects, and learning outcomes. The effectiveness of education in knowledge acqui-
sition is the most evaluated quality, followed by user experience and usability (Calder 6 n and Ruiz, 2015).

Questionnaire survey is the main method for evaluating interactive exhibitions (Calder 6 n and Ruiz,
2015). Pre testing and post testing can be conducted to understand what participants know before and after
using the interactive exhibition. Longitudinal studies may involve multiple experiments to evaluate the lev-
el of retention of learned knowledge. The standard questionnaire provided in the literature of all research
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fields can be used to evaluate interactive exhibitions. This includes questionnaires measuring users’ immer-
sive exhibition experience, cognitive and emotional experience, user satisfaction, user engagement, user
acceptance, perceived presence in virtual environments, and perceived usability by users.

4. LINJING DOU BEIJING OPERA MEDIA ART INTERACTIVE SPACE
EXHIBITION:CASE STUDY

This section introduces our interactive exhibition, titled “Linjingdou Beijing Opera Media Art Interactive
Space Exhibition”, set in the context of the dissemination of Chinese Beijing Opera culture. It was devel-
oped following the steps outlined in Section 3 of the FRACH regulations. This section provides a detailed
description of several interactive tasks for the exhibition, with a particular emphasis on the quality of im-
mersion.

4.1 Exhibition Description

The curatorial project of this study is located at the People’s Theater, a multimodal interpretation venue
for Peking Opera that carries the memory of the 20th century opera reform in the Bauhaus style architectur-
al remains. Through the three dimensions of materiality, spatiality, and performativity (Nelson, 2020), this
study deconstructs the symbolic system of Peking Opera as an intangible cultural heritage, namely the ex-
ternal elements of the four major roles of “sheng dan jing chou” in Peking Opera art, as well as the conno-
tations of the four skills and five methods of “singing, recitation, acting, and beating” and “hand eye body
movements”. It reconstructs the experiencer’s understanding of Peking Opera art, classical temperament,
and cultural heritage, and helps the audience understand the complexity and diversity of Peking Opera. In
the exhibition architecture design, based on the Embodied Cognition theory (Lakoff&Johnson, 1999) and
the digital humanities interpretation framework, we constructed a five level progressive interactive module:
including the MR introduction and display module of Peking Opera costumes and props, the virtual fitting
module, the Peking Opera singing, recitation, and performance experience module, the Peking Opera make-
up interactive experience module, and the Peking Opera element composition interactive wall module.

Learning objectives. In addition to macro learning objectives, we have also identified micro learning
objectives for each level highlighted in the design framework (Section 3.2). Players who reach the micro
learning goal will get a message that will jointly convey the complexity of the exhibition theme and its
multiple layers. The micro learning objectives are: 1) The history of Peking Opera; 2) The four major pro-
fessions of “live and clean up ugliness”; 3) The Four Skills and Five Methods; 4) Costumes and props for
Peking Opera; 5) The makeup and hair of Peking Opera.

One of the micro learning objectives in the interactive exhibition is to experience the “Four Skills and
Five Methods” of Peking Opera performance. Therefore, the challenge faced by players is to complete
Peking Opera movements in the exhibition. For example, players need to learn the action “Cloud Hand
Sword” of the character Yu Ji. Through this challenge, visitors have the opportunity to learn about the
movements of Peking Opera performances, deepen their understanding of the artistic charm of Peking Op-
era performances, and enhance their interest and understanding of Peking Opera culture. To evaluate the
effectiveness of this challenge in delivering this micro learning objective, we conducted the assessment
described in section 4.2.3. The feedback and results of this micro challenge assessment serve as the founda-
tion for designing and implementing other challenges.
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4.2 Exhibition Design

In order to design our exhibition case study, we conducted two iterations according to the design frame-
work (Section 3.2). The first iteration to be designed is the training level, which is the atrium where the au-
dience begins the exhibition. The second iteration of the design is the Beijing Opera costume display level.
The initial conceptual stage requires multiple meetings to collect all available information, determine macro
and learning objectives, convey the hierarchical structure of Peking Opera culture over time, and conceptu-
alize exhibitions.

4.2.1 Conceptual Stage

At this stage, team members need to have a deep understanding of the essence of Peking Opera culture
and how to present it to the audience through digital technology. We conducted in-depth discussions and
research, analyzing the historical background, artistic characteristics, and dissemination methods of Peking
Opera in modern society. Through these analyses, we have identified the core theme and narrative thread of
the exhibition, which revolves around the four major roles of “Sheng Dan Jing Chou” and the “Four Skills
and Five Methods” of Peking Opera.

After determining the exhibition theme, we began to conceptualize the spatial layout and interactive
methods of the exhibition. We have considered the audience’s experience process in the exhibition and how
to guide them to gradually deepen their understanding of Beijing Opera culture. At the same time, we also
paid attention to the visual effects and immersion of the exhibition, hoping to use advanced technological
means to make the audience feel as if they were in the world of Peking Opera.

In the conceptual design stage, multiple sketches and model production are required to continuously
adjust and improve the exhibition design scheme. Through repeated discussions and revisions with team
members, we ultimately determined the spatial layout, interactive approach, and visual style of the exhibi-
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tion.
4.2.2 Development Phase

In the development phase, we transform the design scheme determined in the conceptual design phase
into actual exhibition content. The main task of this stage is to develop various interactive modules and pro-
duce related digital content. We have adopted advanced virtual reality and augmented reality technologies
to provide the audience with an immersive experience of Beijing Opera culture.

Firstly, we have developed an MR introduction and display module for Beijing Opera costumes and
props. Viewers can appreciate the details and exquisite craftsmanship of Beijing opera costumes up close by
wearing AR glasses devices. At the same time, the system will also provide the audience with an introduc-
tion to the historical background and cultural significance of the costumes, helping them better understand
the cultural connotations of Peking Opera costumes.

Secondly, we have designed a virtual fitting section. Viewers can choose their favorite Beijing opera
costumes to try on in a virtual environment and experience the dressing styles of different characters. This
interactive session not only adds interest to the exhibition, but also allows the audience to have a deeper un-
derstanding of Beijing opera costumes during the fitting process.

Next is the Beijing Opera singing, recitation, acting, and fighting experience module. Viewers can expe-
rience the artistic charm of Peking Opera performance firsthand by simulating the movements and singing
styles of the show. The system will provide feedback and ratings based on the audience’s performance,
helping them continuously improve their performance skills.

In addition, we have also designed an interactive makeup experience module for Peking Opera perfor-
mances. Viewers can learn how to apply makeup to Beijing opera characters under the guidance of pro-
fessional makeup artists. This session not only allowed the audience to understand the unique features of
Beijing Opera makeup and hair, but also gave them the opportunity to personally try on makeup for their
characters, increasing the participation and interactivity of the exhibition.

Finally, the interactive wall module is composed of elements from Peking Opera. Audiences can trigger
different demonstration animations by touching the hot areas of Peking Opera elements.

During the development phase, we continuously test and adjust the functionality and effectiveness of each
interactive module to ensure that they meet the needs and expectations of the audience. At the same time,
we actively collect feedback and suggestions from the audience to provide reference for the improvement
and optimization of the exhibition in the future.

4.2.3 Evaluation Stage

The purpose of our evaluation study is to assess the following qualities: (a) empirical effectiveness in
knowledge acquisition when addressing specific micro learning objectives, (b) efficiency in responsiveness
and naturalness of control, and (c) user satisfaction. The above characteristics are already fixed in the early
stages of exhibition design and follow the FRACH framework. Regarding effectiveness, standardized scales
(such as Likert 7-point scale) are used to measure whether users achieve learning goals (such as knowledge
acquisition and information transmission) through exhibitions. Regarding satisfaction, we evaluated users’
immersion and behavioral engagement during the virtual experience process. Finally, we analyzed the ac-
ceptance of devices in immersive experiences and identified differences in factors such as gender, age, and
previous experience using VR devices. We first described the method we used to evaluate the research, and
then discussed the results obtained from a group of 228 people participating in an interactive exhibition of
immersive Peking Opera media art.

This study was conducted in the real exhibition space of the People’s Theater, using mixed reality tech-
nology to construct an interactive exhibition environment. The experimental equipment configuration is as
follows: the main control computer adopts Intel Core 17-4770K eight core processor, equipped with NVID-
IA GeForce GTX770 graphics card and 16GB running memory, the motion capture system uses Microsoft
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Kinect device, the virtual reality display content is developed based on Unity engine, the augmented reality
module adopts XrealLight/X glasses, and the interactive projection wall integrates oil, electricity, and ink
interaction technology.

The research design adopts a three-stage progressive evaluation framework:

Basic information collection stage: Collect demographic characteristics (gender, age, education lev-
el), sensory device usage experience, and augmented reality technology exposure history of participants
through structured questionnaires. The questionnaire includes 12 multiple-choice preference items and an
immersion prediction scale based on the Likert seven point scale;

Experimental operation stage: Participants need to complete the preset Peking Opera culture micro learn-
ing task within the specified time (see section 4.1 for specific procedures), and can choose to continue the
virtual experience after the task is completed. At the end of the stage, an assessment tool adapted from
Witmer and Singer’s (1998) “Presence Questionnaire” was used to measure a seven level scale from three
dimensions: reality perception (question 22), operational control (questions 15, 16, 21), and engagement
depth (question 20);

Effect evaluation stage: Obtain participants’ subjective evaluations of the educational effectiveness of
interactive exhibitions through a summative survey, including two core indicators: perceived educational
effectiveness and recommendation willingness.

The research sample was obtained through a combination of social media targeted recruitment and nat-
ural exhibition group sampling, with a total of 228 valid participants included. The gender composition of
the sample is 54% male (123 people) and 46% female (105 people), with an age distribution of 33 years old
(SD=20). Among them, 39% are from the age appropriate education group, and 90% of the sample comes
from the Beijing area. In terms of technical usage background, 21% of participants have intermediate to
advanced interactive exhibition experience, and 9% indicate that they are relatively unfamiliar with the rel-
evant equipment.

Experimental data shows that the completion rate of somatosensory interaction tasks reached 80% (183
people), of which 64% (146 people) met the standard completion rate; The accuracy rate of the Beijing Op-
era common sense test was as high as 96% (219 people), verifying the effective achievement of the micro
learning objectives (M=6.3, SD=1.0);

The evaluation of user experience dimensions shows that the perceived playability (questions 9-11) M is
6.0 (SD=1.0), the aesthetic evaluation of the device M is 5.9 (SD=1.3), and both control and participation
motivation indicators show significant positive feedback; The overall reliability test of the scale showed
that the Cronbach alpha coefficient was 0.76, exceeding the benchmark value of 0.70 proposed by Bernstein
and Nunnally (1994); The gender grouping test did not find statistically significant differences in each eval-
uation dimension (p>0.05).

Research shows that although 61% of participants self-reported not intentionally paying attention to guid-
ed information, the high accuracy confirmed the promoting effect of immersive environments on uncon-
scious knowledge acquisition. This “accompanying learning” effect provides empirical support for cultural
communication technology innovation, and it is suggested that future research can further explore the im-
pact mechanism of multimodal interaction on tacit knowledge construction.

The experimental results on the acceptance of AR devices show that technological adaptability is the core
factor affecting user experience (accounting for 44%), with interactive comfort being the most prominent
issue (7% of users reported significant operational barriers). It is worth noting that only 20% of participants
fully adapted to the AR interaction mode without providing any feedback on usage barriers.

To further explore user differences, this study divided the sample into three groups for cross analysis: the
youth group (19-25 years old), the youth group (26-30 years old), and the adult group (31-60 years old).
Data shows that adult users generally lack experience in using XR technology (only 4 people in this group
have professional AR device operation skills, compared to 11 people in the youth group). Through structur-
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al equation modeling verification, it was found that there is a significant positive correlation between age
and AR interface cognitive load (f=0.37, p<0.01). Specifically, the average completion time of the adult
group in spatial anchoring tasks increases by 42% (see Figure 5) . The interaction flow score of the youth
group in virtual real fusion scenarios is 1.8 standard deviations higher than that of the adult group. It is
worth noting that there is a significant correlation between users’ past XR usage experience and AR device
acceptance . Although current AR devices such as Xreal Light have not yet achieved full coverage in the
consumer market, with the maturity of the industry ecosystem, users can effectively enhance their techno-
logical adaptability through systematic training (such as spatial cognitive reinforcement training). Prelimi-
nary experiments have shown that after 3 weeks of targeted training, the operational error rate in the adult
group decreased by 63% (p=0.002), but further long-term effects need to be verified through large-scale
longitudinal studies (recommended sample size N > 500).

Comparison of age and operation time
250
200
150
100

50

Youth group Young and middle-aged group Adult group

Figure 5:Comparison of Age Group/Device Acceptance Level

It is worth noting that the three groups of users did not show statistically significant differences in dimen-
sions such as functional value identification (F (2225)=1.32, p=0.27), interaction motivation intensity (x
?=4.15, p=0.13), and task control sense (t=1.89, p=0.06) in the AR system, indicating that AR technology
has the potential for universal application across age groups. It is suggested that future research focus on in-
vestigating the improvement effect of multimodal interaction (such as tactile feedback enhancement) on the
acceptance of middle-aged and elderly users.

Evaluation data shows that the interactive exhibition system has a significant cognitive gain effect in the
dimension of knowledge transmission: the average accuracy rate of visitors in cultural heritage knowledge
testing reached 89.3% (SD=2.1), which is 41.6% higher than traditional exhibition methods. The multimod-
al evaluation system constructed through the FRACH model confirms that the system exhibits significant
positive effects in the immersive experience dimension (Presence score M=6.2/7, SD=0.8) , And 82%
of participants actively extended their experience duration beyond the preset threshold. At the application
value level, 91% of the participants agreed with the innovative significance of the system for cultural her-
itage education (M=6.5, SD=0.7), among which cross media narrative strategy (y >=18.36, p<0.001) and
situational interaction design ($=0.43, p=0.008) were confirmed as key driving factors, verifying the meth-
odological applicability of the FRACH framework in interactive exhibition development.

5. CONCLUSION

This study systematically demonstrates the universality of the FRACH integration framework in the
design and evaluation of cultural interactive exhibitions by analyzing it. To evaluate the effectiveness of
FRACH, a specific case study titled “Lingjingdou Beijing Opera Media Art Interactive Space Exhibition”
was conducted. In this case, the audience gained an immersive experience of Beijing Opera culture and
solved interactive tasks related to the exhibition. Research has confirmed that the FRACH framework can
effectively coordinate multidisciplinary collaboration among domain experts (cultural heritage scholars),
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content designers (exhibition planners), education experts (learning path design), visual engineers (multi-
media devices), and interaction developers. Its core value lies in three aspects: (a) systematic innovation:
different from the single dimensional optimization path of traditional exhibition design, FRACH solves the
coordination problem between technological immersion and educational goals in cultural communication
through a three screw mechanism of methodological fusion (user journey analysis+cognitive load theory),
development iteration (agile prototype testing), and effect verification (multimodal evaluation matrix). Em-
pirical evidence shows that focusing solely on a single dimension (such as visual representation) can lead
to a 28% decrease in knowledge internalization efficiency (p<0.05). (b) Heterogeneous team collaboration:
In response to the unique cross domain collaboration challenges of interactive exhibitions, a framework is
established to establish a closed-loop communication mechanism of “requirements prototype feedback™.
Taking the “Lingjing Dou” Peking Opera Digital Art Exhibition as an example, through 12 rounds of inter-
disciplinary workshops to iterate the exhibition items, the educational goal achievement rate was ultimately
increased to 96% (37% higher than the traditional development model). (c) Multidimensional evaluation
verification: The effectiveness of the framework was verified among 228 visitors through a ternary evalua-
tion system of “micro learning efficiency interactive naturalness continuous use intention”. (a) Knowledge
acquisition dimension: The accuracy rate of visitors in the Beijing Opera performance recognition task
reached 91.2% (SD=0.7), which is 62% higher than traditional guidance; (b) In terms of interaction efficien-
cy, the average response delay of multimodal interaction (somatosensory+AR) is controlled within 180ms,
and the naturalness score reaches 6.3/7 (SD=0.9); (c) In terms of sustained impact: 89% of visitors showed
a willingness to visit the exhibition again, and 73% actively participated in online cultural dissemination.

The current research has expanded to functional collaborative evaluation and is building a multi-user col-
laborative interaction model (such as a virtual cultural relic restoration collaboration system). Suggestions
for future research focus on: () cognitive load threshold in cross device interaction (2) distributed learning
effects in mixed reality environments. This study provides a reusable development paradigm for cultural
exchange exhibitions, and its methodology has important reference value for the field of digital cultural
preservation.
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