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Abstract


As one of the most representative cultural heritages, traditional Chinese opera is characterized by highly refined symbolic contexts and stylized narrative structures. Nevertheless, the contemporary generation often struggles with its abstract expression and language, leading to declining attendance. In addition, urbanization and digital entertainment have squeezed out its living spaces, increasing demand for more diverse experiences. To address these issues, this study conducts a systematic and thematically categorized review of the literature, exploring how extended reality (XR) reshapes the spatial and experiential representation of opera culture. Drawing upon the reality–virtuality continuum and spatial computing as theoretical foundations, the research investigates the features, workflows, and cultural adaptability of augmented reality (AR), virtual reality (VR), and mixed reality (MR), identifying how each modality of XR supports distinct modes of space generation and audience engagement. Through comparative analysis, we propose three XR-based approaches for reinterpreting Chinese opera: AR for theatrical spaces visualization, VR for performative narratives embodiment, and MR for opera cultural elements superposition. Overall, the research clarifies that XR can be used as a comprehensive medium to enhance replicability and user perception, contributing to the preservation and communication of humanity’s traditional culture.
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1. Introduction


Traditional Chinese opera embodies a complex interweaving of architectural spaces, plot scenarios, and role elements. As a performing and cultural system, it relies on the conventions accumulated in the practice of art over the centuries [1], which ultimately contributes to its inclusion in the UNESCO Representative List of the Intangible Cultural Heritage of Humanity [2]. However, contemporary audiences often struggle to interpret the non-intuitive staging structures and highly abstract content, resulting in a decline in participation and aging visitors [3]. Moreover, the acceleration of urbanization and digital media industry has also led to the sharp reduction in its carrier space [4], making people increasingly expectant of whether it could produce diversified experiences [5]. Extended reality (XR), including augmented reality (AR), virtual reality (VR), and mixed reality (MR), offers immersive and interactive frameworks capable of solving these challenges by restructuring traditional culture within dynamic scenes [6]. XR combines the virtual visual processing methods of the above three technologies to merge the real world with human–computer interaction (HCI), thereby creating iterative and adaptable environments and providing opportunities for the revival of Chinese opera [7].



To understand this potential, the research draws on a focused narrative review. Peer-reviewed journal articles and conference papers were selected from Web of Science, Scopus, Google Scholar, ACM Digital Library, and IEEE Xplore, using keywords related to XR, performance, opera, heritage, and spatial experience. Studies were included if they explored XR technologies in cultural or performative contexts and discussed spatial representation or user experience. Technical studies without cultural relevance and purely commercial applications were excluded. Literature was screened through titles, abstracts, and full-text reviews, with emphasis on thematic connection rather than exhaustive coverage, to facilitate a comparative analysis of AR, VR, and MR in reinterpreting traditional culture and opera.



Specifically, the study first re-examined the reality–virtuality continuum, which positions AR, VR, and MR as graduated states between the physical and digital worlds, highlighting the technological transitions that support hybrid spatial configurations [8]. Complementing this, the examination of spatial computing expands XR beyond content display to multi-sensory interaction in cross-media contexts [9]. Moreover, previous systems such as Sutherland’s head-mounted display (HMD) [10] and Videoplace [11] further demonstrate early attempts to combine real action and virtual information within spatial interfaces, evolving into today’s mature XR devices and workflows. Ultimately, through a comparison of their technical features and application scenarios, the distinct roles of AR, VR, and MR in the field of cultural heritage are summarized: AR supports architectural presentation, VR enables immersive narrative exploration, and MR facilitates multi-layered overlay of elements. By synthesizing these attributes with the current research advances and gaps in XR opera, the study primarily investigates the following questions:




	
How can XR technology create immersive interactive spaces through continuous iterations of generative environments?



	
What distinct perceptual and communicative capacities do AR, VR, and MR offer for cultural experiences?



	
Which representation and spatialization approaches can integrate AR, VR, and MR for the revival of traditional Chinese opera?








This research aims to explore the application of XR technologies into opera and intangible cultural heritage (ICH) by blending multidisciplinary insights from cultural preservation, media studies, and digital spatial design. We therefore propose a systematic perspective for upgrading cultural infrastructure and enhancing the dissemination of traditional culture through XR-based spatial and experiential approaches.



The remainder of this paper is structured as follows. Section 2 introduces the theoretical foundations of XR through the reality–virtuality continuum and spatial computing. Section 3 compares the technical characteristics and cultural applicability of AR, VR, and MR in traditional culture. Section 4 proposes three XR-based approaches for Chinese opera reinterpretation. Section 5 discusses the implications, limitations, and future empirical validation. Lastly, Section 6 concludes the article.




2. From Reality–Virtuality Continuum to Spatial Computing


Milgram and Kishino’s reality–virtuality continuum provides a framework for understanding how digital technologies mediate between physical and digital environments through progressive convergence (Figure 1) [8]. It places each modality of XR into a continuous spectrum rather than as isolated categories, thereby highlighting the significance of flexible transitions and hybrid configurations in spatial and experiential design. Through consistent adoption and development, XR systems are conceptualized as dynamic combinations of real and virtual elements that transcend fixed technological states [12]. Therefore, within this continuum, AR augments physical environments with digital information [13], MR enables interaction between virtual objects and physical space through occlusion and passthrough mechanisms [14], and VR represents the fully virtual endpoint in which user experience is entirely computer-generated [15].



While the reality–virtuality continuum remains influential, it primarily addresses visual combination and does not fully account for embodied interaction or multisensory engagement. Each phase emphasizes the fusion of real and virtual content but offers limited insight into how users perceive, navigate, and act across interwoven environments. For cultural communication and heritage-related applications, this constraint becomes particularly noteworthy, as relevant interpretation is shaped not only through digital vision, but also relies on bodily behavior, object manipulation, and narrative interplay. This gap indicates the need for an expanded conceptual approach that focuses on spatial representation and experience.



Spatial computing responds to this requirement by extending XR beyond visualization toward integrated processes of sensing, recognition, mapping, and instant feedback [9,16]. Early precedents of this methodology can be found in pioneering systems such as Sutherland’s HMD known as The Sword of Damocles, which linked visual output directly to head movement and spatial orientation (Figure 2) [10], and Krueger’s Videoplace (Figure 3), which enabled mutual responsiveness between human movement and projected digital imagery through real-time detection [11]. The CAVE (Cave Automatic Virtual Environment) system further developed such trajectory by embedding users within room-scale immersive environments (Figure 4) [17]. It established early forms of spatially situated interaction by merging motion tracking with stereoscopic projection.



With the evolution of sensing technologies and computational capacity, spatial computing has become central to contemporary XR systems. Processes such as localization, coordinate alignment, and environmental reconstruction now constitute the technical core of AR, VR, and MR applications, enabling devices such as Microsoft HoloLens 2 (Microsoft Corporation, Redmond, WA, USA), Meta Quest Pro (Meta Platforms, Inc., Menlo Park, CA, USA), and Apple Vision Pro (Apple Inc., Cupertino, CA, USA) (Figure 5) to support continuous interaction across physical and digital spaces [18]. Within this context, XR is no longer limited to two-dimensional augmentation or immersion, but acts as a multi-dimensional interface that incorporates surround perception with user responses. Ultimately, this transformation endows XR with the characteristics of spatial comprehension and embodied engagement, laying a crucial foundation for its application in cultural heritage preservation and dissemination.




3. Comparison of Adaptability of XR to User Experience in Traditional Culture


In the continuous evolution of XR technology, the seamless combination of physical and digital environments represents an advanced phase where real and virtual components converge. This state can be described using the concept of Phygital as an extension of XR, which is a key approach to interpreting culture within the context of growing experiential demands [19]. Especially for cultural heritage with spatial attributes, the specific method of representation is based on the distinct technical features and application scenarios of AR, VR, and MR.



3.1. AR: Auxiliary Presentation for Architectural Heritage


AR was initially developed to improve manual efficiency by presenting digital items onto physical environments, replacing traditional templates and paper-based drawings [20]. With subsequent technological development, AR has advanced into a medium capable of integrating images, text, and audio, thereby supporting scene understanding [9]. Technically, AR system interactions are view-based, which rely on basic types consistent with the user’s operational routines, such as visual or touch inputs [21]. Environmental sampling and device pose tracking further establish state references between real spaces and virtual content. The render layer outputs additive visual overlays, resulting in an AR world in which auxiliary and lightweight information is anchored to and dependent on the tangible realm [13]. As shown in Figure 6, this process is driven by the continuous iteration of multiverses.



AR is thus suited to digital reconstruction and interpretation in architectural heritage [22]. By overlaying virtual recreations onto existing structures, AR allows people to access hidden details, component system, and temporal transformations that are difficult to perceive through physical observation alone [23]. This capacity is especially valuable for damaged or culturally layered sites, where AR can simultaneously present the current conditions and historical states [6]. For example, visitors could explore the evolution of the heritage tower space through a mobile AR application [24]. Moreover, AR has been applied in conservation and restoration workflows by enabling alternative design strategies to be previewed directly within real workplaces. These include façade replacement, material selection, structural reinforcement, and color reproduction, reducing physical intervention while improving decision-making accuracy [25].



Architectural representation practices based on AR have yielded positive results in enhancing both public engagement and education. By reducing reliance on static displays that often fail to fully convey intangible information, this technology integrates spatial constructs with background and craftsmanship knowledge [26]. Fundamentally, however, AR’s core operation is to augment the tangible world by embedding digital objects within it, rather than replacing it. Although AR appeared later than VR, it does not pursue full immersion. Hence, it is more often applied to aid in the presentation of complex components, thereby creating experiences that are particularly effective in attracting young and non-specialist audiences.




3.2. VR: Immersive Roaming for Panoramic Scenarios


VR creates fully computer-generated environments that embed audiences within digital spaces, often conceptualized through the dimensions of interaction, immersion, and imagination [15]. Early VR research emphasized the synchronization of head movement with visual perspective, laying the foundation for spatial perception [10]. Situated at the end of the reality–virtuality continuum, VR differs from AR by replacing physical surroundings with simulated conditions, thereby prioritizing scene-based organization of the presence experience [27]. The VR workflow centers on the interface interaction through controller feedback or virtual UI, rather than spatial recognition. Through inertial signals and continuous user motion tracking to update the position and orientation, while bandwidth streaming ensures the real-time transmission and coordination of system states. In the end, entirely synthetic visual information is produced through rendering techniques, which is independent and self-contained, thus substituting real experiences. Together, these processes establish an immersive perception. Figure 6 illustrates how the VR system integrates these parts to generate objects and complete tasks, maintaining a cycle of response.



In cultural dissemination and exhibition contexts, VR is primarily applied in panoramic roaming and immersive exploration. By remapping existing environments into embodied cloud-based spaces, VR allows users to shift viewpoints freely and access cultural content at multiple spatial scales, enhancing both comprehension and engagement [28,29]. Interactive actions for scaling, rotating, and repositioning virtual exhibits and 3D models further promote active learning, while point-of-interest triggers (e.g., panels, videos, and special effects) enable autonomous browsing of contextual information [30]. These characteristics have also been applied to scenario-based cultural games, where narrative tasks reinforce immediate cognition and memory [31]. For instance, players can experience virtual historical landmarks along pre-planned walking routes [32]. Through maximizing presence, VR brings realistic visuals to archeology and heritage studies, balancing cultural richness with storytelling appeal.



VR presents diverse scenes from offline real objects to online digital segments and is hence frequently employed in navigation environments that require high simulation. For cultural institutions, a convenient and highly adaptable strategy for cultural presentations can be implemented through VR, while for audiences, it offers the opportunity of participation in cultural projects at anytime and anywhere. By providing cross-platform personalized access, VR ultimately ensures the integrity of the experience [33].




3.3. MR: Spatial HCI for Multi-Layered Overlay


MR occupies an intermediate position between AR and VR, allowing real and virtual elements to coexist and interact within a shared spatial framework [8]. Unlike AR, which primarily represents explanatory information, MR enables real-time mapping of scenes, empowering audiences to freely switch in and out of the converged environment [34,35]. This also distinguishes MR from immersive VR settings, which isolate people from enclosed space. Under such attributes, interaction is organized through spatial human–computer engagement, facilitating multimodal manipulation within physical context and directly affecting digital objects [36,37]. In the mediation layer, volumetric acquisition captures the three-dimensional properties within the perceptual boundary, while world-frame tracking maintains a stable spatial positioning across superimposed domains; distributed alignment further synchronizes data sources and system states. The render layer outputs a hybrid composition where various elements are highly correlated and interplay [38]. Through this process, the MR system combines AR’s overlay capabilities with VR’s immersive features to form intertwined worlds (Figure 6).



The contribution of MR to traditional culture lies in its integration of multi-layered historical data into physical sites through intuitive HCI [39]. By detecting real-world geometric structures and selectively overlapping digital information, MR allows people to actively choose and relate cultural artifacts within a coherent spatial context [40]. This interactive approach encourages experiential engagement to historical narratives or locations, enabling audiences to participate in cultural materials within specific scopes through situated activities rather than passive observation [41]. Compared with static visualizations, such environments have been shown to sustain attention more effectively, notably when combined with narrative processes or virtual guide systems [42]. In addition, workflows that transform traditional cultural assets into scalable, compatible formats further demonstrate the feasibility of representing complex cultural components through this technology [43]. Beyond that, with spatial projection and holographic display, MR also embeds historical annotations, performative cues, and symbolic elements directly into reality settings, forming a platform that links users, devices, and spaces [34].



Consequently, MR applications in cultural heritage increase both the repeatability of experiences and memorable impressions, thereby improving users’ satisfaction and strengthening cultural identity [44]. By combining multi-layered sections with multi-modal interactions, MR supports more diversified and accessible modes of cultural experience services. Building on the complementary technical features of AR and VR, MR creates captivating ways for learning and exploration through filtered environmental data collection and multi-sensory intervention [36].




3.4. Technical Comparison


To explore the similarities and differences in AR, VR, and MR technical performance, an interpretive comparison was conducted. Based on their respective workflows (Figure 6), the key findings have been summarized across six dimensions (Table 1).



AR, VR, and MR differ primarily in how they organize space, interaction, and immersion. AR augments physical environments with digital overlays, offering limited interaction and low immersion with relatively low technical complexity. VR replaces the physical world with a fully virtual environment, enabling high immersion and virtual embodiment at the cost of disconnecting users from real-world contexts. MR integrates real and virtual elements in collaborative spaces through real-time spatial mapping and multimodal interaction. It supports situated embodiment and moderate to high levels of immersion while requiring greater technical complexity. Overall, the distinctions between these nodes directly determine the cultural scenarios corresponding to each technology.




3.5. Application Comparison


According to the technical comparisons, Table 2 presents a comparative analysis in ICH applications, mainly including deployment focus and constraints.



AR mainly enhances the presentation and visualization of culture-related spatial constructs, with an emphasis on accessibility and structural clarity rather than emotional resonance, while employing external tangible references including architectural layouts and remains. VR brings immersive roaming and narrative embodiment, strengthening historical reenactment while reducing connections to live and site-specific authenticity, leading to its primary use for viewing and remote participation. MR achieves the convergence of layered cultural elements through situated interaction but risks scattered cognitive overload, restricting its application to controllable conditions such as museums or experimental exhibitions.



In summary, AR, VR, and MR are not substitutes but form a complementary structure across different cultural levels, experiential depths, and communication objectives. By incorporating the unique features of diverse technologies, it points toward a cultural design system adaptable to traditional Chinese opera.





4. Three XR-Based Approaches for Spatial Representation and Experience of Traditional Chinese Opera


Drawing on comparative analysis of AR, VR, and MR and their distinct roles in opera performance, this study proposes three approaches to spatial representation and experience in traditional Chinese opera: AR theatrical spaces visualization, VR performative narratives embodiment, and MR cultural elements superposition (Figure 7).



4.1. Visualization of Theatrical Spatial Typology Through AR


Dancing in Cyberspace, created by Julie Martin in 1994, is recognized as the first AR theater production [45]. It showed how performers could control body-sized virtual objects in real time, generating the sense of being immersed in an environment shaped by these elements. Nowadays, this technology is employed in more diverse expressive types of performing arts, especially those represented by traditional opera.



Whether through real-time dynamic alignment of actors with virtual effects to trigger visuals based on movement trajectories [46], or the use of volumetric capture for 3D playback on various platforms to prototype operas [47,48], AR is one of the usage technologies for live operas and stages. One of the common deployment scenarios involves achieving audience engagement through physical media sources. For example, AR applications enable users to scan materials such as playbills or books to overlay digital information and gain more knowledge about operatic culture [49,50]. Similarly, AR-enhanced gifts bridge traditional opera and real life, transforming cultural communication into a tool for emotional exchange among public [51]. In addition, the integration of AR platforms such as social media allows audiences to experience opera remotely using smartphones or tablets [52]. This portability and socialization reflect how AR opera is expanding beyond the stage into mobile environments.



While several AR interpretations of opera performances exist, relatively few investigations have been focused on large-scale performative spaces, particularly in relation to public participation through the visualization of theater architecture [23]. In China, opera venues are carriers of local culture and folk activities; this reflects both the living conditions of the people and the continuous evolution of buildings. Over thousands of years of development, this type of space formed a distinct architectural typology, the opera stage, which has historically been widespread in both rural and urban environments [53]. With increasing population migration, such spaces in cities diminished, while countryside areas were also constrained, eventually leading to a large number of them being damaged by nature or destroyed by humans [4]. This further underscores the necessity of accuracy and accessibility in spatialization processes to deliver experiences that transcend temporal and geographical boundaries. Therefore, exploring the typology of theatrical space with AR visualization is an approach to represent and reshape Chinese opera.




4.2. Embodiment of Performative Narratives Through VR


VR opera can be seen as an extension of virtual theater and multimedia interactive theater, operating within a fully synthetic performance environment [54,55]. Beyond innovating methods of viewing and performance, VR for traditional opera now facilitates rehearsal and creation, presence perception, and virtual communities, thereby taking operatic practice beyond the physical stage.



On the one hand, combining the spatialized audio-visual system with the interactive design allows designers to simulate historical repertoires rapidly and with minimal disruption in VR [56]. It is applied in opera composition settings, where choreography, lighting renderings, and multiplayer synchronization can be shared on digital platforms for online collaboration, reducing both costs and environmental impact [57]. On the other hand, by reconstructing entire opera scenes through VR modeling technology, scattered parts such as roles and costumes become combinable into a unified whole, offering audiences a more complete and realistic experience [58,59]. Furthermore, while both AR and VR provide social channels for people, VR provides unique attributes such as real-time social group discussions and sharing [60], which also emphasizes individual agency and virtual identity customization [61].



From a functional perspective, opera has long conveyed social realities while expressing aspirations for an ideal life, which is why it is often regarded as a key achievement of human civilization. Even when transformed into other media forms, opera’s theatricality and narrative remain its central source of appeal [62]. Thus, it can be seen from the above discussion that the narrative in traditional opera still needs further exploration, especially in terms of clearly conveying abstract plots and stories from Eastern culture. Regarding traditional Chinese opera, plots were largely created collectively by artists or literati, frequently adapted from folktales and historical legends. This process of aggregation, transplantation, and thematic interchangeability is highly prominent, directly portraying social realities, evoking emotional resonance in viewers as they interpret personal memories. Nevertheless, such profound meaning is often expressed through the principle of “combining the real and the imaginary, conveying spirit through intention” [1], which creates barriers for ordinary audiences to understand. At this point, the embodied nature of VR provides a basis to recreate opera culture through the reconstruction and deconstruction of performative narratives.




4.3. Superposition of Opera Cultural Elements Through MR


Due to technological constraints, MR’s distinction from AR and VR has always remained blurred, resulting in limited previous advancements related to opera spaces, and often difficult to separate from scenes based on the other two technologies. In recent years, with the emergence of advanced devices such as Meta Quest Pro (Meta Platforms, Inc., Menlo Park, CA, USA) or Apple Vision Pro (Apple Inc., Cupertino, CA, USA), and concepts such as Metaverse and Digital Twins [63], the term MR has gradually returned to the public discourse. The current focus of this technology has primarily been on the viewing richness of traditional opera through virtual streaming and visual enhancement [64,65]; immersive performances that enhance presence through triggered sensory interactions [66]; and explorations of MR’s multilayered fusion potential, which connects opera’s libretto and people’s behavior to foster interpretation [67].



Consequently, both MR, as well as AR and VR, are mainly used to digitize opera at the meso- or macro-scale. This underscores the necessity of narrowing the scope and examining specific nodes. Examples of such trends in the dissemination of details within traditional Chinese opera include the extraction of facial makeup through computer graphics processing [68], performance–action interaction supported by motion capture and matching algorithms [69], and AI-driven analysis of singing and music [70].



Yet, despite these iterative studies and their algorithmic variations, the direct relationship between the most fundamental components of opera and MR is not apparent. Whether it is roles and stories, or props and scenarios, the performance’s programmatic and synthetic systems are defining features of Chinese opera. In this context, the various sections in the plot development are built upon an interconnected, hierarchical model rather than existing in isolation. Specifically, typical characters create ways for cultural identification, paragraph-based narratives build a visual and structural framework, and symbolic objects and stage settings provide platforms for expression [53]. Thence, when MR intervenes in the reorganization of opera, it not only reassembles these fragmented components into complete multi-layer spaces but also enables the introduction of diverse interaction methods. In other words, the ultimate goal is to allow audiences to engage in embedded dialogs with specific opera cultural elements through the superposition of this technology.





5. Discussion


5.1. AR, VR, and MR in Opera Reinterpretation


Comparative studies of AR, VR, and MR demonstrates that each technical route of XR has its own advantages and constraints in reinterpreting traditional culture. AR, grounded in surface recognition and spatial matching, excels at revealing architectural heritage that may be inaccessible. It is suitable for auxiliary presentations, so that the audience can visualize diverse information and their relationships without replacing structural components each time. VR, as a fully immersive technology, provides an effective way for embodied virtual roaming, enabling users to perceive atmospheres through embodied interaction. Its capabilities for panoramic display support the holistic reshaping of abstract plots and stories. MR bridges the strengths of both AR and VR by supporting dynamic overlays in the real world. People could interact with multiple layers featuring specific symbols in superposition through spatial human–computer cooperative manipulation while receiving contextual feedback. Taken together, these tools facilitate deeper comprehension, especially for systems like Chinese opera where meaning is constructed through stylized structures and complex artifacts.



Beyond their individual characteristics, such strategies collectively define XR as a convergent platform for cultural communication, not just a digital enhancement, which restructures how traditional opera is interpreted and perceived. The three proposed approaches, namely AR for theatrical spatial typology, VR for performative narratives, and MR for opera cultural elements, extend the reality–virtuality continuum and lay a conceptual foundation for the establishment of operatic representation. They show how XR supports both overall spatial composition and detailed cultural analysis, thereby fostering multi-sensory perception and cultural continuity.



In addition, the application of AR, VR, and MR to opera suggests broader implications for cultural heritage management and digital heritage policy. XR technologies enable heritage institutions to extend the preservation of opera beyond physical sites, enabling broader access to intangible cultural heritage. For theatrical venues, AR, VR, and MR offer synergistic solutions to expand audience engagement and dissemination while maintaining the primacy of live performance. At the policy level, they call for a transformation from archival digitization toward experience-oriented digital heritage development, promoting the advancement of cultural infrastructures and interdisciplinary dialog.




5.2. Limitations


As a review-based and concept-driven study, this paper has several limitations. First, the scope of the review is deliberately selective, focusing on spatial representation, digital interaction, and user experience within cultural and opera studies related to XR. While this emphasis enhances conceptual clarity and comparative analysis, it may exclude technical implementations or alternative applications that do not meet the selected criteria. Second, by centering on traditional Chinese opera as a case of ICH, the findings cannot be directly generalized to other performance traditions with different cultural structures or modes of dissemination. Finally, although the presented AR, VR, and MR-based systems demonstrate distinct spatial and experiential reinterpretation patterns, the analysis relies primarily on literature synthesis and theoretical comparison rather than empirical user studies; consequently, their effectiveness has not yet been validated through systematic experimentation or audience evaluation.




5.3. Future Empirical Validation


To address these limitations, future research will seek empirical verification through the development and testing of three XR spatial prototypes corresponding to the proposed approaches. We will employ modeling tools, game engines, and HMDs to ensure the richness and stability of the operating procedures for each technology. Furthermore, by recruiting young people, we aim to establish a fundamental user testing group to improve experimental efficiency. The implementation methods are as follows.



An AR prototype will reconstruct a vanished Chinese ancient opera stage, investigating how external environments enhance interest in traditional opera. AR postcards containing basic information and digital models will serve as one of the primary media for visualizing this building. Audiences can use their smartphones to scan the QR code and align the AR model with the floor plan (Figure 8).



The VR spatial prototype will be developed using a representative Chinese opera repertoire as a case study. By mapping performance settings based on the plot, a virtual environment will be established to examine how immersive narrative scenarios and embodied experiences influence users’ comprehension of operatic context and storytelling. By embedding this scene into a VR headset, people can explore the entire panoramic space (Figure 9).



Third, an MR prototype will focus on a typical type of Chinese opera facial makeup, virtualizing it and superimposing it onto the physical structures. It will emphasize free navigation and positioning recognition, establishing a browsing and manipulation framework to evaluate how MR supports engagement with layered cultural elements. After extracting the basic shape of the facial makeup, abstract spaces will be designed where participants can interact with digital graphics (Figure 10).



Overall, the entire development and validation process will ultimately be an evolution of user experience that progresses from large-scale to small-scale spaces, and from cultural overview to detailed specifics. As shown in Table 3, while each prototype improves cultural accessibility, it remains limited in performance immediacy and representation continuity. Consequently, rather than a single solution, XR functions as an internally interactive media framework for traditional opera across diverse digital formats.





6. Conclusions


Framed through the case of Chinese opera, this study demonstrates that XR has emerged as a mode of perception reshaping how ICH is organized, institutionalized, and sustained in contemporary media contexts. The comparative analysis shows that AR primarily supports the visualization and interpretation of operatic spaces through contextual augmentation, VR enables the embodied experience of performative narratives through immersive environments, and MR integrates layered cultural elements through spatial interactions between virtual and physical realms.



By systematically examining these differentiated technical and application features, the research contributes a structured approach to cultural representation that integrates spatial experience, narrative engagement, and interactive interpretation. This framework acknowledges that the digital experience of cultural heritage is not merely a technological output, but rather a balance between representational fidelity and sensory perceptibility. By addressing cognitive barriers through the coordinated deployment of XR modalities, it could broaden audience reach, accommodate diverse needs, and ensure that the medium enhances rather than distracts from the essence of cultural performances.



In summary, these findings advance current discussions in traditional culture by clarifying how XR can enhance user experience, enrich cultural communication strategies, and inform the development of more immersive and interactive heritage spaces. By transitioning the preservation of ICH from an artifact-centric showcase model to a human-centered design paradigm, this approach provides references for constructing scenarios that embody both technical robustness and cultural authenticity.
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Figure 1. Reality–virtuality continuum. Source: [8]. 
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Figure 2. The HMD: The Sword of Damocles, a prototype introduced by Ivan Sutherland in 1968. Source: [10]. 
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Figure 3. Videoplace: (a) equipment and principles; (b) interactive process. Source: https://aboutmyronkrueger.weebly.com (accessed on 18 May 2025). 
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Figure 4. The CAVE: (a) equipment and principles; (b) updated interactive space. Source: [17]; https://en.wikipedia.org/wiki/Cave_automatic_virtual_environment (accessed on 18 May 2025). 
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Figure 5. XR devices: (a) Microsoft Hololens 2; (b) Meta Quest Pro; (c) Apple Vision Pro. Source: https://learn.microsoft.com/hololens (accessed on 24 August 2025); https://www.meta.com/quest/quest-pro (accessed on 24 August 2025); https://www.apple.com/apple-vision-pro (accessed on 24 August 2025). 
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Figure 6. The AR, VR, and MR workflow. Source: the authors. 
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Figure 7. Three XR-based approaches for traditional Chinese opera. Source: the authors. 
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Figure 8. (a) The reconstructed ancient stage; (b) AR postcard user testing. Source: the authors. 
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Figure 9. (a) The virtual opera narrative scenario; (b) VR roaming user experience. Source: the authors. 
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Figure 10. (a) The extracted facial makeup elements and their interactive content; (b) MR gesture interaction user testing. Source: the authors. 
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Table 1. Technical comparison of AR, VR, and MR.
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	Dimension
	Augmented Reality (AR)
	Virtual Reality (VR)
	Mixed Reality (MR)





	Spatial configuration
	Physical space with digital overlays
	Fully virtual, computer-generated space
	Hybrid space with real–virtual coexistence



	Relation to reality
	Augments existing environments
	Replaces physical environments
	Integrates and interacts with physical environments



	Environmental perception
	Camera-based recognition and tracking
	Minimal perception of real world
	Continuous spatial mapping and depth sensing



	Interaction features
	Limited interaction, mainly based on visual or touch inputs
	Interaction within virtual environments through interfaces
	Multimodal, real-time spatial interaction across human and computer



	Embodiment and immersion
	Partial embodiment, low immersion
	Full virtual embodiment, high immersion
	Situated embodiment, context-dependent immersion



	Technical complexity
	Low
	Medium
	High










 





Table 2. Application comparison of AR, VR, and MR.
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	Technology
	Primary Application Focus
	Limitations
	Trade-Offs
	Contextual Constraints





	Augmented reality (AR)
	Architectural presentation and structural visualization
	Limited storyline and emotional depth
	Accessibility over immersion
	Dependent on external references



	Virtual reality (VR)
	Immersive roaming and narrative embodiment
	Loss of live, site-specific authenticity
	Immersion over physical reality
	Primarily applicable in remote settings



	Mixed reality (MR)
	Multi-layered spatial interaction and element superposition
	Fragmented and unfocused content
	Balance of realism and immersion
	Restricted to controlled real environments










 





Table 3. Advantages and disadvantages of XR spatial prototypes in reinterpreting traditional Chinese opera.
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	Spatial Prototypes
	Advantages
	Disadvantages





	AR visualized postcards of the reconstructed ancient stage
	Enhances interest through external environments
	Limited to general cultural overviews without representing actual dimensions



	VR embodied plots of the representative repertoire
	Improves comprehension of storytelling and operatic context
	Restricted to panoramic experiences within headsets



	MR superposed layers of the typical facial makeup
	Enables interaction with stacked cultural elements
	Confined to compact spaces and optimized, abstract aspects
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