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Abstract 

As the largest cave of Buddhist art with thousands of murals spanning ten 

dynasties, the Dunhuang Mogao cave has been described as a “peerless cave” because of 

its fabulous frescos and handcrafted delicate sculptures. However, tourism and in-cave 

human activities had damaged the frescos; only a few caves are now open with limited 

accessibility for global visitors and the public. In addition, Dunhuang Cave authorities 

set strict rules to exclude some people, such as people in wheelchairs, to protect the 

murals and sculptures from possible damage. This thesis project aims to address this 

problem by modeling how digital environments might provide universal access to the 

cave by marginalized and excluded groups.  The thesis project includes two separate 

digital sections: a Unity VR (Virtual Reality) immersive experience and a web-based 

Story Map with a three-dimensional view of selected murals. The thesis project not only 

provides an immersive experience for worldwide visitors but also unlocks the door for 

the possibilities of preserving cultural heritage by using innovative digital methods. 

Through the use of Maya and Steam, the Unity game engine can be used to curate a 

virtual space by placing the audience into well-textured 3D cave models, while the web-

based story map can be used to contextualize basic background knowledge and 

provides a comprehensive text explanation of the Silk Road and Buddhist culture to 

inform the user’s understanding of what they are seeing. Overall, this thesis 
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demonstrates endeavors to discover more possibilities and opportunities for historical 

and cultural heritage protection while not losing access. 
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1. Introduction  

Cultural heritage, as a complex social construct, represents human social 

interactions, past achievements, and tribulations through the documentation of 

particular historical records. It does not have a standardized definition across all times 

and places.1 When we talk about cultural heritage protection and the physical visiting 

experience, there are many existing discussions, debates, and different perspectives to 

consider from distinct groups. To some extent, how to balance a cultural relics site’s 

long-term preservation and the public’s need for on-site learning and visiting is a 

significant topic for scholars, researchers, preservationists, and normal visitors. Natural 

disasters undoubtedly can cause extensive loss and massive destruction, while human 

activities also produce irreversible impacts. Therefore, some countries have started to 

limit in-person activities at relic sites to promote long-lasting preservation. Yet, access to 

heritage sites is also important for transmitting their meaning and significance.  

Ideally, the cultural heritage site itself is the best place to learn about historical 

content and expand knowledge for young generations. The space can naturally be 

utilized as an educational tool for the general public. However, in practice some such in-

person visits are restricted by local rules in order to promote preservation: some sites 

only admit adults, for example, and the duration of stay is precisely calculated. There 

 
1 Dirk H.R Spennemann & Kristy Graham, “The Importance of Heritage Preservation in Natural Disaster 

Situations”, Int. J Risk Assessment and Management, 2017, no. 6/7 (2007): 993-999, DOI: 

10.1504/ijram.2007.014670.  
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may be forbidden zones for visitors, and disabled people are reluctantly excluded since 

the manager cannot cater to their personal needs. Visitors may also leave the site 

without sufficiently learning the context and feeling disappointed about the scenes, 

which are supposed to be stunning.   

However, the emergence of new computer-based software and game engines can 

change the cultural heritage preservation format from 2D web platforms to 3D 

exhibitions, as well as open more possibilities to worldwide visitors to explore the space. 

In my thesis, creating a digital, experimental Mogao cave can help us to reconsider these 

problems. This digital project reviews the current state of digital cultural heritage 

protection, especially using the Mogao cave as a typical example to access the benefits of 

different approaches to creating visitor experiences and using software to prototype a 

VR application for immersive experience.  

This thesis statement is not meant to deny the importance of traditional in-

person cultural heritage site visits, but to create an alternative way for users to 

experience the site through immersive, interactive, engaging activities. Above all, this 

thesis aims to create new possibilities and discusses the affordances of using a game 

engine to build an immersive visiting experience for prospective users. Such 

technologies may help to balance the tensions between experiencing a fragile historical 

site and preserving its significance for generations to come.  
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1.1 Construct virtual exhibition  

With the digital technology boom, multiple software applications can virtually 

rebuild or recreate cultural heritage site and tangible artifacts. In the last decades, the 

scope of research has also been expanded from visualizing one single object to building 

an entire exhibition or an immersive space. The artifacts can be displayed through 

various forms, from photos, single models, online webpages to virtual spaces and 

galleries. Even if visitors cannot physically enter the space, virtual exhibitions (VE) are 

widely acknowledged as a “crucial complimentary counterparts to physical 

exhibitions.”2 They can break time and space limits, allowing visitors to access all 

treasures anywhere anytime they want. According to Foo, a well-constructed VE can be 

an alternative way to experience a site and opens new possibilities for learning, active 

participating, and personal contributions from visitors. With the development of 

emerging tools, it is feasible to generate various VE settings to satisfy different user 

needs and cater to different servers, thereby offering the most engaging experience for 

visitors. Moreover, in recent years, the improvements of these areas have been properly 

deployed so VEs have reached to a sophisticated stage, which indicates users can have a 

immersive virtual tour and even actively interact with virtual installations. Even if VEs 

have received some critiques for their inability to provide real-life experience, they can 

still allow visitors to engage, learn, discover, and have more simulated activities than in-

 
2 Schubert Foo, “Online Virtual Exhibitions: Concepts and Design Considerations,” DESIDOC Journal of 

Library and Information Technology, 2008, 22.  
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person exhibitions. Multiple forms of digital media such as text, image, sound, models, 

audio, VR, AR, digital mapping, web design can be merged into one page, so a VE has 

the ability to reverse and revisit, which can tailor different user groups, requirements, 

and proficiencies.3 A VE can be considered as an effective extension and companion to 

physical exhibitions.  

1.2 The selection of Dunhuang cave  

Situated at a crucial point along the Silk Road, Dunhuang city and the Mogao 

caves witnessed a thousand years of religious, intellectual, and cultural development. 

This place evidences the history of Buddhist art in the preserved 492 caves that house 

45,000 square meters of murals and 2,000 delicate sculptures. In addition to their 

aesthetic and religious significance, some selected murals are also culturally meaningful 

as they properly recorded politics, economics, and ritual events along the Silk Road, 

such as depicting how camels help with transcontinental trade between Asia and 

Europe.4 Overall, the Mogao cave has significant historical and artistic value for the 

study of Asian culture, Buddhist culture, and traditional Chinese history.5  

 
3 Foo, “Online Virtual Exhibition,” 22-24. 
4 UNESCO World Heritage Centre, “Mogao Caves,” UNESCO World Heritage Centre, accessed February 9, 

2023, https://whc.unesco.org/en/list/440/. 
5 Xiao Hu, Eric M. Ho, and Chen Qiao, “Digitizing Dunhuang Cultural Heritage: A User Evaluation of 

Mogao Cave Panorama Digital Library,” Journal of Data and Information Science 2, no. 3 (January 2017): 50, 

https://doi.org/10.1515/jdis-2017-0014. 
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However, the Dunhuang Mogao Grotto has been facing a dilemma between the 

needs for historical relic protection and the pressure of tourist developments,6 since the 

caves are suffering “high levels of carbon dioxide and humidity” that deteriorate the 

color and shape of murals.7 To protect this precious cultural heritage, the local 

government has started to reduce the traffic and executed harsh actions to limit the 

number of in-cave visitors and intentionally excluded some people. Visitors are only 

allowed to visit a few caves for a limited time, and they must show their identification 

card before entering the cave. Children under 18 must have a guardian or they are not 

allowed to enter. As a result, the physical Mogao Cave fails to meet fully the needs of the 

broader public and such institutional barriers prevent citizens from actively engaging in 

cultural heritage.   

In recent years, with the rapid growth of new technologies such as 

photogrammetry, VR (Virtual Reality) and 3D Modeling, new technical tools allow for 

the infiltration of cultural institutions, leading to various digital artifacts that are 

accessible to people with Internet connections. The Chinese government has also 

sponsored a few digital projects and more technical scholarship to preserve this cultural 

heritage in different methods. The Dunhuang Academy (敦煌研究院) displays new 

published articles, papers and research to the public. The Digital Dunhuang website also 

 
6 Changjie Ma and Jin-yun Fang, “Location-Based Mobile Tour Guide Services Towards Digital Dunhuang,” 

The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences XXXVII, no. B4 

(2008): 949. 
7 Holland Cotter, “Buddha's Caves,” The New York Times (The New York Times, July 6, 2008), 

https://www.nytimes.com/2008/07/06/arts/design/06cott.html. 
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provides a panorama view of selected caves along with historical context, which is also 

the first end-user focusing product that make digital objects accessible online.8 Under 

COVID-19 pandemic, this digital project serves as a reliable and comprehensive data 

source to develop the thesis project. Even if these digital interventions effectively 

preserve this cultural heritage, there are still opportunities to create more simulated, 

user-oriented immersive exhibition to better present this space.  

1.3 Thesis Statement and Overview 

The first chapter introduces the selected heritage site and background of the 

virtual exhibition, explaining why this thesis uses the Dunhuang Mogao caves as the 

research object and why in this case a 3D exhibition is an ideal format to create an 

alternative user experience. The second chapter summarizes the history of the Mogao 

caves, and provides an overview of the thousand year’s history and the development of 

Buddhist art. The third chapter discusses and expands upon relevant digital tools and 

refers to multiple pre-existing objects related to this work. It also notes the 

implementation of other digital project and analyzes the affordances from various 

perspectives. The fourth chapter presents a detailed deployment of the digital 

component, and the fifth chapter focuses on debates surround this topic, such as value 

of this project, limitations, and possible future steps. The last chapter recapitulates main 

points established throughout this paper and summarizes the entire thesis.  

 
8 Hu, Ho & Qiao, “Digitizing Dunhuang Cultural…”, 50. 
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2. General Historical Content 

2.1 The Dunhuang City and Mogao Cave 

As a vital strategic oasis city at the crossroad of two trade routes on the Silk 

Road, Dunhuang City is one of the most significant trading points from east to west. 

This city not only evidences the history of economic and cultural growth in western 

China but also contains substantial ancient architecture related to Buddhist religious 

activities. The Mogao Caves, a world-renowned historical site located in Dunhuang, is a 

vast site that includes more than 500 caves in the cliffs and expands to the south of the 

city, containing deposits of historical documents and witness to the cultural, religious, 

and social activities including visitor activity in the present. The history of the ancient 

Silk Road was reflected in Mogao Caves; the inside sculptures, monks, and pilgrims 

even traveled via the Silk Road.9   

As a representative city of Buddhist culture, Dunhuang became a central cultural 

exchange station even before the Han dynasty (202 BCE – 8 CE). Most Indian Buddhists 

passed and stopped by Dunhuang when they traveled across Asia and preached 

Buddhist tents. Some Buddhist saints even settled in Dunhuang, translating different 

foreign Buddhist languages into Chinese. These manuscripts were stored in Dunhuang 

 
9 “Dunhuang,” Dunhuang | Silk Roads Programme, accessed February 10, 2023, 

https://en.unesco.org/silkroad/content/dunhuang. 
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and attracted more followers to visit.10 In this thesis project, all significant historical facts 

have been intertwined into the GIS StoryMap narrative, so users can learn all essential 

context while taking the immersive tour in virtual space.  

The earliest history of Dunhuang can be traced back to the 111 BCE Han 

Dynasty, governed by emperor Che Liu (A.K.A. Emperor Wu of Han), who delegated 

Qian Zhang as his diplomatic envoy to go beyond China. Qian Zhang’s travel initiated 

the transcontinental trade in the Hexi Corridor, established the value of “the Silk Road,” 

as well as helped the emperor Wu conquer Xiongnu (in the modern Gansu Region). The 

victories of two Hexi campaigns demonstrated the expansion of Han’s territory to the 

Hexi Corridor. Dunhuang and the adjacent city Zhang Ye subsequently became a part of 

the Chinese landscape; thus, over ten thousand new residents migrated from the east to 

the middle west, contributing to Dunhuang’s new prosperity.11 The site would 

subsequently play an important role beyond its regional significance. During the Wei 

(220 CE – 266 CE) and Jin Dynasty (266 CE – 420 CE), the “Rebellion of the Eight 

Princes” outbreak (291 CE – 306 CE) brought the whole country into chaos. Many 

 
10 Zhiyong Pei & Tie Sun, The Big Dream of Dunhuang: A Pathetic History of one Cultural Heritage Site, (China 

Film Press, 2016), 6. 
11 “Han Dynasty,” Wikipedia (Wikimedia Foundation, February 7, 2023), 

https://en.wikipedia.org/wiki/Han_dynasty#References. 
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intellectuals escaped to the middle west and brought countless books, paintings, and 

scrolls to Dunhuang, which merged various cultural elements into this city.12 

In 366 CE during the Qin Dynasty (351 CE – 394 CE, A.K.A Fu Qin), two 

Buddhists passed Dunhuang city and were impressed by the sudden golden light that 

looked like “thousands of Buddha.” They decided to create a cave and sculpt Buddha at 

this place, which inaugurated the world’s largest Buddhist cultural site, the Mogao 

caves (these first two caves are now named cave 268 and cave 272).13 With the 

continuous contribution from thousands of Buddhists across thousands of years, the first 

two little stone caves turned into a library cave that today contains numerous murals 

and delicate in-cave sculptures.  

The initial Dunhuang art and works were produced during the period of 

independence, from 890 CE – 980 CE, when artists made the most perceptible changes in 

their arts. The most significant trend during this era included the standardization of a 

working style and a programmatic repertoire.14 More specifically, painters developed a 

productive workflow, invented new techniques, and defined iconographic schemes.15 At 

the end of this period during the late Tang Dynasty and Five Dynasties and Ten 

 
12 Wikipedia, “Rebellion of the Eight Princes”, Wikipedia, 

https://zh.wikipedia.org/zh/%E5%85%AB%E7%8E%8B%E4%B9%8B%E4%B9%B1, Last Update Feb 2023. 
13 Pei & Sun, The Big Dream of Dunhuang, 7. 
14 Sarah E Fraser, Performing the Visual: The Practice of Buddhist Wall Painting in China and Central Asia 

(Stanford: Stanford University Press, 2004), 9.  
15 Fraser, Performing the Visual, 9-10. 
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Kingdoms Period, China was falling apart into different regions and established 

multiple new regimes, so formed various cultural signals that tightened with regional 

poles (See fig.1). Under the specific era of national secession, artists focused on 

responding to various vernacular consumption demands.16   

One notable painter from the Tang Dynasty was Wu Daozi (active 710 CE – 760 

CE) who created numerous murals as well as helped establish the formal brushwork 

technique and the genre of landscape paintings. He travelled widely and painted 

countless Buddhist and Taoist temples (See fig. 2).17 Although his works have not been 

preserved, his practices influenced Dunhuang sketches and stone engravings that have 

been described as a “post – Wu Daozi” period.18 Wu Daozi began the preparatory stage 

of wall painting styles and promoted Daoism in the context of wall painting, which later 

artists valued by emphasizing spontaneous expression.19 As one of the most renowned 

muralist, Wu Daozi’s art works were traceable evidence of symbolizing Dunhuang’s 

Buddhist murals in Tang dynasty, despite the discernable geographic distance between 

central and mid-west China.20   

 
16 Fraser, Performing the Visual, 10-11. 
17 James Cahill, An Index of Early Chinese Painters and Paintings: Tʻang, Sung, and yu ̈an (Berkeley: University of 

California Press, 1980), 21.  
18 Cahill, Siren & Laing, An Index of, 21. 
19 Fraser, Performing the Visual, 10. 
20 Fraser, Performing the Visual, 9-10. 
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In the Yuan dynasty (1271 CE -1368 CE), China’s landscape was extensively 

expanded (See fig. 3). The former economic barycenter cities were replaced by southeast 

cities. Meanwhile, the growth of navigation promoted the ocean-going trade route (see 

fig. 4) that complemented the Silk Road, which made a dent in Dunhuang’s trade and 

silk businesses. MengGu (A.K.A. Inner Mongolia and Mongolian) occupied the 

exchange position and governed western Asia during this period. All dominators 

attached importance related to agriculture, in-land immigration, and water conservancy 

to the Dunhuang city (AKA Shaozhou in Yuan era). Meanwhile, governors from Yuan 

dynasty promoted Buddhist culture, especially Tibetan Buddhism was prevalent in 

grottoes and sculptures.21 Throughout Yuan, Dunhuang has played a quintessential role 

in Buddhist culture and infrastructural construction.  

After Yuan dynasty and before the new Communist-era China officially 

administered the Mogao cave (1949-), the Mogao cave suffered a dark time of plunder 

and devastation. Since Ming dynasty (1368 CE – 1644 CE), the Dunhuang city was not an 

irreplaceable base for communicating and trading with western countries. Because of 

invasion from Turpan, most affiliated functions such as political and cultural exchange 

had been undermined.22 In 1900 CE during the late Qing dynasty, governed by emperor 

Guangxu, the Mogao cave was a residency for many Buddhists and monks. The monk 

 
21 Tongqing Hu and Huaqing Luo, Jie Mi Dunhuang (Lanzhou: Gansu Publisher, 2010), 22-23. 
22 Hu & Luo, Jie Mi Dunhuang, 23. 
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Wang (Yuanli Wang) found thousands of Confucian scrolls and sold them to western 

merchants. At the same time, European invaders from the first and second Opium Wars 

came across the sea, ruined, and pillaged countless precious murals and sculptures. 

Between 1900-1949, this small town suffered unexpected destruction; most in-cave 

cultural relics such as murals, sculptures, and manuscripts were lost, damaged, or 

smuggled to western countries. As a result, the cave contents were scattered to the globe 

and added into European, Japanese, and Indian museum collections.23   

In recent decades, many young historians and prestigious scholars have gone to 

Dunhuang and dedicated their whole lives to preserving and rebuilding the caves. 

Shuhong Chang (常书鸿), the first Chinese scholar who spent his entire life in 

Dunhuang, left Paris and his family, staying in this isolated area instead. He founded the 

Dunhuang Academy China in 1944 and officially commenced the research and 

protection of Dunhuang murals. Daqian Zhang（张大千）spent three years making 

facsimiles of 270 murals and exhibited them in many cities. Since then, the Dunhuang 

Mogao Cave has attracted more domestic and global tourists to come and visit.24 

2.2 The Importance of the Caves and Murals 

The murals in the Dunhuang Mogao caves are recognized as important to the 

Buddhist culture heritage and representation of religious faith. The primary focus of the 

 
23 Fraser, Performing the Visual, 10-12. 
24 Pei & Sun, The Big Dream of Dunhuang, 209-211. 
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digital project is creating an immersive space to display fabulous murals to users and 

provide a virtual space for visitors to engage in Buddhist culture. The murals in the 

Mogao Cave include the figures of different Buddha, Buddhist stories from scrolls, and 

documentary images of real historical events. The figure of the Buddha is the most 

ubiquitous mural type spread across all 492 caves along with 12,220 Buddha 

sculptures.25 This cave-temple is enigmatic, not only because what the murals and 

sketches show but also the methods of artistic production within stone caves across 

thousands of years.26 The paintings are solid evidence of their “cognitive process” 

during the production in a “spatially complex environment”, as well as reveal how 

artists from one specific dynasty interpreted the social, economic, or cultural things.27 

Most working was improvisational, which authentically reflect their artistic choice and 

decision throughout this process. After thousands of years, the artists and religious 

personnel of the Mogao Caves accumulated approximately 45,000 mural paintings, 

stored more than 42,000 manuscripts, and finished silk paintings.28 This library cave is 

arguably the best cultural heritage site that preserves Dunhuang’s vernacular literature, 

Buddhist temple, social events, and ritual diagrams.  

 
25 Pei & Sun, The Big Dream of Dunhuang, 166. 
26 Fraser, Performing the Visual, p1. 
27 Fraser, Performing the Visual, 2. 
28 Fraser, Performing the Visual, 3. 
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In the field of economics, the Mogao Cave reflects the general value of Buddhist 

art on the one hand; on the other hand, Dunhuang records can illuminate the economic 

history of ancient in the context of mural and sketches.  One prestigious economic 

scholar Schumacher who set the principles of “Buddhist economics” states “there must 

be such a thing as Buddhist economics” where humans can blend their religions values 

into some heritage sites.29 In Dunhuang Cave, the space can also illuminate the 

professional art production, the painting workflow, and the local tradition of a specific 

dynasty. For instance, cave 98 which dedicated by Cao Yijin, included commemorative 

portraits, the portraits of himself and the storytelling of marriage between Cao and 

Zhang Yicao’s granddaughter, strategically imply the “economic, political, social, 

familiar and artistic relationships.”30 Therefore, the Dunhuang murals can be considered 

as tangible manifestations of several intangible social aspects such as economic theories.  

Fraser offers two more reasons why Dunhuang murals are exceptional: the great 

preservation of Tang Dynasty painting and its connection to a larger repository of wall 

paintings in US and Indian collections. Because of the “An Lushan Rebellion” (755 CE – 

763 CE), many pictorial arts and architectures were damaged, so the wall paintings in 

the Mogao Cave have become the best index of cultural and social history of that period. 

As a result, the murals, sketches, and drafts promoted the Mogao Cave became the only 

 
29 Ernst Friedrich Schumacher, “Buddhist Economics,” in Small Is Beautiful: Economics as If People Mattered 

(New York: Harper Perennial, 2010), 114.  
30 Fraser, Performing the Visual, 20. 
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comprehensive artistic environment in premodern China, and the continuing 

discoveries of this site are still enlightening scholars.31 

Therefore, many recent analyses of the history and relevant Buddhist studies are 

rooted in those in-cave sketches and wall paintings. The scholars even defined some 

iconographic concept such as “Feitian”, namely flying apsaras, which is originally a 

form of Chinese dance. Typically, “Feitian” describes an elegant, gorgeous dance break 

like flying to the sky. Even if Feitian originated with Indian Buddhist culture, this 

concept had been localized and was fully adapted to traditional Chinese culture. Since 

Eastern Wei (534 CE – 550 CE), Feitian had evolved over one thousand years and it 

absorbed other school of thoughts such as Taoism, as well as emphasized musicality and 

kinesthetics through their body language (see fig. 5).32 Therefore, instead of merely 

displaying caves, this digital project selects “Feitian” as an representative concept to 

discuss specific Buddhist features among caves and analyzes how Chinese artists from 

different dynasties localized this exotic Buddhist icon.  

My project is not the first to think about how visualizing artworks from 

Dunhuang can tell a compelling story. The impact of the caves goes beyond their 

historical and cultural significance as tangible heritage. Some insightful stories from 

Dunhuang City and Mogao Cave were adapted into television series, films, and 

 
31 Fraser, Performing the Visual, 5. 
32 Dunhuang Cave Binding, Dunhuang Academy, 5-6.  
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musicals. For instance, A Deer of Nine Colors (1981) was based on “The Deer King Jataka” 

from cave 257 (see fig. 6) and became one of the most famous Chinese cartoon movies in 

late 80s. The Legend of Dunhuang (2013) was the first suspense film of the Dunhuang 

topic, which introduced a bunch of treasures and wall painting to general audiences. The 

Silk Road (1979) was a musical drama that recomposed from “Reversed Pipa” （伎乐图，

反弹琵琶） from cave 112 (see fig. 7). Because this wall painting symbolized many 

stylistic elements from middle Tang dynasty (766 CE – 835 CE), this musical drama 

provides a renovated vision that intertwines ancient cultural signals and modern 

entertainments.  

Some documentary murals serve as persuasive historical and cultural records for 

recent scholars since the murals can reflect more realities than written words, so these 

murals became reliable references for multimedia variance. For instance, the cave 156 is 

renowned for “Picture of the procession of Zhang Yicao, military governor of Hexi, 

acting minister of works and concurrent censor-in-chief, and his assembled troops 

expelling the Tietan occupation and recovering the Hexi Territory”(see fig 8) .33 This 

procession not only commemorates the victory of General Zhang over Tibet and 

displays the army, disciplines, cloths, and decorations in the Tang Dynasty, but also is a 

representation of local musicians, dancers, and onlooker citizens.34 In this grotto, the 

 
33 Michelle C. Wang, Maṇḍalas in the Making: The Visual Culture of Esoteric Buddhism at Dunhuang (Leiden: 

Brill, 2018), 123.  
34 Wang, Maṇḍalas in the Making, 123-125.  
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Mandala’s visual treatment also provides an insightful view into human ritual works 

and deploys how these actions were conceptualized and distinguished from Mandala’s 

heavenly realm.35 Similarly, the mural painting names “Picture of the excursion of Lady 

Song of Henei Province in the state of Song” （宋国河内郡夫人宋氏出行图）(see fig. 9-

fig. 12) focuses more on the dancers and “attendants on foot and horseback”.36 The two 

paired murals share the same theme of domestication and conquest, from which 

scholars can gain more historical and cultural evidence for future research.  

2.3 Selected Murals 

The physical Dunhuang cave is a vast collection which includes 4.5 million 

square meters murals and more than two thousand Buddhist sculptures across 735 

existing caves (Encyclopedia of China, Dunhuang Caves). This digital project selected 

five caves from different dynasties: cave 285 from Western Wei (535 – 557 CE), cave 301 

from Northern Zhou (557 – 581 CE), cave 420 from Sui Dynasty (581– 618 CE), cave 322 

from Early Tang Dynasty (618 – 712 CE), cave 061 from Five Dynasties (907 – 960 CE), 

and one iconographic mural feature “Feitian”. The meticulously selected caves were 

chosen to represent three stages of artistic development so the audience can get a 

historical overview of mural features, and to understand how artistic elements have 

evolved over time. Put in another way, audience could learn all compelling mural 

 
35 Wang, Maṇḍalas in the Making, 123. 
36 Wang, Maṇḍalas in the Making, 126. 
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components, review the most representative mural collection and the typical in-cave 

structures, despite in a virtual space.  

2.3.1 Northern and Southern Dynasties  

The Western Wei (535 CE – 557 CE) is an imperial dynasty belongs to the 

Northern Dynasties (439 CE – 589 CE) during the era of the Northern and Southern 

Dynasties (420 CE – 589 CE). Starting with the Northern Wei, it was governed by the 

same clan named Tuoba and ruled the western part of China. The Northern and 

Southern Dynasties promoted the idea of “Zen”, which made meditation and relevant 

Buddhist religious activities all the rage in western China.37 As a result, murals in this 

period not only initiated painting arts at Mogao Cave, but also reflected certain 

ideologies and Buddhists’ practices.  

 The cave 285 deploys peculiar cave sculptures: the main chamber is a square 

with a truncated pyramidal ceiling, surrounded by four symmetrical cells, called “Zen 

room” for meditation.38 The west wall has one big niche in the middle and two smaller 

niches on both sides, dedicated to the worship of the god of the Sun (Surya) and his 

companions. During this time, the main in cave sculptures were mostly Buddha, 

Mtaieya Buddha, Shakyamuni and Prabhutaratna; the pillars and walls were colored 

 
37 “Dunhuang Mogao Caves,” Encyclopedia of China, Dunhuang Caves, accessed February 18, 2023, 

https://www.zgbk.com/ecph/words?SiteID=1&ID=125521&Type=bkzyb&SubID=61087. 
38  “Mogao Cave, 285, Western Wei,” Digital Dunhuang, Cave 285, accessed February 18, 2023, 

https://www.e-dunhuang.com/cave/10.0001/0001.0001.0285. 



      

 

 

 

19 

                                       

 

 

vividly, drawing Jataka Tales.39 On the east wall, the artists drew three Buddha’s 

preaching scene and highlighted Amitayus sitting on Vajra throne: on the right side are 

painted an Aksayamatir bodhisattva and Avalokitesvara, while on the other side are 

Manjusri and Mahasthamaprapta. The south wall and north wall form a story painting 

of The Conversion of Five Hundred Bandits to Buddhism, displaying a series of war, 

surrender and interrogation, and features typical Buddhist figure that flourished in Wei 

dynasty. This cave includes the most outstanding mural work from this era.   

 Succeeding the Western Wei dynasty, the Northern Zhou (557 CE – 581 CE) was 

governed by the Xianbei clan and was the last dynasty before emperor Wen of Sui 

unified the Northern and Southern Dynasties. The murals and cave structure from 

Northern Zhou share similar features with the Western Wei. In cave 301, the main 

chamber is also a square with a truncated pyramidal ceiling; the walls and inches consist 

of thousands of Buddha motifs and status of bodhisattvas. Similar to the east wall in 

cave 285, the south wall also deploys a preaching scene. These two caves are the earliest 

dated caves among Mogao caves, representing peculiar mural features at the 

preliminary stage. 

 
39 “Dunhuang Mogao Caves,” Encyclopedia of China, Dunhuang Caves.  



      

 

 

 

20 

                                       

 

 

2.3.2 Sui and Tang Dynasties  

After emperor Wen of Sui (A.K.A Yang Jian) founded the Sui dynasty (581 CE – 

618 CE) and reunified China after centuries of division, China had entered a period of 

“golden age” of cultural prosperity and population growth. As a Buddhist, Yang 

advocated Buddhism across the country instead of spreading Confucianism. Even 

though the Sui dynasty only existed a few decades, it initiated the long-term admiration 

of Buddhism in the Tang dynasty (608 CE – 907 CE) that followed. Within these two 

dynasties, the mural arts in Dunhuang reached its heyday. Over sixty percent of the 

caves among all Mogao caves were constructed during this time, including a few 

grandiose Buddhist sculptures such as the Northern Giant Buddha (height: 35.5 meters) 

and Southern Giant Buddha (height: 26 meters); the cave 148 even includes 72 distinct 

Buddhas, which forms the largest Buddha’s collection among all caves.40 

This digital project selects two caves respectively from the Sui and Tang dynasty, 

displaying diverse Buddhist themes and introducing the concept of “Sutra illustration” 

in wall painting.41 Resembling first two caves from Northern and Southern dynasties, 

cave 420 has truncated pyramidal ceiling and three niches; however, the niches are on 

three separate walls and four ceilings feature more Buddhist objects such as lotuses, 

winged beasts and laternendecke motifs rather than merely highlighting Buddhas.42 The 

 
40 “Dunhuang Mogao Caves,” Encyclopedia of China, Dunhuang Caves. 
41 “Dunhuang Mogao Caves,” Encyclopedia of China, Dunhuang Caves. 
42 “Mogao Cave, 420, Sui,” Digital Dunhuang, Cave 420, accessed February 18, 2023, https://www.e-

dunhuang.com/cave/10.0001/0001.0001.0420. 
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Laternendecke (lit German meaning “lantern ceiling”) can be explained as “type of 

triangular corner truss-bracket ceiling construction”43 and display as a “3D geometric 

coffering”. Originated from the Ashkhabad, Turkmenistan, Mogao caves received this 

motif and has been incorporated into in-cave Buddhist religious contexts, thus formed a 

patterned way to display across the dynasties.44 If visitors review the digital caves in 

chronological sequence, they could find some similarities between cave 285 and cave 

420, where the designers adapted the same Laternendecke construction motif.   

 Other caves built in the Tang dynasty period even have multiple painting style 

variations, including Diamond Sutra illustration (金刚经变), The Avatamsaka Sutra 

illustration (华严经变), Iankavatara Sutra illustration (楞伽经变), which reflect a 

continuous growth of Buddhist sects and the prospering of Buddhist culture in the Tang. 

Moreover, because of emperor Yang’s accolades of Buddhist culture, painters in the 

Tang had already developed delicate art skills, so some scholars are agreed those cave 

murals represent the highest level of Dunhuang arts; while some artists hold the 

opposite view, since they think late Tang formed a stereotypical pattern, which limits 

new artists creative possibilities.45 

 
43 Higuchi, Takayasu with Gina Barnes. “Bamiyan: Buddhist cave temples in Afghanistan.” World 

Archaeology 27.2 (1997) 282-302.  
44 Hannah Kate Simon, “Hybridity, Appropriation and Transmission: The ‘Laternendecke’ in Buddhist Cave 

Temples at Mogao.” Institute of Classical Architecture & Art, (2018), DOI: 10.13140/RG.2.2.15194.80323, 4-6.  
45 “Dunhuang Mogao Caves,” Encyclopedia of China, Dunhuang Caves. 
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2.3.3 Five Dynasties  

In the late Tang, China experienced an era of political upheaval, so it entered 

another division stage, called the Five dynasties and Ten Kingdoms period (907 – 979 CE). 

During this period, the central government collapsed; albeit Song dynasty ruled the 

south of China, the ultimate reunion was until Yuan dynasty (1271 – 1368 CE). The 

mural arts in Five Dynasties inherit most features from the Tang era, still focusing on 

Sutra illustration.46 The murals in these period honor more of the cave donors, so artists 

draw more commemorative mural portraits for these providers, such as the Cao family, 

princess of Uigur and the King and Queen of Kingdom Khotan (56 – 1006 CE). 

The cave 061 has the most representative huge fresco titled the “Painting of 

Mount Wutai”, which spans more than fifty square meters, including substantial details 

of human activities and peculiar social events. The southern wall gives credit to the cave 

donor Cao family by drawing their portraits in murals, so some scholars believe cave 

061 is a “Merit cave” to deploy Cao family’s admiration of Buddha and Buddhist 

culture.47 Compared with Tang dynasty, the structure of the cave itself was not heavily 

changed; the painting style follows the same patterned ways, using vivid colors to 

deploy human figures and scenes. After the Five Dynasties, scholars suggest that most 

new cave and mural arts rely on existing structures and techniques instead of creating 

 
46 “Dunhuang Mogao Caves,” Encyclopedia of China, Dunhuang Caves. 
47 “Mogao Cave, 061, Five Dynasties,” Digital Dunhuang, Cave 061, accessed February 18, 2023, 

https://www.e-dunhuang.com/cave/10.0001/0001.0001.0061. 
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impactful innovative art style; most scholars thus recognize Five Dynasties as a turning 

point from artistic blossoming to stagnation.48 

2.3.4 The Concept of “Feitian” 

One motif that would help introduce digital viewers to the complexity of the 

caves and their history would be the concept of “Feitian.” Feitian, also known as “flying 

in the sky”, is an ancient Indian mythology referring Gan Dapao and Tinnaro who are 

proficient in song and dance.49 The flourishing of Buddhism also brought this artistic 

form into China, fostered, and localized the “Feitian” figure in Dunhuang mural arts. 

After thousands of years, over 270 caves among all Mogao caves contain 4,500 Feitian 

figures. The first Feitian was developed during the Wei era, developed in the Northern 

Zhou and Sui dynasties, and eventually peaked in popularity during the Tang. Similar 

to other mural illustrations, the Feitian figure fell into stereotypical figures after Tang 

dynasties and continue declining since Five dynasties based on artistic critics. As the 

most notable mural image among all caves, it is valuable for an audience to review 

different generations of Feitian and analyze what the variations entail over thousands of 

years. Therefore, my digital project selects a few Feitian murals from different caves and 

 
48 “Dunhuang Mogao Caves,” Encyclopedia of China, Dunhuang Caves. 
49 Ruifang Zhang, “Research on the Elements of Costumes in Dunhuang Feitian Art,” 2018 International 

Conference on Culture, Literature, Arts &Amp; Humanities (ICCLAH 2018), 2018, 

https://doi.org/10.25236/icclah.18.019. 
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time periods, displaying them within a common gallery view for the audience to learn 

the development of Dunhuang Feitian art.  

  In this gallery view, more than 30 Feitian murals are selected. In Wei dynasty, 

Feitian was painted using heavy brushes, focusing on Autofa Painting technique, in 

which soften the transition between different colors, and color-gradation techniques. 

The Feitian figure during this era are all “skinny faces” and highlight agile body 

movements. In the Sui and Tang dynasties, the Feitian art was especially influenced by 

noble ladies in the central palace (宫廷仕女) and Buddhist theories from India, 

emphasizing dynamic actions of dancing and music playing.50 Meanwhile, these foreign 

gestures and type of costumes blended with a Chinese-style flying art, promoting 

diverse art illustration such as a half-naked body with long-sleeve dress and unstrained 

body actions. Given the blending of Chinese and non-Chinese elements, this change in 

the Dunhuang mural arts cannot be separated from political enlightenment such as 

open-door policy, domestic economic growth, and the open mind towards oversea 

culture evidenced in the Tang and Sui.51 Since the Five Dynasties, even if Feitian mostly 

imitated features from the Tang and Sui, artists began to individualize peculiar features 

 
50 Zheng and Tai, Fei Tian Scroll, 5-10. 
51 R. Zhang, “Research on the Elements”, 87-89. 
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of single bodies and adopt new painting techniques, particularly emphasizing the 

elegance of dancers.52 

 As a crucial concept in Dunhuang mural arts, Feitian is an integration of ancient 

Chinese culture and Indian Buddhism; it is also a demonstration of historical, cultural, 

philosophical, aesthetical, and political shifts. The elements and body figures not only 

coordinate with the in-cave painting style, but also work as a solid reference of historical 

and social events. Therefore, the research about Feitian arts in this digital project can link 

to other forms of Buddhist culture and traditional Chinese culture, which unlocks the 

door for audiences to interact with other representative cultural artifacts. Such 

complexity justifies choosing the Feitian concept as a key example for a digital 

exploration aimed at public education and cultural preservation. 

 

 

 

 

 

 

 
52 Zheng and Tai, Fei Tian Scroll, 5-10. 
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3. Literature Review and Existing Projects 

3.1 Cultural Heritage Protection and Digital Methods 

As the quintessential record of past generations, examples of cultural heritage—

whether as tangible or intangible assets—are products of specific social, cultural, 

historical, and intellectual conditions. Heritage not only engages more traditional 

historical scholarship, but also can be a subject of more peripheral public expressions 

and grouped discourse.53 UNESCO defines cultural heritage as “the legacy of physical 

artifacts and intangible attributes of a group or society that are inherited from past 

generations, maintained in the present and bestowed for the benefit of future 

generations.”54 Even if there are distinctions between different types of heritage such as 

archeological sites, monuments, paintings, sculptures, and even intangible memories, 

scholars are sparing no effort to preserve these meaningful artifacts.  

Before the ubiquitous use of the World Wide Web Service (1993) and the 

introduction of innovative digital methods, scholars used traditional physical methods 

to conserve and exhibit cultural heritages’ lifespan. Some heritages have been preserved 

in museums or displayed in exhibitions55, while other have been recorded as 

photographs, manuscripts, or hand drawings. Since most traditional methods require 

 
53 Forsking I Halmstad Nr. 24 & Hogskolan I Halmstad, Cultural Heritage Preservation: The Past, the Present 

and the Future, Halmstad University Press 2018, 9.  
54 “Cultural Heritage,” UNESCO, July 21, 2022, 

https://en.unesco.org/fieldoffice/santiago/cultura/patrimonio. 
55 Forsking I Halmstad & Hogskolan I Halmstad, Cultural Heritage, 12. 
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on-site visit, there are certain time and space limits for the global audience to approach 

some heritages sites; likewise, there are existing case studies of stolen cultural heritages 

that, of course, also makes them inaccessible. For instance, the Nazis had pillaged more 

than 21,000 heritage pieces for Hitler’s Museum, and some of them are still missing or 

spread to the globe through the postwar art market, such as Louvre and the French 

museum today.56 Some physical relic sites, such as the Mogao Caves, which we focus on 

this thesis project, also suffering deteriorations and human activities which damage the 

site. However, traditional methods, especially physical exhibitions, have limited 

accessibility for some general audience and long-lasting preservation, and the wide 

distribution of objects around the world means that they are not viewable together on 

site. 

With the rising “digital age”, people have realized they are living in a world 

where computers are omnipresent, and in which scholars begin to take the advantage 

and utilize new technologies in the study of broader social science field.57 Since 2004, the 

value of digital technologies has been extensively recognized, so more scholars started to 

implement digital methods and software tools into humanities. The wide use of the Web 

was the first area for historians to develop cultural and historical projects beyond 

 
56 Paige S. Goodwin, “Mapping the Limits of Repatriable Cultural Heritage: A Case Study of Stolen Flemish 

Art in French Museums”, University of Pennsylvania Law Review, Vol. 157, No. 2， 2018, p673-675.  
57 Thomas L. Evans and Patrick T. Daly, Digital Archaeology Bridging Method and Theory (London: Routledge, 

2006), p2-3.  
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physical space, so it became an alternative platform for presenting cultural sources, 

while the knowledge of computational tools also favored a thoroughly digital 

transformation. Scholars today use geo-referencing tools, 3D modeling, digital mapping 

text/image analysis, photogrammetry, and social media platforms among other 

methods.58 This creative work brings together multiple disciplines, including “different 

crossovers between computing and arts” and promotes the exponential growth of digital 

sophistication.59 The growth of digital approaches unlocks the door of artifact’s 

recreation, representation, and demonstration, as well as provide an innovative way to 

understand the past.60 

One of the most effective digital approaches for reconstructing and preserving 

cultural heritage is 3D (Three Dimensional) modeling. In general, the 3D model is “a 

digital representation of the 3D geometry of an object”, and the dimensions are 

represented by X, Y and Z axes, in a Cartesian coordinate system. The 3D model allows 

historians to view the object from all perspectives and can even measure and rotate the 

object for further research.61 This innovative visualization forms several concepts, such 

as of “3D digital documenting”, “digitsation” and “3D digital reconstruction”. The term 

3D modeling is a general concept, which refers to a digital recreation of a physical object 

 
58 Stephen Robertson, n.d., accessed February 18, 2023. 
59 Economist Intelligence Unit N.A. Incorporated, The book of numbers: Digital humanities, 1-2.  
60 Evans & Daly, Digital Archaeology, 2.  
61 Ján Zachar, Milan Horňák & Predrag Novaković, “3D Digital Recording of Archaeological, Architectural 

and Artistic Heritage”, University of Ljubljana, Faculty of Arts/Univerza v Ljubljani, Filozofska fakulteta, 

CONPRA Series, Vol. I, DOI: 10.4312/9789612378981, 15. 
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in X, Y, Z dimensions. 3D digital documenting, namely digitastion, is a recording 

process of a real object in three dimensions with the use of 3D scanning. While 3D 

reconstruction means using imagery to rebuild the scene or objects from scratch in 3D 

software, such as Maya and Sketchup.62 This thesis project land in the field of 3D digital 

reconstruction by creating 3D virtual cave spaces referenced by cave photos. The 3D 

modeling technique has evolved beyond design a single object, it became a new method 

for archaeology and cultural heritage digital preservation. Even if the 3D model cannot 

be a substitute for the physical space, it has been used for many purposes to support 

new emerging media tools such as virtual museum exhibitions, web-based 3D 

geographic systems, virtual reality graphic applications, aging simulation, and 

computer-aided restoration.63  

For my project, constructing a virtual museum is an especially useful approach. 

Beyond displaying single models, a virtual museum can be used to collect 3D models, 

publish them online, and ultimately foster a “personalized, interactive, immersive 

experience” that enhances the understanding for all audiences.64 Put in another way, the 

virtual environment allows users to join “sensorimotor and interpretive faculties” and 

 
62 J Zachar, M Horňák & P Novaković, “3D Digital Recording…”, 17. 
63 Fabio Remondino, “Heritage Recording and 3D Modeling with Photogrammetry and 3D Scanning,” 

Remote Sensing 3, no. 6 (2011): pp. 1104-1138, https://doi.org/10.3390/rs3061104, 1105.  
64 Graeme Earl, Laia Pujol, and Anna Lorente, “The Virtual Museum: A Quest for the Standard Definition,” 

in Archaeology in the Digital Era: Papers from the 40th Annual Conference of Computer Applications and 

Quantitative Methods in Archaeology (CAA), Southampton, 26-29 March 2012 (Amsterdam: Amsterdam 

University Press, 2014). 40.  
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adapt to various circumstance, even if the physical material is not accessible to the 

public.65 Compared with a traditional museum in which an audience passively absorbs 

knowledge, a virtual museum can emphasize the value of individual experience, so the 

audience can actively interact with inside stories and intrigue the simulation. In a 

physical environment, one difficult task for general audience is “creating metaphors and 

languages able to attract” and arouse the feeling of self-acknowledgement and sensing. 

Technologies in museums, especially in virtual museum, are easy to advance and trigger 

active interactions;66 also, it is an instrumental tool for audience to obtain sources as well 

as enhance the appeal.  

The complex spaces of Dunhuang, both compact in their display of in-cave 

objects but also spread over a somewhat extensive terrain, indicates that the mapping 

methods may also be helpful for an historical understanding in a digital environment. 

To demonstrate geographical features surrounding the Mogao caves, this thesis project 

uses GIS (Geographical Information System), which is a digital method for merging 

cartography, database technology, and statistical analysis.67 It is capable of handling 

geographical data and project map data in an “Earth coordinate system” and to 

 
65 Maurizio Forte, Stefano Campana, and Eva Pietroni, “From Remote to Embodied Sensing: New 

Perspectives for Virtual Museums and Archaeological Landscape Communication,” in Digital Methods and 

Remote Sensing in Archaeology (Cham: Springer International Publishing AG, 2017), 437-438.  
66 E. Pietroni, “From Remote to Embodied Sensing…”, 339-440. 
67 Stefano Campana, Fabio Remondino, and Giorgio Agugiaro, “2D & 3D GIS And Web-Based 

Visualizations,” in 3D Recording and Modelling in Archaeology and Cultural Heritage: Theory and Best Practices 

(Oxford: BAR publishing, 2016), 103.  
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implement spatial analysis with a geo-data model. Due to this character, GIS can be used 

in almost all software system and integrate with various computational tools, such as 3D 

models and web-based visualizations, to deploy the spatial affordance.68 Web Mapping 

queries certain form of topographic data and runs on a web browser on the Internet, 

which expand data dynamically and interactively. Since the data can be harnessed in 

various ways, it provides more flexibilities for users to develop the web-based 

geographical content. The current adoptions of web protocols include WMS (Web Map 

Service), WFS (Web Featured Service) or WCS (Web Coverage Service),69 and hosting 

platforms such as ArcGIS StroryMap, which was used for online publication in this 

thesis project, which aims to provide a broader view of the Dunhuang City and 

encourages users to learn the real city, instead of simply reviewing murals.  

Even though GIS is acknowledged as the most significant software for 

archaeological data analysis and management, the 2D system limits GIS for advanced 

visualization and demonstration.70 Put in another way, the users cannot gain substantial 

information or immersive experience through a flat plane. The integration of 3D models 

and GIS unlocks the door for 3D-GIS, which advances the map from the flat map to 

high-accurate, dimensional data. Moreover, this specific type of 3D data has a unique 

 
68 G. Agugiaro, “2D & 3D GIS…”, 104. 
69 G. Agugiaro, “2D & 3D GIS…”, 110.  
70 Maurizio Forte, Stefano Campana, and Dell’ Unto Nicoló, “Using 3D GIS Platforms to Analyse and 

Interpret the Past,” in Digital Methods and Remote Sensing in Archaeology Archaeology in the Age of Sensing 

(Cham: Springer International Publishing AG, 2017), 309. 
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capacity to demonstrate the material cultural of the object, 71 which provides 

archaeologists with a simulated culture and enables a more holistic review than 

traditional digital methods.72 In 2009, the first 3D GIS prototype was created, which 

incorporates map data, high-resolution 3D models and VR techniques for cultural 

heritage research.73 Two years after, the project members expanded this project to 

include a virtual heritage exhibit, which can be widely adapted to different setup 

environments such as classrooms, traditional museums, and galleries. This pioneering 

project uses interactive and immersive technologies, which appeal to users and different 

learning styles.74 

After engaging 3D modeling and GIS, physical heritage sites ultimately entered 

cyberspace, and curators and site professionals began to present heritage to the audience 

via VR (Virtual Reality), AR (Augmented Reality), and MR (Mixed Reality), which all 

shared the same umbrella of XR (Extended Reality). The VR environment, which is an 

artificial world built upon the existing or non-existing environments, allows public users 

to be completely immersed into a 3D multi-dimensional space.75 While AR is 

superimposed on the real world so users can experience through general mobile devices 

 
71 Heather Richards-Rissetto et al., “Geospatial Virtual Heritage: A Gesture-Based 3D GIS to Engage the 

Public with Ancient Maya Archaeology,” Archaeology in the Digital Era, January 2014, pp. 118-130, 

https://doi.org/10.1017/9789048519590.013, 119.   
72 N. D. Unto, “Using 3D GIS Platforms…”, 309. 
73 Rissetto et al, “Geospatial Virtual Heritage…”, 118-119.  
74 Rissetto et al, “Geospatial Virtual Heritage…”, 119. 
75 Carolyn Handler Miller, “Chapter 17: VR, AR and Mixed Reality,” in Digital Storytelling: A creatorś Guide to 

Interactive Entertainment (Amsterdam: Focal Press, 2004), pp. 118-130.  
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such as smartphones, tablet computers, and iPad. Unlike VR, the AR technology can be 

applied to various endeavors, such as gaming, journalism, medical use, information 

system, film production and retail. These new forms of arts amplify the virtual potency 

and featured different approaches for the audience to access the content. Either VR or 

AR is effective simulation tools, while VR focuses more on narrative works, only a few 

narrations are functional on AR applicants. The explosion of XR technologies paved a 

new way for digital storytelling, which forms an interactive, immersive, and simulated 

narrative.76 This digital project is land in the field of VR to present the Mogao caves, 

which allows users to have an immersive, engaging in-cave experience.  

3.2 Existing Projects 

In recent decades, cultural heritage has confronted tremendous challenges 

including human activities, the conditions of the natural environment, and earthquakes, 

which all jeopardize the sustainability of the physical site especially at places like 

Dunhuang. Given these shared problems, the demand for cultural heritage preservation 

is a global phenomenon.77 As I discussed earlier in this paper, there are many emerging 

technical tools can unlock the door for sustainable solutions, unlimited usability, and 

long-term access. Despite different sites requiring different digital methods, all heritage 

institutions are responsible for building collections, data processing/indexing, in-person 

 
76 C. H. Miller, “Chapter 17: VR, AR and...”, pp 120-130. 
77 Wu-Wei Chen, “Body as Echoes: Cyber Archiving of Buddhist Deities in the Cave Temples of China,” 

Digital Cultural Heritage, 2019, https://doi.org/10.1007/978-3-030-15200-0_9, 109-120.   
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presentation, educational knowledge transfer, and content preservation.78 In this section 

of the chapter, this thesis will analyze a few examples, which represent the different 

approach of digital storytelling and demonstration. These examples were chosen for 

their relevance to the final digital project described in the next chapter. 

Alongside 3D modeling, VR and AR are particularly useful for building an 

immersive environment.  They have become exceptional preservation methods for 

academic research, education, and communication because of the ability to reconstruct 

the physical environment. One example of a 3D reconstruction is the Neolithic 

Settlement of La Draga, which is a prehistoric architectural dwelling settlement.79 The 

3D representation allows detailed demonstrations such as light, shadow, wall sloping, 

and roof height, so scholars can explore the archaeological features from different 

perspectives, in which they can gain new insights and do functional analysis. The La 

Draga project consists not simply of a few 3D models, it also creates a high-dimensional, 

simulated environment and implements conceptual models into BIM (Building 

Information Model). As a critical 3D and typological data collecting model, BIM 

facilitates the model processing and signify the data-rich approach in this project, which 

 
78 R. Däßler and U. Preuß, “Digital Preservation of…”, 110.  
79 Horst Kremers et al., “Rebuilding the Past: 3D Reconstruction and BIM Analysis of a Neolithic House at 

La Draga (Girona, Spain),” in Digital Cultural Heritage (Cham, Switzerland: Springer, 2020), 157-158.  
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can display the archaeological data and 3D reconstruction hypothesis about the missing 

components in physical La Draga house.80 

Another example of digital heritage relevant to this project is a virtual museum: 

Late Roman Towers, which integrates 3D modeling and VR applications, is a relevant 

example. Similar to the La Draga project, this virtual museum builds upon Milan’s 

sufficient historical and cultural monuments; and VR devices give opportunities for on-

site exploration.81 Since the traditional topographic survey method cannot deliver a 

satisfactory result because of less accessible areas, this project was conducted through 

photogrammetry and image-based modeling, followed by detailed GIS referencing and 

calibrated 3D modeling.82 The La Draga project consolidates the choice of VR instead of 

other 3D demonstration such as AR, while the Late Roman Towers paves a way for 

adding geographical reference into this thesis project.  

Another highlight of the Rome project is data acquisition, which drastically 

enhances the quality of documentation and make the processing time more efficient. The 

primary goal of this project is to preserve the historical tower in high fidelity 3D models, 

and the 3D model is extremely significant for enabling continuous research within this 

 
80 Horst Kremers et al., “Rebuilding the Past…”, 166.  
81 Horst Kremers, Simona Morandi, and Marco Tremari, “Virtual Representation of Archaeological 

Stratigraphy. 3D Modeling and Interactive Presentation of the Late Roman Towers (Archaeological 

Museum, Milan Italy),” in Digital Cultural Heritage (Cham, Switzerland: Springer, 2020), 390.  
82 Horst Kremers, S. Morandi & M. Tremari, “Virtual Representation of…”, 392-393. 
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virtual space.83 This thesis project also heavily relies on image-based modeling, so the 

Late Roman project provides feasible references in modeling developing stage. 

Therefore, this project is a strong reference for the thesis project since it particularly 

produces effective technical solutions, research and communication of the natural 

landscapes and physical heritage sites.84 

The third project example, “Body as Echoes,” which is a platform that aggregates 

visualizations of Buddhist historic sites, shares the same theme of Chinese traditional 

Buddhist heritage with the Dunhuang cave. It also uses 3D models to archive the 

heritage site, objects, and structures, but it advanced the conservation effort by 

integrating point cloud visualization and web-based interactions.85 This project hence 

inspired me to create a web-based GIS StoryMap, which integrates all forms of objects in 

one place so provides a fruitful content supplement beyond the VR space in Unity. 

When Chen and his team developed this project, the most challenging task was finding a 

solution to assure the “stability and accessibility for equipment” of the target cave 

temples. Meanwhile, the challenges of documenting Buddhist temple also include 

difficulties with the natural environment and human activities, such as collapsing cliffs, 

unreachable niches and narrowed boardwalks. The weather changes also bought 

 
83 Horst Kremers, S. Morandi & M. Tremari, “Virtual Representation of…”, 398-399. 
84 Horst Kremers, S. Morandi & M. Tremari, “Virtual Representation of…”, 399. 
85 W. Chen, “Body as Echoes…”, 119. 
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uncertainties to power supply, lighting, and color temperature.86 Even though this thesis 

project was based on Internet resources rather than onsite exploration and 

documentation, these challenges are still worth discussing as they might block the way 

of accurate sculpting process and authentic look. They also suggest directions for future, 

on-site work.  

Nonetheless, the digital working methodologies of Body as Echoes can also be a 

strong reference point for this thesis project. One innovative technology they used was 

the employment of archived images for 3D reconstruction, which can fill the gap of 

unexpected damages and deconstructions in the archaeological site. The utilization of 

archived images improves the accuracy of VR display, and the techniques adopted by 

RWTH such as mapping, panorama view and 360-degree web immersion all helped for 

disseminating the cultural heritage conservation. The web-based platform enables users 

to look into the cave and navigate around the place, so users can easily observe the 

structure of the deity.87 Therefore, this thesis project adopts this similar methodology, 

using ArcGIS StoryMap for online publications and demonstrations. More details will be 

introduced in the following chapter.  

Another representative digital Buddhist heritage site relevant to this project is 

“Pure Land”, which uses AR technology to inhabit the Dunhuang Mogao Caves. This 

 
86 W. Chen, “Body as Echoes…”, 121-123. 
87 W. Chen, “Body as Echoes…”, 127-129. 
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digital installation merges high-resolution archaeological datasets into an immersive, 

interactive system, which allows the visitors to interact with AR visualizations (see fig. 

13).88 The multi-layered settlement brings aesthetic, narrative, and spiritual meanings 

into the stable mural background, which simulates a sense of “being there” and “co-

presence with the past”. More specifically, the Pure Land project uses AVIE (Advanced 

Visualization and Interaction Environment) to build the user interface in theatre, where 

users can perambulate a true size cave 220. The visitors can interact with the digitally 

rendered cave through the mobile devices such as tablets and phones, as they are able to 

view all the details of the cave and architecture via the mobile windows.89 As a result, 

the Pure Land project further contextualizes the development of virtual heritage as well 

as provide insights of digital installation and building immersive experience in this 

thesis project.  

3.3 Limitations of Current Projects & Methodologies 

The rapid development of information technologies has fostered many virtual 

installations, including virtual museums, multi-media, and hypermedia applications. On 

the one hand, this digital boom leads to new possibilities for the preservation of 

archaeological sites, conservation, and the goals of education and research analysis. On 

the other hand, scholars are skeptical about the key concept and terminology of digital 

 
88 Sarah Kenderdine, “‘Pure Land’: Inhabiting the Mogao Caves at Dunhuang,” Curator: The Museum Journal 

56, no. 2 (2013): pp. 199-218, https://doi.org/10.1111/cura.12020, 199.  
89 S. Kenderdine, “’Pure Land’: Inhabiting…”, 199-120. 
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applications since the relationship between “object and information” and “real and 

virtual” is still debatable. This argument leads to more discussion about the tension 

inherent in a “real-virtual divide:” since the museum visiting experience is based more 

on reality, some scholars believe the video screen tour or virtual tour cannot substitute 

for the physical site. The metaphysical dimension in the real world is hard to describe, 

so visitors can recount a memorable personal touring experience in physical museums; 

he believes the virtual museum viewing experience is a “media experience” instead of a 

“museum experience”.90 Apparently, the virtual experience still stays in a “grey area,” 

especially when scholars need to categorize the digital evidence, which can only be 

preserved in online spaces.  

Despite the significant advantages they offer, the new and emerging media tools 

also impose restrictions. The arguments of the “real-virtual divide” lean more to cultural 

and ethical issues, but the techniques themselves indeed have drawbacks.91 VR cannot 

reproduce the full complexity of the real objects, and the computer-based graphic 

system are based on partial evidence, which can mislead and give a false impression of 

the accuracy of the depiction of the past. Meanwhile, since many heritage objects have 

missing elements, scientists have to use their personal assumptions to reconstruct them. 

 
90 Werner Schweibenz, “The Virtual Museum: an overview of its origins, concepts and terminology”, The 

Museum Review, Vol 4, Number 1, 2-3. 
91 Sylaiou Styliani et al., “Virtual Museums, a Survey and Some Issues for Consideration,” Journal of Cultural 

Heritage 10, no. 4 (2009): 524-525, https://doi.org/10.1016/j.culher.2009.03.003. 
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This process can lead to potential bias since the object is not scientifically accurate. 

Moreover, since the virtual installations are all based on the computer, computer 

illiterates will be automatically excluded from the virtual exhibits.92 These limitations 

add more uncertainties to virtual figures, as well as help this thesis project to define 

more problems before the digital methodology has been implemented.  

 

 

 

 

 

 

 

 

 

 
92 S Sylaiou Styliani et al, “Virtual museums…”, 525-526. 
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4. Digital Project Implementations 

4.1 Data Collection 

Since this project was developed during 2021-2022 under the shadow of the 

COVID-19 pandemic, the Mogao Cave was inaccessible for general visiting and research 

purposes. When in-person cave exploration and data collection became inaccessible for 

research, finding a stable, accurate data source provider was a primary task for a VR 

application installation. Due to the uniqueness and cultural value of the Mogao Cave, 

this thesis project chose two authoritative and scholar-driven sources: the Digital 

Dunhuang Website, as the primary source; and the digital scroll <The Collection of Mogao 

Cave> to extract mural textures, create proportionable 3D models, write professional 

voice-over content, and simulate the shape of Unity Dunhuang cave, namely the main 

lobby scene before users officially starts.  

The main digital metadata source, the digital Dunhuang website (a.k.a E-

Dunhuang Project) was published by Dunhuang Academy in May 2016 as a permanent 

online Buddhist library for universal access93 (see fig. 14). It contains high-resolution 

pictures from hundreds of caves across ten dynasties, 3D virtual panorama views and 

comprehensive context of all displayed murals (see fig. 15-16). Instead of simply listing 

the mural photos, the E-Dunhuang project has embedded research tools that allow 

 
93 Xiao Hu, “Usability Evaluation of E-Dunhuang Cultural Heritage Digital Library,” Data and Information 

Management 2, no. 2 (2018): pp. 57-69, https://doi.org/10.2478/dim-2018-0008.  
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scholars and other users to promptly find relevant archives by typing keywords. Thus, 

researchers can get a full-scale review of all Mogao caves in minutes and assess all caves 

without physically into the space.  

Over the five-year development of the project, digital Dunhuang has become a 

fully-fledged online library that encloses more detailed-oriented resources. Apart from 

murals, the description pages provide exhaustive historical content with rich metadata 

under target hyperlinks, and it lays out the foundation of audio voice-over text 

resources. Because the physical Dunhuang cave has 360° decorated murals and 

sculptures, the E-Dunhuang project highlights each side of the main chamber, walls, 

pillars, and even the ceiling, to distinguish between similar murals. The panorama 

allows the user to “walk” around the cave, zooming in on specific mural images and 

reviewing the details under high exposure. Therefore, this web-based virtual tour and 

mural source fills the blank as it provides reliable, solid scholarly sources.  

           Building on the E-Dunhuang website, the digital project at the center of this thesis 

extracts 56 different mural pieces from six separate caves, including examples from the 

early Tang dynasty (cave 322), Western Wei dynasty (cave 285), Sui dynasty (cave 420), 

Northern Zhou dynasty (cave 301), and Five Dynasties (cave 061). The mural textures 

cover all side walls, corridor walls, main chamber ceilings, and corridor chamber 

ceilings, so they are crucial evidence for texturing and sculpturing on-wall details in this 

digital project. The panorama view and 360° rotation allow the researcher to determine 
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the shape and structure, so form the two-dimensional drawing before initiating the 

modeling process in Maya.  

           Instead of modeling existing caves, this digital project features a specific 

iconographical component, “Feitian,” across ten dynasties. As the most peculiar icon 

among all murals, Feitian not only represents the supreme Buddhist art works in Mogao 

cave but also becomes an integral part of Chinese culture. All 36 Feitian murals 

exhibited in the project are extracted from one digital scroll <The Collection of Mogao Cave 

section 15: The Scroll of Feitian>, published by Dunhuang Academy and complied by 

many prestigious scholars. The host complier, Ruzhong Zheng (1932-2022), spent most 

his life to analyze dance and musical part in Dunhuang, especially the theme of 

“Feitian”.94 This scroll thus has been recognized as an authoritative publication of 

Mogao cave and has saved plenty of high-resolution Feitian murals. Most murals are 

displayed in chronological sequence and align with the substantial context of each 

timeframe. Referenced by published virtual museum models, this “Feitian” cave chooses 

a walk-through museum mode, which presents a gallery view for visitors.  

4.2 Image Processing 

Since most of the mural images are downloaded from E-Dunhuang website as 

second-hand sources, it needed further steps to make the murals texturable. Firstly, the 

 
94 “深切缅怀郑汝中先生,” 深切缅怀郑汝中先生-敦煌研究院, accessed February 21, 2023, 

https://www.dha.ac.cn/info/1019/4288.htm.  
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images’ resolution and size need to be adjusted, which assured the processed images 

adapted to prospective models. After saving all files to local disk, the selected murals are 

rendered in Adobe photoshop with light adjustment, contrast changing, watermark 

removing and resizing. The primary reason for doing this is because all caves will be 

reset in Unity scenes, so this step can help to change the texturable file into “default” 

setting so extend more lighting possibilities in VR setups. All images are properly 

categorized and measured based on its spatial position in Adobe Illustrator before 

transferred into Maya for modeling or the Unity project folder.  

4.3 3D Modeling  

This project includes three different types of models: first, the traditional Chinese 

architectures displayed in ArcGIS Pro, which leads to a creation of 3D maps of the 

Dunhuang city (See fig. 17-20). Second, the five cave replicas of five distinct physical 

Mogao caves. Third, the two innovative scenes referenced by 3D artists, “Feitian” gallery 

and the stoned lobby scene. The VR design, as the main focused digital component, 

provides immersive in-cave experience for users. However, because of the substantial 

cultural and historical content that the Dunhuang city and Mogao caves carry, I decide 

to use ArcGIS Pro to display the local landscape, condition, and customs. The stoned 

lobby scene is an artificial enclosed environment, which is used for scene switching so 

users can shift between different dynasties without physical movement. The Feitian 
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gallery is a more improvised model, which adapts some concepts from traditional 

museums and gallery so users can review all representative Feitian murals in one place.  

The traditional Chinese spaces are embedded in Arc GISPro to display a 3D 

landscape map. Instead of creating replicas of the local architecture, the models are 

operating as representations of traditional Chinese architectural features such as 

bilateral symmetry, horizontal emphasis, and cosmological concepts95. Meanwhile, the 

models retain local features, so users can find the reflections of Nine Storey Tower and 

the Ci Shi Tower from the map models.  

The VR setting includes 7 different models: one as main lobby scene, works as a 

transitional place for audience to shift between different scenes (see fig. 21-22); five 

replicas referenced by five physical caves in physical Mogao Cave (see fig. 23-32); and 

one ramification gallery model “Feitian” (See fig. 33-34). All models are created in 

Autodesk Maya: a professional 3D software for visual artists to create “realistic 

characters and blockbuster-worthy effects”.96 Also, all models are started with the raw 

cylinder and cubes, with the help of intuitive modeling tools, the cave models are 

properly shaped and simulated into engaging scenes.  

 
95 Knapp, Ronald G. Chinese houses: the architectural heritage of a nation. Tuttle publishing, 2012.  
96 Information was retrieved from Maya Software official website, https://www.autodesk.com/.  
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The modeling process of first five replicas follows the same workflow: 1. 

Measure all units in physical cave and calculate the model’s size; 2. Build up the cave 

structure, including walls, ground, and ceilings; 3. Texture all rendered mural images 

and sculpt details on cave walls; 4. Export the models into separate fbx. files before 

importing the files into Unity. Since the “Feitian” gallery model does not have realistic 

reference, it takes a few virtual museums as examples. The gallery model structure 

mirrors “Virtual Reality Gallery” model from an 3D sources website Sketchfab, and 

murals are textured in frames in this scene. Similarly, the “Lobby” scene at the 

beginning uses a stone cave style model from Unity asset store as a reference, aiming to 

bring visitors into the scenario and trigger the immersive, engaging experience. 

4.4 Unity Scene Setup  

Compared with multiple potential VR development software such as Unreal 

Engine, this project’s interactive scene ultimately was built in Unity, a cross-platform 

game engine that interconnects with a variety of console, mobile and virtual reality 

game development. In short, Unity is an effective toolset to create games and compile 

various components such as graphic, sound, physics, and human interactions in the 

same space. Because of the fast-prototyping capabilities and numerous functionalities 

provided by Unity, this project’s Unity setting chooses basic XR Interaction folder, 

enclosing “input interaction manager” and “XR interaction manager” to trigger the basic 
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on-headset VR experience. After XR Origin has been embedded, all completed models 

have been imported to seven separate scenes. 

4.4.1 Lighting  

By default, all Unity scenes are presented in daytime, settled with a white 

directional light. However, the physical Mogao cave does not have intense interior lights 

and all in-person visitors use outside area light or artificial point lights to view murals. 

To deliver the most realistic experience as well as provide a clear visual experience, this 

project decides to create a covering skybox to make sure all seven scenes are in dark by 

default; and all directional lights are replaced by point lights. In the physical Dunhuang 

cave, the lights are dim, so on-site visitors are not able to catch the colors and details of 

the mural; while in this Unity world, the use of point lights assures every corner will be 

lighten up.  

The in-cave lighting settings are meticulously selected. In the five replicas and 

the lobby scene, the main light source is area light, separately placing in front of all side 

walls to light up murals; the point lights have flexibilities to highlight smaller areas such 

as buttons and corridor ceilings. The directional light has been placed in outer space, 

facing the background wall so the reflected lights can illuminate the interior as a 

supplement. For the choice of light color, the interior lights all select warm lights to align 

with the physical cave color; while the exterior directional use more cold light style, 

simulating the daytime sunlight to provide a more authentic experience for VR visitors.  
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Following the same lighting style, the Feitian gallery also covered the default 

lightings value with a dark skybox. Since the gallery is an enclosed cube model, this 

scene only embedded area light for hanged murals and buttons. Moreover, all 7 scenes 

are using the same lighting metrics to ensure the users have a smooth transition between 

different virtual space.  

4.4.2 Menu and Buttons  

Although Unity scenes have been created and adjusted, the scenes still exist 

independently. To allow visitors shifting between virtual caves, all scenes must be 

connected. The first menu bar has been set in lobby cave with a concise guided text to 

help users understand the settings; under the floating text there are six different buttons 

named by dynasties. Visitors can use the VR controllers, either left or right hand to click 

the button and trigger the scene transition.  

Instead of basic XR actions, the success of scene transition also relies on the C# 

code #swithbetweenscenes. The reference script coming from Unity official has been 

attached to every button, making every click triggers the scene transition. Eventually, 

the lobby scene acts as a distribution center, pipelining users to target virtual caves; the 

in-cave button are using the same format and coding scripts, which applies the same 

strategy to transfer audience back to main lobby and continue their virtual experience.   
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4.4.3 Additional XR Setups 

Besides the Unity XR settings, this project adds a few innovative XR setups such 

as teleportation, controller X-Rays and audio button, which enhance the usability and 

mobility. The teleportation allows visitors using controllers to walk around the space 

without a physical movement. The teleportation function has been set in a rectangular 

area, overlapping with the ground floor so it becomes invisible to audience. In VR scene, 

users can trigger the teleportation by selecting side exit button on controller. Moreover, 

the X-Ray is automatically embedded in teleportation configuration settings, so users 

can precisely locate the target spot. The X-Ray function also applies to cave buttons, 

which allows users to click the buttons remotely (See fig. 35).   

Since the VR setting emphasizes more on visual effects and provide an engaging 

experience but lack of background knowledge, this project attaches bilingual audio clips, 

English and Mandarin to XR buttons. The buttons can be simply triggered by clicking 

controllers or select the side buttons, activating the X-Ray lines to turn on the audio 

remotely. As a result, visitors can receive the historical background context by listening 

to the sound from VR headset, which fills the gap of missing text information in virtual 

space. Overall, the additional XR setups bring more possibilities into the scene and 

enhance the appeal for VR users.  

Throughout the digital part, the XR interactions definitely brings more creative 

interpretation into the virtual space, but it also helps the long-term heritage preservation 
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of the physical Dunhuang cave. As this paper mentioned above, Chinese government 

has executed harsh rules to prohibit mural deterioration, such as limit the visiting time 

and install handrail in front of the cave walls to keep a safe distance, so onsite visitors 

usually don’t have a chance to review all mural details. However, in this digital world, 

the audience are more mobile to move around and have a chance to extend their 

duration of stay.  

4.5 The Use of ArcGIS 

 In addition to Unity, this project uses ArcGIS Pro and ArcGIS StoryMap as a 

supplement to create an online web page. As a cloud-based mapping tool, ArcGIS 

provides mapping and data analyzing solutions. The goal of ArcGIS Pro is creating a 3D 

map for users to review the 3D landscape of the Dunhuang city before they enter the 

virtual cave, while the ArcGIS StoryMap is an effective web slide tool for content 

demonstration. Since the users have limited access to background context in the VR 

setting, the web based StoryMap page supports the virtual tour with solid, 

comprehensive historical content. Moreover, the Unity settings requires more expense 

for essential instruments such as VR headset and high configuration personal computer 

(PC), so a public-facing website is crucial for communicating knowledge with more 

users who interested in this culture heritage site. 
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4.5.1 The ArcGIS Pro  

Similar to VR settings, the development of GIS map also begins with data 

collection. All usable data are gathered from OSM (Open Street Map) and DEM (Digital 

Elevation Model) and layered to 3D GIS map. Rather than using black and white 

topographic image dataset, the DEM data choose gradient ramp which highlights the 

change of elevation (see fig. 36). After embedded all layers, GIS map users can view or 

select all topographic features such as elevation, local infrastructures, buildings, and 

roads (see fig. 37). When all map data has been settled, the architectural models have 

been imported to local map scene and align on target spot (see fig. 38). The GIS 3D map 

provides a comprehensive perspective as well as broaden users’ horizons from interior 

Mogao cave to exterior natural surroundings. 

4.5.2 The ArcGIS StoryMap 

As one of the most powerful mapping software suites, ArcGIS Pro can demo the 

best 3D map, although it has several limitations for open public and universal access. 

Affiliated to GIS software system, ArcGIS StoryMap is a fascinating web storytelling 

tool, which integrate multimedia strategies such as maps, videos, texts, and photo slides 

to create an interactive narrative for users. Consequently, the StoryMap weaves all 

content together and ultimately deliver a fruitful, informative digital story as a 

supportive background context for VR application visitors; meanwhile, it serves as a 

mini digital archive for the Mogao cave and can be used for future research and digital 

recreation, which benefits the long-term preservation (see fig. 39-41).   
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4.6 Project Demonstration  

The final deliverable of this digital project includes two parts: a VR application 

based on Unity and the steam game platform; and an online public web page including 

express map, topographic map images, city models, historical context, and relevant A/V 

sources. More specifically, this thesis project launches around the recreation and cultural 

heritage preservation, so the VR component is the primary segment to collect user 

experience; while the StoryMap web page serves as a digital brochure to provide 

supplement content to help users learn and understand this heritage site. Before visitors 

put on their headset, they will first receive a web URL, which is a digital guidance for 

this virtual trip. They can take a glance at the text and video content, so they can learn 

basic relevant information about Chinese history, such as the Silk Road, that will help 

them understand the caves and the iconography. 

Although the transition from 2D web to 3D immersive seems abrupt, it is still 

significant for the visitor to have both parts in hand and constantly shift between two 

applications. As users put on the headset, they will be spontaneously directed into the 

lobby scene with a floating menu, where they can embark their cave journey by selecting 

one dynasty and click the button by using controllers. Before they make their selection, 

they will be directed to click an instructional button, which is an audio guidance for this 

VR tour before they officially start. This one-minute audio provides an overview of this 

VR project and emphasizes the technical guidance when they stay in this immersive 
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space. The scene transition will be instantly triggered, and the same return path will be 

initiated after they select “Main Cave” button. The process can be repeated several times 

until users visit all scenes.  

After the scene switching, users are able to wander around this virtual space to 

get closer to the murals, either through VR teleportation function or physical movement. 

The size of movable space varies, depends on the size of settled place, so the physical 

movement has limitations since the space might be packed. While the teleportation 

eliminates the physical barriers, users can select the target spot to achieve an instant 

moving within this cave. The X-Ray function improves the moving accuracy since it 

offers a visible long ray pointing to the ground; and the color changes imply the 

availability of the selected area, denoting the functional range.  

When they move closer to the mural walls, they can use the controller to activate 

the audio guidance setting in the center of the cave, serving as a tour conductor who 

escorts the cave visitors around the site. The sound text has been retrieved from E-

Dunhuang website, which gives information about the Dunhuang history, mural 

specificities, and cave infrastructure. Moreover, the audio has bilingual language setting, 

so users can choose one preferred language based on personal culture background. In 

short, users might undergo a few migrations between two platforms to digest all content 

and experience the immersive space.  
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5. Values, Limitations, and Future Directions 

5.1 Values  

This digital project unlocks the door for innovative methods to protect cultural 

heritage and historical sites. Since this project provides a 3D version of the Mogao cave 

heritage site, samples all typical caves and mural iconographies, it can be considered as 

a comprehensive archive for long-term preservation. That is to say, immersive 

Dunhuang preserves a huge volume of Buddhist murals and sculptures, so people have 

a chance to trace back a thousand years’ history to see the cultural transformation, 

shifting ideology, and affiliate political progressions, like the Silk Road. Moreover, the 

physical cave has limited access to the public, and executing harsh rules that can limit 

the viewing experience of the in-person visitors. Due to the urgent care needed for 

cultural relic protection, the physical cave forbids flashlights and electronic device, 

builds handrail to distance visitors from murals, as well as controls the sojourning time 

of in-cave visitors. This VR application resolves this issue as users have sufficient time in 

the virtual world to observe the murals and digest the historical content.  

Yet, this effort finally ends up improving user experience and encouraging the 

"in-cave" learning process. It goes beyond just protecting this particular cultural heritage 

site. Instead of replicating the scale of the actual cave, the virtual caves condense the 

murals and intricacies into an approachable range, making it easier for users to see more 

mural details. The inclusion of XR interactions, like audio assistance, scene switching 
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buttons, and teleportation functions, makes virtual spaces more appealing and aids 

users in effectively consuming historical knowledge in this particular site.  

The rules of physical Dunhuang cave not only raise the bar for potential visitors, 

but also unintentionally exclude some people out. As this paper mentioned earlier, 

Mogao cave enacts strict rules to prevent further deterioration; while some marginalized 

groups, such as people in wheelchairs and the blind are excluded from in-cave visit. 

More specifically, disabled people who rely on wheelchair increase the risk of flood 

damage; the absence of in-cave light eliminate the chance of visually impaired people to 

see murals. However, this project provides a universal access that adapt to various body 

conditions, so it equally provide chance for all visitors to have an immersive, engaging 

touring experience. 

In the midst of COVID-19 pandemic and the digital boom, this project also serves 

as a pioneering example of how to explore an alternative way to allow users access the 

cultural heritage site. The pandemic stagnates all international travelling and in-person 

activities, and the virus also enhance the risk of the groups of people in a small, enclosed 

space. Furthermore, with the rapid development of innovative digital methods, scholars 

have implemented simulated virtual environment such as virtual museums, galleries 

and even libraries for worldwide visitors to explore. This remote access more or less 

adds more power to educational field since the virtual applications or multi-media 

device can replace traditional textbooks and develop a new path to express arts in 
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classrooms. Therefore, this project paves a new way for virtual viewing, as well as 

assure audience have access to worldwide cultural relic, albeit under special period.  

5.2 Limitations  

The physical Dunhuang cave includes thousands of murals and sculptures, but 

this digital project merely selects a few representative caves. This selection is personal, 

subjective, and even convinces some stereotypical impressions about the Dunhuang 

cave. If this application has been extensively adopted, visitors are likely having 

stereotypical impressions about the actual Dunhuang cave but only a few features and 

iconographic models, such as Feitian. The physical Mogao cave is also known as a 

library cave that includes thousands of murals across more than ten dynasties, so this 

VR application merely displays a drop in a bucket. In on-site cave tour, visitors have 

more choice to select their targe caves or randomly select a few, while the VR setting 

unintentionally limits the impression and possibilities for virtual users. In this case, this 

digital project definitely limits the possibilities for users to learn about the physical 

dimensions of this historical site. 

Based on user experience, another problem is the dizziness caused by the VR 

headset, especially when they trigger the teleportation function, the agile movement 

might cause some visual fatigue and dizziness. So far, most human subjects were around 

20-25, but only half of them can review all six scenes without dropping off their headset, 

taking a deep breath and then continue. In general, the younger generations are close to 
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new emerging digital tools and have more experience with video games than others, we 

can assume elders have less tolerance of the physical issues inevitably caused by VR, 

which limits the user demographic.  

Another common issue of all virtual exhibitions, including this project, are 

authorship and information security. This immersive application and the digital web 

StoryMap have vulnerabilities and are subject to information security threats. The 3D 

digital space is aimed to reproduce all crucial elements and highlight key features, so the 

copyrights and source abuse might be an issue when the door is open to general public 

users. For instance, the Feitian icon represents the Dunhuang cave, but some YouTube 

choreographers copy the gestures from “Feitian” and remix them in choreography 

without credits. Some influencers recreate the works into new formats, such as emojis 

for entertaining and fun but unintentionally disrespect the cultural heritage. As 

Droitcour and Smith assert, the virtual museum and Internet can share digital images 

with the world, but the data’s storage and authorship stay in murky areas.97 Therefore, 

the surveillance and online regulation are essential to protect the cultural relics and 

prevent copyright issues.  

 
97 Brian Droitcour, “The Digitized Museum,” ARTnews.com (ARTnews.com, January 17, 2018), 

https://www.artnews.com/art-in-america/features/the-digitized-museum-63201/. 
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5.3 Future Directions 

Because of the travel restriction and the impact of global pandemic, this project 

uses second-hand digital resources to construct the virtual space rand online web page. 

The project owner also had no chance to physically explore the space while conducting 

the research and building up the application. Therefore, there might be further steps to 

verify the authenticity of the physical cave, such as filming the mural walls or scanning 

in-cave sculptures, as this project aims to provide the realistic experience to worldwide 

visitors.  

As a library cave, the physical Mogao cave includes thousands of murals, while 

this VR project is only a drop in the ocean. This project can be expanded to include more 

murals and sculptures, and even more relics such as manuscripts and scrolls. There are 

more caves that can be built in virtual space in a 3D form, and perhaps more variant 

galleries which represent different themes. The more detailed background content can 

be introduced through platforms, and there will be more smooth transition between 2D 

and 3D space for visitors.  

To get more accurate user experience data, this project needs to collect more user 

tests from diverse background and distinct demographics. More specifically, currently 

most VR test users are young generations around 20-25, while it lacks the user feedback 

from primary school kids and elders around 50-60+, to review their tolerance and 

reactions within the virtual space.  Moreover, even if this project has set a few simulated, 
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interactive elements such as scene transitions and X-Ray teleportation, this VR 

application still have a lot more potential to extend user interactions, to create a 

simulated and initiative space for audience to stay active. Instead of standing in front of 

the wall and view murals, there could be some clickable buttons on the wall to highlight 

more details. There could also be more simulated activities, such as visitor avatar or 

embedded mini games, making the cave playable so users can play with inches, walls, 

even recreate and decorate the murals. This would enhance the creative and imaginative 

side of the “visit”. As the project continues to develop, the virtual space could be more 

engaging and fully simulated, allowing audience actively leading the process instead of 

passively receiving knowledge.  

Even if this project provides an online ArcGIS StoryMap as a supplement for 

users to learn the historical content of Dunhuang city and Mogao cave, there are many 

possibilities to add more context within the virtual environment. Instead of using plain 

text for the audience to read in the headset, Unity has more playable functions to trigger 

users’ interests, such as mini menus to provide a background knowledge hint. 

Meanwhile, there are some affiliated cultural elements such as ancient Chinese article 

writing in a classic style and old poems, which could be integrated into web storytelling 

or VR space.  

Currently, this project is running on local desktop and host by steam VR, and the 

online webpage only serves as a brochure for knowledge supplement. With the 
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development of cloud service such as Microsoft Azure98 and Amazon Web Services99, it 

is feasible to expect the Unity VR file and embedded data source can be moved to cloud 

and connect to worldwide servers. The Amazon cloud service, namely AWS, provides 

an S3 bucket for data storage and EC2 as supportive virtual servers to run applications. 

As the researchers are moving everything to the cloud, running VR on the cloud is 

around the corner.  

As a local VR application, this project can only support a single player, while 

inspired by the concept of cloud VR and metaverse, in which the virtual space can be a 

bridge to help people to connect, communicate and access information, this project 

could enable multi-user functionalities. For instance, a whole class could be guided by 

their instructor; all students can learn, immersed into this environment as well as having 

social interactions with their peers. Community activities could also be conducted, and 

users can select their avatar to represent themselves and communicate with other 

visitors. To consider more social activities, some XR elements might be redesigned such 

as the light and multi-languages; and some elements need to be setup such as touch 

keypad and communitive emojis. Above all, this project can be further enhanced by 

various digital methods and updated based on cutting-edged technologies.  

 
98 Microsoft Azure, formerly known as Windows Azure, is Microsoft's public cloud computing platform to 

provide a broader range of cloud services.  
99 AWS (Amazon Web Services) is an on-demand cloud computing platform that offers API to individuals to 

move local data and applications to the cloud.  
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6. Conclusion 

What’s the best solution to preserve cultural heritage sites eternally in a digital 

space while present the best user experience for visitors? How is it possible to evoke a 

visitor’s interest to assure that they have an active participating experience instead of a 

passive walk through the objects? In last few years, under the global pandemic era and 

digital boom, more researchers have begun to build virtual experience and explore 

innovate methods to make up the requirement of social distancing; while from my point 

of view, it will be an irresistible trend of development for people to share online 

communities, visit more virtual sites, and even completely mixing their real life into 

virtual space, like the metaverse promises. This study aims to provide an experimental 

visiting experience for users to engage into a well-known local heritage attraction with 

using multiple software to create a sophisticated virtual tour.  

As a complex and changing concept, cultural heritage does not have a consistent 

definition, and it is still debatable of how digital works or virtual exhibitions can be an 

effective substitution for physical experience. Especially in headset or on web browsers, 

how to productively present the hidden social, historical, and cultural content is still a 

concern for many scholars. In this project, the caves and content are intentionally 

selected and meditated through various multimedia tools, so it more or less generates 

stereotypical impressions for visitors.  The experience of a virtual visit is thereby 

restricted by spatial and visual access. 
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This thesis project uses web-based story map as a compensation for these limits, 

and adds audio guidance during virtual tour, although those methods still cannot 

substitute fully for embodiment in the physical Dunhuang cave. Compared with other 

published digital projects such as the Pure Island and Digital Dunhuang website, this 

thesis project has made notable progression in the field by bringing the Dunhuang cave 

into real life across multiple digital dimensions. All the virtual caves are properly 

recreated based on reliable sources, while the Feitian iconography model offers a 

simulated environment to display a famous artist topic. The virtual replicas can deliver a 

persuasive visiting experience when users put on the headset and help to complete a 

dependable tour as the audience use controllers to interact with XR setups. Meanwhile, 

since the Chinese government is executing harsh rules to prevent further deterioration of 

the physical Mogao cave, this VR application can be considered as a feasible digital 

method to preserve cultural heritage and provide an alternative experience to an in-

person visit.  

In this digital project, the displayed five caves and one gallery are only the tip of 

the iceberg. The approach could accommodate more information as the physical cave 

itself carries thousand years’ history. The VR technology also has a promising future so 

users can expect more iteration from current application. While the media tools are 

advancing further, it is predicable that visitors can have a more engaging experience and 

it will be more ubiquitous for normal citizens to play and use relevant tools. Therefore, 
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users can expect a more engaging and simulated virtual environment as technology 

advances.  
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Appendix: Illustrations  

 

Figure 1: Map During the Period of Late Tang and Five Dynasties. 

 

Figure 2: The Eighty-seven Immortals. 100 

 

 
100 Most of Wu-Daozi’s works were not properly preserved. The Eighty-seven Immortals is one of his 

preserved artworks. Handscroll, ink on silk, 30 x 292 cm, stored in Xu Beihong Memorial Museum, Beijing.  
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Figure 3: Map During the Yuan Dynasty.101 

 

Figure 4: Map of Silk Roads. 102 

 
101 Yuan Dynasty Boundaries, retrieved from Minneapolis Institute of Arts.  
102 The route of the land silk road takes Chang'an (now called Xi’an) in the Western Han Dynasty as the 

starting point of the whole route, passes through the Hexi Corridor, and then reaches the 

https://www.chinadiscovery.com/shaanxi/xian.html
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Figure 5: Feitian from the Western Wei Dynasty.103 

 
famous Dunhuang. However, from Dunhuang, it is divided into two routes: the two routes start from 

Dunhuang, bypassing the Taklamakan Desert and Lop Nur northward and southward, finally rejoin at the 

terminal Rome. Retrieved from China Discovery.  
103 Retrieved from Cave 285, East wall.  

https://www.chinadiscovery.com/gansu/dunhuang.html
https://www.chinadiscovery.com/china-deserts/taklamakan.html
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Figure 6: Ruru Jataka Mural.104 

 

Figure 7: The Mural of Fan Tan Pi Pa (Reversed Pipa).105 

 
104 From Cave 257, retrieved from Google Arts & Culture.  
105 Painted in Middle Tang Dynasty Period, Cave 112. Retrieved from Baidu.com.  
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Figure 8: Mural of the procession of Zhang Yicao.106 

 

Figure 9: The Excursion of Lady Song of Henei Province in the state of Song, forepart. 

 
106 Mural commemorating victory of General Zhang Yichao over the Tibetans in 848. Mogao cave 156, Late 

Tang Dynasty.  

https://en.wikipedia.org/wiki/Mogao_Caves
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Figure 10: The Excursion of Lady Song of Henei Province in the state of Song, Middle 

Section (1). 

 

Figure 11: The Excursion of Lady Song of Henei Province in the state of Song, Middle 

Section (2). 
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Figure 12: The Excursion of Lady Song of Henei Province in the state of Song, Back 

Segment. 

 

Figure 13: Photos from Pure Land: Inside the Mogao Grottoes at Dunhuang.107 

 
107 Pure Island, https://sarahkenderdine.info/installations-and-curated-exhibitions/pure-land-inside-the-

mogao-grottoes-at-dunghuang 
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Figure 14: Homepage of Digital Dunhuang Website.108 

 

Figure 15: Collection of Caves on Digital Dunhuang Website. 

 
108 https://www.e-dunhuang.com/index.htm. Copyright for Dunhuang Academy.  

https://www.e-dunhuang.com/index.htm
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Figure 16: Display of Cave information on Digital Dunhuang Website. 
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Figure 17: Embedded Traditional Chinese Architecture Model in ArcGIS (1). 
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Figure 18: Embedded Traditional Chinese Architecture Model in ArcGIS (2). 
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Figure 19: Embedded Traditional Chinese Architecture Model in ArcGIS (3).109 

 

 

 

 

 
109 This model was inspired by a real physical architecture located in Mogao Cave, which called the “Ci shi 

Tower”. Ci shi Tower represents the earliest building technique in Mogao Cave. This architecture used 

single eaves bricks and substantially existed in early murals. Cave 148, cave 323, cave 48 were all used the 

similar structure.  
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Figure 20: Embedded Traditional Chinese Architecture Model in ArcGIS (4). 110 

 

 
110 This model was purchased from online model asset website. The goal to display this model is to present 

the architectural idea from the local landmark: The Nine Storey Tower.  
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Figure 21: Main Cave (Lobby) Scene from Unity Main Camera. 

 

Figure 22: Main Cave (Lobby) Scene, from VR Headset View. 
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Figure 23: Cave 301 (Northern Zhou Dynasty), from Unity Main Camera. 

 

Figure 24: Cave 301 (Northern Zhou Dynasty), from VR Headset View. 
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Figure 25: Cave 420 (Sui Dynasty), from Unity Main Camera. 

 

Figure 26: Cave 420 (Sui Dynasty), from VR Headset View. 
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Figure 27: Cave 285 (Western Wei Dynasty), from Unity Main Camera. 

 

Figure 28: Cave 285 (Western Wei Dynasty), from VR Headset View. 
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Figure 29: Cave 061 (Five Dynasties), from Unity Main Camera. 

 

Figure 30: Cave 061 (Five Dynasties), from VR Headset View. 
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Figure 31: Cave 322 (Tang Dynasty), from Unity Main Camera. 

 

Figure 32: Cave 322 (Tang Dynasty), from VR Headset View. 
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Figure 33: The Feitian Gallery Scene, from Unity Main Camera. 

 

Figure 34: The Feitian Gallery Scene, from VR Headset View. 
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Figure 35: Users Take the Immersive Tour and Use Controllers. 
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Figure 36: Topography Dataset. 
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Figure 37: Align Topographic Dataset to ArcGIS Pro Base Map. 
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Figure 38: Add 3D Models to the Scene. 
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Figure 39: First Page of ArcGIS StoryMap.111 

 
111 Direct to: https://storymaps.arcgis.com/stories/0f67f7c7730e4b808869949d8737af18.  

https://storymaps.arcgis.com/stories/0f67f7c7730e4b808869949d8737af18
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Figure 40: Historical Timeline on StoryMap Website. 
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Figure 41: Interactive Silk Road Demo on StoryMap Website. 
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Figure 42: Relevant Historical Content on StoryMap Website. 
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