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Abstract

:

The Xishu Historical and Cultural Celebrity Memorial Gardens are representatives of southwestern regional gardens in China. Du Fu Thatched Cottage is one of the typical examples of these gardens, with exceptional memorial, historical, and cultural significance. However, compared to other gardens in China, few research has been conducted on their digital preservation and construction connotation. In this study, the digital model of Du Fu Thatched Cottage was obtained by terrestrial laser scanning and total station technology, and its memorial analysis and preservation were studied digitally. Using three levels of point, line, and surface analysis, we examined how to digitally deconstruct the commemorative elements of Du Fu Thatched Cottage that included the memorial theme, gardening components, and design philosophy of the garden space. The study revealed the memorial space core of the Historical and Cultural Celebrity Memorial Gardens in Xishu and proposed a strategy for building a digital preservation system. The research will help to digitally protect the Du Fu Thatched Cottage and analyze methods to memorialize other traditional gardens.
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1. Introduction


Du Fu is a global cultural celebrity [1] and a world-famous poet [2] in Chinese history. In 759 A.D., under the influence of the An Shi Rebellion, Du Fu moved in exile to Chengdu and established the Thatched Cottage, which has since evolved over the past 1200 years into the most complete and representative garden in China to commemorate Du Fu. The memorial gardens of historical and cultural celebrities in Xishu (Xishu refers to the regional space of the ancient Shu Kingdom, the Sichuan Basin, and its surrounding areas with the Chengdu Plain of Sichuan Province as the core including parts of Chongqing [3]) [4], represented by Du Fu Thatched Cottage, celebrate the regional characteristics of culture, history, and the public of Xishu. The Xishu memorial gardens are a branch in the history of classical Chinese gardens [3,4,5,6], and are rare in China because of their location in the Sichuan region (Figure 1). For example, Three-Su Shrine, Du Fu Thatched Cottage, Wuhou Shrine, Wangjiang Lou, Wenjun Jing, Li Du Ancestral Hall, and Erwang Temple were built to commemorate Su Xun, Su Shi, Su Zhe, Du Fu, Zhuge Liang, Xue Tao, Zhuo Wenjun, Li Bai, Li Bing, and other talented scholars from Sichuan. This kind of garden embodies the historical and cultural spirit encapsulated by the saying “Examine the traces of celebrities, remember the ancients and sages, and express their feelings to enlighten civilization” [3,4,6,7]. The garden conveys the feeling that “famous people, humanistic beauty, and historic sites still exist” [3,4]. It is an important heritage site for classical gardens, with important and special social, historical, and cultural values, not only in the Xishu region, but also in China. Nevertheless, the Sichuan region is located in an earthquake-prone area, where natural disasters are frequent. These classical gardens are prone to damage [8], and the lack of detailed data for garden restoration and conservation has led to the loss of historical information about the gardens and made it difficult to protect them.



In recent years, digital technologies have emerged in the conservation of cultural heritage sites including ancient locations [9] and buildings [10]. Technology now plays an important role in cultural heritage information collection [11,12], digital modeling [13], digital display, and digital monitoring [14,15,16,17]. Moreover, the application and cross integration of digital photography, terrestrial laser scanning, unmanned aerial vehicle photogrammetry, and other technologies [18,19,20,21,22] have brought new opportunities for the conservation of classical gardens by recording rich spatial elements and cultural connotations. The use of efficient, comprehensive, and detailed mapping technologies to establish visual, accurate, and comprehensive point cloud models [22], 3D models [22,23,24], solid models, and other virtual models [24,25,26] can provide important baseline data for digital archiving [19,22], quantitative analysis [27], earthquake damage simulation [26], real-time monitoring, VR scenes, digital twins, and the metaverse construction of realistic garden scenes while promoting the value of cultural heritage preservation and natural scenes for sustainable conservation, science education, and exhibitions. Taking Du Fu Thatched Cottage as an example, this study introduces digital conservation research, which is of importance as a reference value for the study of the conservation of classical gardens including historical and cultural celebrity memorial gardens in Xishu.



Recently, research on digital information collection and digital system construction has been carried out on royal and private gardens such as Qianlong Garden [28], Huanxiu Villa [29], Yuyuan Garden in Shanghai [30], and Jianxing Garden [31], but these efforts have mostly focused on digital mapping technology [16,32] and the extraction of information about the garden [15], with less attention given to the subsequent analysis and application of the data. Chinese classical gardens share commonalities in natural, irregular, comprehensive, and complex characteristics, but there are regional and cultural influences that differentiate between types of gardens. There are few reports on the digital conservation of classical gardens in southwest China, and there is a lack of a digital analytical model suitable for the Xishu region. More importantly, a digital conservation system for gardens is not yet complete.



Therefore, the study applied digital methods and technologies, focusing on the Du Fu Thatched Cottage, to provide a reference for digital conservation and scientific research on classical gardens in Xishu. The aims of this study were as follows:



Improving the methods of digital information collection for the memorial gardens of historical and cultural celebrities in Xishu.



Creation of a data processing and digital analysis model for the memorial gardens of historical and cultural celebrities in Xishu.



Creation of a digital strategy for the memorial gardens of historical and cultural celebrities in Xishu.




2. Study Location


The Du Fu Thatched Cottage is located in Qingyang District, Chengdu, Sichuan Province. It covers an area of nearly 300 mu (200,000 m2) [33] (Figure 2). The site is surrounded by lush greenery and winding streams and contains a variety of elements including architecture, plants, rocks, ponds and sculptures, creating a quiet and elegant external environment. At the same time, Du Fu Thatched Cottage has a rich history, having been established on the fertile Chengdu Plain at its ‘origins’ (Du Fu’s exile in Chengdu), maintained through its ‘inheritance’ (Wei Zhuang’s ‘thinking of his people and becoming his place’), updated through ‘transformation’ (fully renovated and opened in 1952), and integrated through ‘heritage identification’ (as one site in the first batch of national key cultural relic preservation units, national first-class museums, and national 4A scenic spots) [3,4,33]. The cottage has evolved into a modern garden-style museum, enshrining the typical regional characteristics of western Sichuan Linpan with traditional memorial shrines and temple gardens and a strong cultural atmosphere of commemoration.



The spatial layout of the garden uses the pattern of “one garden, two axes, one water, one forest and one site” [3,4]. Some of the Ming and Qing Dynasty buildings and the original historical layout are still preserved in the garden, and the cultural sentiment of Du Fu poetry is conveyed through the design of the buildings, plants, ponds, couplets, and sculptures, thus creating a poetic garden. For example, its geographical location, with Xiling Snow Mountain to the west, evokes the poem by Du Fu: “ The window holds the western peaks’ snow of a thousand autumns.” [2]. To the east is the Wanli Bridge (now the Old South Gate Bridge in Chengdu), reminding the visitor of Du Fu’s description of the cottage as “A cottage south of the Thousand League Bridge, an estate north of Hundred Flowers Pool.” [2].




3. Methods


3.1. Information Acquisition Equipment and Methods


Terrestrial laser scanning (TLS) of Du Fu Thatched Cottage was conducted using Z + F IMAGER5016 (Figure 3a) and a Southern Mapping NTS-332R total station instrument (Figure 3b). Utilizing a Huawei Nova 7 Pro smartphone (Figure 3c) and the Insta360 OneX panoramic camera (Figure 3d), spatial data were captured. The terrestrial 3D laser scanner obtained 3D point cloud data for use in modeling complex surfaces and spatial levels down to the millimeter. The device comes with an 80 million pixel HD camera and gives RGB color values to the point cloud. Compared with other gardens such as Huanxiu Shanzhuang [22] and Jianxin Garden [31], one scanning equipment was used for TSL, while Du Fu Thatched Cottage added a total station to cooperate with 3D laser scanning to improve the accuracy of scanning data. Because Du Fu Thatched Cottage has more spatial data and a complex environment, its area is nine times and 3.8 times that of the two gardens, respectively. Preliminary surveying and mapping in the garden to determine the spacing for scanning is conducive to a relatively high quality and efficiency for mapping the entire garden, reducing the impact of 3D laser scanning distortions from the object material, target, inaccuracy in stitching images, and scanning distance [34]. In surveying and mapping, the total station controls the ground three-dimensional laser scanning, field survey, mapping site distance, and GPS coordinates; the complete sequence of steps is shown in Figure 4. In addition, 360-degree camera photography and mobile phone photography are convenient operations. They are used to artificially exclude the interference of tourists and external objects that are recorded by the scanner, view the spatial elements in the current situation in real-time for decision-making, and supplement data on the spatial environment that were not collected by the scanner due to element occlusion for subsequent research and analysis. The differences in digital mapping methods between Du Fu Thatched Cottage and other locations are shown in Table 1.




3.2. Site Survey and Data Collection


Before the implementation of surveying and mapping of the Du Fu Thatched Cottage, the historical evolution, landscape layout, and spatial relationship of the garden were analyzed. Historical data were collected including the stone carving of the Shaoling Thatched Cottage in the 58th year of the Qianlong reign (1793) (Figure 5a), the stone carving of the Dugong Cottage in the 16th year of the Jiaqing reign (1811) (Figure 5b), historical accounts in books (Figure 5c) [3], the guide map of the garden (Figure 5d) [33], the planning map for the Du Fu Thatched Cottage (Figure 5e) [33], a satellite map (Figure 1), and other materials. It was determined that three major areas would be the focus of the survey: the Gongbu Shrine area, the Thatched Cottage, and the Plum Garden. The key points of the buildings, plants, ponds, and rock formations were determined according to the layout of the current elements, as shown in Figure 5f.



Five people mapped and surveyed the grounds of Du Fu Thatched Cottage for 18 days (Figure 6). There were 530 scanning stations, and all garden surveying and mapping stations are shown in Figure 5g–i. A total of 596 three-dimensional panoramic photos and videos were taken by panoramic camera, and more than 3000 photos were taken by mobile phone. Route mapping was combined with garden road traffic. In the surveying and mapping process, laser scanning technology with a 10 m resolution of 6.3 mm and a normal quality setting was used. When scanning, 3D laser scanning sites mainly combine the elements of form and volume to capture contiguous buildings, important trees, or water bodies to ensure that the elements of the total scene are intact. Because the water rockery, stone bridge, and other elements can only be scanned as external contours, the details of these structures including their internal and underside positions were not easy to scan; consequently, a panoramic camera and mobile phone-assisted shooting were used for subsequent analysis.




3.3. Data Processing


After completing the field data collection, two stages of data processing were carried out. The first stage was the basic data operation, and garden digital processing was performed in the second stage.



Basic data operations were mainly stitching together the point cloud data, reducing the point noise, thinning the data, and classifying the images. The data stitching was carried out primarily by using the target, coordinate, and point cloud, so that three modes of data collection from multiple stations were fused together in the point cloud, with the Du Fu Thatched Cottage point cloud stitching error set to 7 mm. Point cloud denoising was performed semiautomatically using low-pass filtering software, direct filtering, Gaussian filtering, and other automatic denoising techniques that artificially remove noise from the presence of visitors and non-garden equipment. Point cloud thinning is the adjustment of the point cloud model size by setting the minimum point cloud quantity. The whole garden point cloud as finally processed is shown in Figure 7. Photographic image classification is mainly based on buildings, plants, rocks, water, sculpture, and other classifications.



The digital deconstruction of the garden was mainly based on detailed information analysis, both overall and at the local levels, and element processing from the perspective of the garden. It was necessary to pay attention to the extraction and analysis of spatial pattern characteristics, historical information, and special elements of the garden. The steps involved in deconstruction can be divided into three aspects. (1) The recognition and extraction of basic information such as the scale and elevation of the whole garden as well as the acquisition of plane, vertical, profile, and spatial levels on different scales; (2) The garden space was deconstructed such as spatial patterns, unit nodes, landscape sequence identification, and extraction analysis; (3) Other elements were extracted and classified including garden architecture, plants, rocks, ponds, sculptures, and other elements from point cloud models including local doors and windows, couplets and plaques, and other decorative details.





4. Results and Discussion


4.1. Digital Deconstruction of Garden Memorial Space


There are a variety of memorial spaces that honor the legend of Du Fu at the Du Fu Thatched Cottage. Combining the digital point cloud and panoramic image, a digital deconstruction of the garden’s “unit–sequence–layout” was made using three levels of point, line, and surface, aiming at studying the construction of memorial space in Du Fu Thatched Cottage intuitively and quantitatively.



4.1.1. Point-Memorial Space Unit


	(1)

	
Organizational Theme and Morphological Features







Different node themes and spatial forms create a rich memorial atmosphere. Traditional memorial gardens are often built with structures scaled to be very long, pyramid, or cemetery style compositions and repeated single elements [35]. However, in the Xishu Historical and Cultural Celebrity Memorial Gardens, a memorial atmosphere has been created that interacts with regular and natural compositions, with the integration of both compact and decentralized elements and a variety of themes. Using the whole garden point cloud data, the Du Fu Thatched Cottage can be divided into 13 commemorative space units by analyzing its spatial form, as shown in Figure 8.



Among the 13 memorial units, there are three types: regular, natural, and mixed. Regular spatial units are represented by ①, ②, ④, ⑨, ⑩, and ⑪, which have the morphological characteristics of many elements, compact space, and symmetrical equilibrium; ③, ⑧, and ⑬ are mixed space units, which integrate regular interiors with natural exteriors to present a scene of regular buildings surrounded by natural trees or bonsai surrounded by regular peripheral corridors. Natural space units are represented by ⑤, ⑥, ⑦, and ⑫, where the layout of elements is random, with some units having a wide area, an open, unobstructed view, and many natural or wild objects of interest.



From the perspective of spatial unit organization and theme analysis, the 13 units of Du Fu Thatched Cottage use roads and walls as spatial boundaries and connections. Multiple types are coordinated to form two major thematic sequences at the Gongbu Shrine and the Caotang Temple as well as three major areas of historical commemoration, cultural display, and ecological conservation. Units ①, ②, ③, ⑤, and ⑦ are concentrated in the Gongbu Shrine area, mainly for historical commemoration, approximately 20,170 m2. Units ②, ①, and ③ in the area are a connected series that form a historical commemoration of Du Fu’s life and social status. Units ④, ⑨, ⑩, ⑪, ⑧, and ⑬ are concentrated in the Caotang Temple area, mainly for cultural display and exhibition, presenting a large compound temple courtyard pattern consistent with the styles of the Ming and Qing Dynasties, approximately 34,714 m2, with a clear landscape sequence along the temple garden axis. Units ⑥, ⑤, ③, ⑧, ⑬, and ⑫ are close to the north of the garden, with a total area of 44,595 m2. The layout of the units is scattered, involving mainly plants and waterscapes, and the ecological effect is outstanding. Moreover, unit ④ and unit ① are connected by the ‘flowered path’ (Figure 2i), which is visually resonant with the poetic line from Du Fu, “My flowered path has never yet been swept on account of a guest, my ramshackle gate for the first time today is open because of you” [2].



	(2)

	
Landscape Element Configuration







The arrangement of garden elements impacts the theme and ambience of each spatial unit. Combining the historical context with the point cloud and panoramic image analysis, Table 2 shows the total area of the 13 spatial units at the memorial at Du Fu Thatched Cottage, and the area that is occupied by plants, buildings, and waterscapes, and the number of couplets, plaques, sculptures, and inscriptions for each unit. Among the commemorative spaces at Du Fu Thatched Cottage, the plum garden (⑥) occupies the largest space, followed by Du Fu’s biographical history (②), and the Chunfeng Tea Pavilion (⑤) occupies the smallest space. At the same time, buildings and plants occupy a large area among the regular units, while plants occupy a large area in natural units. Regular units have more flexible space for displaying couplets, plaques, sculptures, and inscriptions.



Comparing the four elements of couplets, plaques, sculptures, and inscriptions in the 13 spatial units of the memorial from the perspective of configuration, the regular units represented by ①, ②, and ④ are better spaces to deploy all elements, while the mixed units represented by ⑧ and ⑬ mainly feature single elements, typically inscriptions. Couplets and plaques are the most frequently used components in the memorial garden spaces in terms of quantity, while inscriptions are the most common components across all 13 spaces. This encourages change and interest throughout the entire Du Fu Thatched Cottage memorial area.




4.1.2. Line-Changeable Memorial Landscape Tour Sequence


The most noticeable location with a commemorative atmosphere in the Du Fu Thatched Cottage is the area around the Gongbu Shrine and Caotang Temple. The landscape sequence of these two sites is used to guide commemorative analysis. The space adopts the theme of historical memorial culture and employs storytelling techniques to construct landscapes that honor Du Fu’s lifetime accomplishments.



	(1)

	
The Gongbu Shrine Sequence







Landscape spatial analysis of the extracted Gongbu Shrine sequence is shown in Figure 9. The Gongbu Shrine sequence is approximately 207 meters long overall. Five buildings are connected by center roads, which are “Zhaobi—Front Gate—Daxie—Shishitang—Chaimen—Gongbu Shrine”, and the east and west rooms are symmetrically arranged on the left and right sides of Shishitang and Chaimen, forming a pattern of multiple courtyards and laying the solemn tone of the memorial garden (Figure 9a). Meanwhile, the architecture, couplets, plaques, sculptures, stone carvings, wood carvings, and other important commemorative elements adopt a regular configuration and poetic layout, strengthening the commemorative and cultural nature of the space. To guide and shape the commemoration, a landscape rhythm of “prelude, starting, development, turning, climaxing, and ending” was formed, which has the same interest as the Origin, Inheritance, Transformation and Combination of Chinese classical gardens [3,4,5,6].



Analyzing the landscape along the middle axis of the sequence, the memorial space is created by two aspects of theme narration and element foils. First, the narrative of Du Fu’s career and achievements is carried out in conjunction with the unit theme of ② Du Fu’s life and ① the Shrine to Commemorate the Poet such as the Gongbu Shrine and Daxie, which carry names that honor Du Fu’s official career. Shishi Tang was written to honor Du Fu’s eminent place in the Chinese history of poetry. Second, by changing the height and distance of the buildings along the serial axes, the number and type of key commemorative elements and the poetic materialization of the landscape are superimposed and adjusted to change the commemorative space and make the memorial atmosphere reach a peak. For instance, the total number of commemorative components such as couplets, plaques, sculptures, and woodcuts gradually grows with the height of the first three buildings, permitting commemorative development. Reduced building volume and increased couplet inscriptions help to move the sequence toward the turning point and create a sense of fully transformed space. When the sequence reaches its climax, the height of the building in unit ① increased significantly to 11.73 m, and the distance of 19.59 m to the next building is also spaced more tightly than the distance between the buildings for Du Fu’s life in unit ②, which are 35 m apart. Additionally, more stone carvings, wood carvings, sculptures, and other elements were added to emphasize the historical memorial atmosphere of the thick building (Figure 9b).



The arrangement of the building and surroundings in the series also places an emphasis on poetry and painting, which is consistent with the cultural ethos of Du Fu’s poetry. For instance, the names of the rooms on either side of the Chaimen and waterside building and even the location of the Chaimen and the Thatched Cottage were inspired by Du Fu’s poetry. These poems include “Expressing My Heart by My Deck on the Water”, “My Southern Neighbor ”, “Old Rustic”, “Respectfully Answering Lord Yan’s “On My Wilderness Pavilion,” Which He Sent Me”, “Farmhouse”, and “River Village” [2].



	(2)

	
The Caotang Temple Sequence







The spatial analysis of the landscape in the Caotang Temple sequence is shown in Figure 10. The Caotang Temple is large in scale and has a clean, neat form. Through the evolution and development of the planning layout, the internal elements and functions show the exploration and development of the integration of ancient and modern memorial gardens. This sequence spans a surface area of approximately 24,183 m2 and measures a total length of 245 m. A four-entry courtyard with the buildings “Zhaobi—South Gate–Jingdu Hall–Daya Hall—Ancient Books Restoration Center—Cangjing Building” makes up the sequence along the central axis. Wenchuang Hall, Caotang Academy, Caotang Tea House, Bonsai Garden, and Orchid Garden are separated on the left and right sides to create a vast compound temple courtyard pattern. Through the analysis of the courtyard area, Caotang Temple embodied the old custom of building a compound courtyard in the spirit of respect and the main–subsidiary relationship. For example, the affiliated courtyard Wenchuang Hall of Caotang Academy covers approximately 25% of the total area of the four middle courtyards, with a cottage teahouse occupying approximately 28%, reflecting the core position in the area of Daya Hall. The courtyard in front of Daya Hall was not only the squarest of the four courtyards, but also covered approximately 42% of the total area of the four courtyards (Figure 10a).



The height of the buildings in the entire sequence was enhanced twice, continuing the ritualistic qualities of the temple building axis, according to the analysis of the façades in sequence. Thus, the axis was centered on the third building (Daya Hall) and the last building (Cangjin building), which were the highest at 19.49 m and 20.69 m, respectively. To represent the main–subsidiary connection, the height of the buildings on each side of the courtyard did not exceed the height of the main building. Crucial spatial detail processing in the sequence also suggests the presence of a creative design to direct and reflect memorial elements. For instance, Daya Hall has the richest commemorative elements in the sequence (Figure 10); in front of the hall is a sculpture of Du Fu. The line of sight and the horizontal line on Du Fu’s head are at an approximate 30° angle when the tourist is standing approximately 2.5 metres in front of Du Fu’s sculpture. They can also make out the ridge in the middle of the hall as the line of sight rises, emphasizing the significance of the hall (Figure 10b). The sculpture guides visitors to the auditorium to look at the largest glazed lacquer murals depicting Du Fu’s life and the group of poets that Du Fu, Li Bai, and Su Shi symbolize. Additionally, the courtyard of this sequence differs from the courtyard of the Jiangnan garden, which has numerous rock installations. This courtyard is unique in part because it is conspicuous, and the historical significance and unique qualities of Sichuan’s luxuriant plants are highlighted in the courtyard by the addition of true natural color and growth in the understorey space beneath the old trees.




4.1.3. Surface-Memorial Functional Zoning: Ancient and Modern Fusion


To honor Du Fu, the entire garden of Du Fu Thatched Cottage has been divided into three main areas: historical remembrance, cultural display, and ecological conservation (Figure 11).



The historical memorial area consists of units ①, ②, ③, ⑤, and ⑦ as a significant place of sacrifice and remembrance. The neighborhood still has various cultural collections of artifacts, along with the historical records of the design of the Du Fu Thatched Cottage from the Ming and Qing dynasties. To give the setting a commemorative feel, a concentration on Du Fu’s identity, consisting of his official career, poetic accomplishments, and life, influences the naming of buildings, display layouts, flowers, plants, and trees.



Units ④, ⑨, ⑩, ⑪, ⑧, and ⑬ make up the cultural display area. This serves as a key location for the garden as a whole to present and solidify Du Fu culture, encouraging the continuation of the traditional cultural theme and offering services such as traditional cultural activities, poetry, calligraphy, picture book reading, cultural creation, exhibition, marketing, tea, and rest. The left and right dynamic and static partitions of the area, which include the cottage academy, the cultural and artistic hall, and the cottage tea house, are distributed using the four courtyards along the center axis as their core axis. A vast number of compound courtyards surround the center courtyard including the gallery of Du Fu’s thousand poems and the woodcut poetry of the Bonsai Garden. Around the area commemorating Du Fu, this section expands on the topic of protecting historical and cultural relics, cultural events, and services, producing an environment that emphasizes the literati aesthetic and a theme of integrating ancient and current culture.



Units ⑥, ⑤, ③, ⑧, ⑬, and ⑫ constitute the ecological conservation area. The primary purpose of ecological regulation is to keep the entire garden water system flowing and in balance. The water source from the Huanhuaxi River is introduced into the north waterscape around the northeast sides of the two main areas of historical commemoration and cultural exhibition, and the ditch is used to connect the water flow through the entire garden to form a rich and natural waterscape with green plants. Through the road connecting the corridor of Du Fu’s thousand poems, the Bonsai Garden, and the Gongbu Shrine, the area simultaneously links the natural landscape with Du Fu’s poetic culture, giving visitors a place to experience both. It also lessens the memorial garden’s solemn, compact feeling, and strongly humanistic atmosphere while demonstrating the garden’s inclusiveness and naturalness.





4.2. Construction and Discussion of the Garden Digital System


4.2.1. Digital Preservation Kernel


The garden space ontology, which is made up of garden theme spirits, garden elements, and construction techniques, is the basis of digital preservation for classic gardens (Figure 12a). The Xishu Historical and Cultural Celebrity Memorial Gardens, which has a memorial garden theme, is under the category of cultural gardens and features a variety of garden components such as buildings, plants, rocks, waterscapes, roads, sculptures, couplets, and plaques. Its eclectic construction methods, landscape features with garden texts, and design sequence with story clues together make up the philosophy of construction, and collectively create a memorial space with distinctive regional traits and cultural styles.




4.2.2. Digital Preservation Process


A digital preservation system for classical gardens can be established around the core using references to BIM [36], HBIM [37], and LIM [38] of the complete life cycle idea and mapping, modeling, information processing, and other digital concepts and technologies. The four stages of the life cycle of digital preservation for classical gardens are data collection, processing, information analysis, and application administration (Figure 12b).



The first stage primarily combines the spirit of the garden with the building process, employing classic surveying and mapping techniques as well as cutting-edge digital tools to carry out actual data mapping and collect garden materials for later analysis. The second stage mostly involves data processing including data classification and the creation of digital models. For instance, the textual and visual representations of the garden’s features can be categorized and arranged, and the entire garden can be represented as a point cloud model or as digital artwork with a 3D element. The third stage involves the information analysis of the garden’s connotations based on the original data including the creation of a map of the garden’s information, the calculation of the garden index, and the analysis of the planning and design. The fourth stage mainly integrates digital technology, early garden data, the analysis results to carry out garden list construction, encourage intelligent management with tools related to health monitoring, the Internet of Things, digital twins, etc., and carry out garden culture education, as shown in Figure 12.




4.2.3. Characteristics and Difficulties


The digital preservation system of the Xishu Historical and Cultural Celebrity Memorial Gardens can be constructed based on the composition and design of the garden memorial space. The existing digital records of classical gardens such as Huanxiu Shanzhuang and Jianxin Courtyard, mostly classify and analyze gardening elements, establish three-dimensional digital models, and pay insufficient attention to the overall spatial organization and sequential configuration [9,22,31]. “The Venice Charter” (1964) and “The Nara Document on Authenticity (1994)” mentioned that cultural heritage preservation should focus on authenticity, integrity, and diversity [39]. Compared with Western classical gardens and ancient sites, Chinese classical gardens are rich in symbolic elements, diverse in construction methods, vivid in artistic conception, emphatic on integration with the environment, and attentive to the overall ambience [3,4,5,40]. Although the digital deconstruction of Du Fu Thatched Cottage focuses on the integrity and diversity of themes, that is, the memorial units, elements in the landscape sequence, and the role of construction in shaping the spatial environment, it proposes a strategy for building a digital system based only on this one example and has not yet established a mature information model.



At the same time, the existing cases and the digital practice of recording Du Fu’s cottage show that large and complex gardens still need multimode and multi-technology coordination in digital surveying and mapping. Although digital technology is universal, the emerging digital technology can obtain real, multidimensional data at the millimeter level for complex space and simulate and analyze the structural performance [10,41]. However, the irregular and natural characteristics of Chinese classical gardens are very prominent. There is a lack of guidance for an established process for the digitization of gardens with the application of digital technology, and it is also difficult to carry out comprehensive research on ancient sites and ancient buildings with digital techniques based on single-type elements as before. For example, Huanxiu Shanzhuang can use UAV and 3D laser scanning to coordinate mapping, but Du Fu Thatched Cottage is not suitable for UAVs due to air management. Although Du Fu Thatched Cottage uses ground three-dimensional laser scanning and total station collaborative mapping to improve the collection quality and accuracy, data on the tops of local elements are still missing. In addition, digital processing has high requirements for the professionals, hardware, and software. It often requires the cooperation of many professionals such as those involved in surveying and mapping and those involved in landscaping as well as a variety of professional software and high-performance hardware support.



From the perspective of the construction of garden digital systems, classical Chinese gardens are characteristically emblematic of both history and culture and have complex and large-scale characteristics in garden scenes. There are few applicable information models and digital systems that can handle this diversity of elements. This paper proposes that the construction of a digital preservation system for classical gardens can be based on the garden space ontology after data collection, processing, analysis, and management. Although the building information model (BIM) [36,42,43] and the historical building information model (HBIM) [37,44,45,46] are worth learning, BIM is mainly aimed at the whole life cycle and regular elements of the building and the production and application of the database [42]. However, there are a large number of irregular and dynamic elements in gardens aside from buildings such as plants and waterscapes as well as the relationship between different regions and elements, which increases the difficulty of establishing a model for management. HBIM takes BIM as its core, adding historical information and elements with irregular features, but its model scene is still dominated by architecture, with few large-scale landscapes. In recent years, scholars have studied the landscape information model (LIM) [38,47,48,49], which is still in the stage of concept proposal and multi-software collaborative exploration and application, and there is still a lack of supporting software tools and skills. Classical gardens are, however, still limited, as they cannot completely copy the LIM model due to the particularity of historical relics and the characteristic semi-reverse information model. In addition, most studies on city information modeling (CIM) have focused on the seismic performance of buildings with large populations [24], the digital display of elements [26], and platform development [50], and rarely involve the simulation of historical and cultural sites and the comprehensive performance of different elements such as the overall response of famous trees and ancient buildings with cultural heritage to earthquakes.






5. Conclusions and Future


5.1. Conclusions


Based on the digital surveying and mapping results for Du Fu Thatched Cottage, this paper analyzed the relationship between the commemorative construction of the gardens in Du Fu Thatched Cottage and the disposition of the theme, element configuration, and planning of the garden using digital methods. It also proposes strategies for building a digital preservation system for gardens. The analysis shows that Du Fu Thatched Cottage is constructed around the theme of commemorating Du Fu. In the commemorative construction of the garden, elements such as couplets, sculptures, and stone carvings are widely used in commemorative units and sequence nodes to emphasize the atmosphere. The height and area of the buildings are intentionally controlled, emphasizing the importance of the center and an architecturally embodied etiquette. Meanwhile, its digital preservation system should pay attention not only to the elements of gardening, but also to the garden space ontology formed by the spirit and design of the garden plan.



The innovation of this paper lies in two points: (1) Compared with traditional garden analysis, the digital technology adopted this time had more perspectives and more comprehensive garden data; and (2) with the help of digital technology, digital analysis was carried out according to the landscape planning method, which has been relatively rare in previous classical garden analysis. It is proposed that the digital preservation of the Xishu Historical and Cultural Celebrity Memorial Gardens should focus on the memorial spirit, and the model of spatial deconstruction by unit, sequence, and area of the garden’s core memorial ontology should be established.




5.2. Future


Digital preservation covers a wide range of cultural sites with a comprehensive approach, but the digital preservation for the type of garden represented by the Xishu Historical and Cultural Celebrity Memorial Gardens is still in the primary exploration stage. Therefore, it is necessary to discuss digital practice in combination with Du Fu Thatched Cottage in the future.



First, in the practice of the digital preservation of Du Fu Thatched Cottage, the theme of the garden’s core spirit should become the key axis guiding research on digital preservation for gardens. The Xishu Historical and Cultural Celebrity Memorial Gardens are different from royal or private gardens. The purpose of their construction is not to meet the private needs of emperors or literati, but to commemorate the valuable conduct, deeds, and talents of historical celebrities [3,5,51]. They have an open, inclusive, and spontaneous public quality and carry common spiritual guidance; thus, there are more commemorative subthemes and public activity spaces in gardens. Therefore, digital mapping and analysis should combine the characteristics of garden culture, commemorative goals, heritage conservation, and the theme of the garden. At the same time, we should also pay attention to the differences between the main celebrities in the Xishu Historical and Cultural Celebrity Memorial Gardens. For example, the garden management at Du Fu Thatched Cottage always pays attention to Du Fu’s life experience, love of plants, and the spirit of caring for the country and the people, while Chengdu Wuhou Shrine pays attention to Zhuge Liang’s identity as a virtuous minister and the characteristics of the only common sacrifice to the monarch and ministers in China. Wangjianglou Park highlights Xue Tao’s love for bamboo. These factors all affect the layout and element configuration of the memorial garden space and indirectly affect the scope and focus of data collection and post-data processing and analysis.



Second, for the digital analysis of classical gardens, it is easy to ignore the relevance and integrity between different regions and elements if the structural analysis is carried out by single-type elements. In the study of garden digitalization, this paper attempts to divide and cut spatial units and sequences in combination with the theme of the garden memorial. From the multiple levels of point (unit), line (sequence), and surface (area), the memorial ontology of the space of Du Fu Thatched Cottage was deconstructed. To explore the interrelation with cultural coding in landscape conception, element configuration, and space construction, this paper attempted to construct a preliminary process and method of the digital analysis of gardens to provide a reference point and data for subsequent, in-depth studies of a garden digital preservation system. This is conducive to the overall preservation of historical gardens, but this study is only an important early step in garden digital preservation and cannot fully meet the requirements of garden preservation and management. To protect more classical gardens and meet the challenges of digital preservation and garden management, it is necessary to increase the digital surveying and mapping, digital analytical research, and disaster simulation research of different types of gardens in the future. The establishment of digital information models should be accelerated, and digital platforms should be developed to enrich the core data on different types of gardens. A systematically constructed database will assist with the digital information model and the establishment of a digital preservation system for classical gardens.
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Figure 1. The distribution of the Xishu Historical and Cultural Celebrity Memorial Gardens. 
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Figure 2. Position and present situation of Du Fu Thatched Cottage: (a) location of Du Fu Thatched Cottage; (b) the waterscape of the southern neighbor; (c) Du Fu’s thatched cottage; (d) Chaimen; (e) Bamboo in front of the Chaimen; (f) Du Fu’s Sculpture in Shishi tang; (g) Du Fu’s Sculpture in Da Xie Hall; (h) Shaoling Thatched Cottage Tablet Pavilion; (i) The flowered path. 
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Figure 3. Mapping equipment: (a) Z + F IMAGER5016; (b) NTS-332R total station; (c) Huawei Nova 7 Pro smartphone; (d) Insta360 OneX panoramic camera. 
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Figure 4. Collaborative surveying of terrestrial 3D laser and total station. 
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Figure 5. Historical data, mapping range, important groups, mapping stations: (a) the stone carving of Shaoling Cottage in the 58th year of Qianlong (1793); (b) the stone carving of the Dugong Cottage in the 16th year of the Jiaqing reign (1811); (c) historical accounts in books; (d) the guide map of the garden; (e) the planning map for the Du Fu Thatched Cottage; (f) the group of key points of element mapping; (g) surveying and mapping stations of thatched cottage; (h) surveying and mapping stations of some group; (i) scanning stations of the whole garden. 
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Figure 6. Field surveying and mapping of Du Fu Thatched Cottage: (a) terrestrial laser scanning; (b) digital photography. 
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Figure 7. Whole garden point cloud model of Du Fu Thatched Cottage. 
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Figure 8. The memorial spaces of Du Fu Thatched Cottage. 
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Figure 9. Analysis of the Gongbu Shrine Area: (a) location and zoning of Gongbu Shrine; (b) section Analysis of Gongbu Shrine. 
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Figure 10. Analysis of the Caotang Temple Area: (a) location and zoning of Caotang Temple; (b) Section Analysis of Caotang Temple. 
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Figure 11. Functional partition of Du Fu Thatched Cottage: (a) functional partition; (b) area function. 
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Figure 12. Digital preservation process system of classic gardens: (a) the core composition of garden space ontology; (b) digital landscape protection process. 
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Table 1. Mapping data from Chinese classical gardens.
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	Garden
	Area (m2)
	Equipment
	Scan Station
	Time (day)
	Data Acquired after Processing





	Huanxiu Shanzhuang [22]
	2179
	Leica Scanstation C10, Canon EOS 5D Mark II, DJI Phantom4 Pro UAV
	89
	20
	Photo-realistic models of integrated point clouds and surfaces



	Jianxin Courtyard [31]
	5257
	Focus 3D X 330, SONY A7R4
	102
	15
	Point cloud



	Du Fu Cottage
	200,000
	Z + F IMAGER5016, Southern Mapping NTS-332R, Insta360 OneX panoramic camera, Huawei nova 7 pro
	530
	18
	Point cloud, photo, panorama
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Table 2. Element statistics for the spatial units at the memorial level.
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Number

	
Unit

	
Total Area

	
Building Area

	
Plant Area

	
Water Area

	
Couplet

	
Plaque

	
Sculpture

	
Inscription

	
Type




	
m2






	
1

	
The Shrine to Commemorate the Poet

	
3051

	
586

	
1573

	
945

	
5

	
4

	
16

	
23

	
Regular




	
2

	
Dufu’s Life

	
8102

	
1701

	
3955

	
2446

	
10

	
4

	
8

	
21

	
Regular




	
3

	
Thatched Cottage

	
1793

	
182

	
579

	
342

	
/

	
/

	
1

	
2

	
Mixed




	
4

	
Daya Hall

	
3256

	
680

	
1611

	
/

	
2

	
1

	
13

	
/

	
Regular




	
5

	
Platform for Drinking Spring’s Tea

	
1003

	
118

	
652

	
/

	

	
1

	
/

	
1

	
Natural




	
6

	
The plum garden

	
14,328

	
1359

	
9785

	
1961

	
4

	
6

	
/

	
1

	
Natural




	
7

	
The waterscape of the southern neighbor

	
1210

	
140

	
494

	
535

	
/

	
/

	
/

	
/

	
Natural




	
8

	
The Bonsai Garden

	
1880

	
425

	
640

	
108

	
3

	
3

	
/

	
101

	
Mixed




	
9

	
Tea House of the Thatched Cottage

	
2630

	
1840

	
141

	
/

	
4

	
5

	
/

	
/

	
Regular




	
10

	
Cultural and Creative Museum

	
2292

	
1588

	
232

	
/

	
/

	
11

	
/

	
/

	
Regular




	
11

	
Painting and Calligraphy Museum

	
1406

	
1331

	
12

	
/

	
3

	
1

	
/

	
2

	
Regular




	
12

	
Water scenic spot in the north

	
6445

	
/

	
4739

	
1706

	
/

	
/

	
/

	
/

	
Natural




	
13

	
The orchid Garden

	
2740

	
808

	
1175

	
227

	
/

	
1

	
/

	
30

	
Mixed
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