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Abstract

:

In recent decades, the application of GIS and RS in archaeological and cultural heritage (ACH) has witnessed a notable surge both in terms of quantity and scope. During the initial implementation period (2016–2021) of the Digital Belt and Road Heritage (DBAR-Heritage) working group, several instances of GIS-RS-based applications in support of cultural heritage conservation have merged. In this paper, in order to discuss the great potential of GIS and RS on the Silk Road, an overview of GIS- and RS-based applications in ACH is first presented. In a substantial portion of the published scientific literature, the identification and comprehension of archaeological sites, the monitoring and risk assessment of cultural heritage, and the management and visualization of cultural heritage data are highlighted. Following this, five illustrative case studies from the DBAR-Heritage working group are presented to exemplify how the integration of GIS and RS serves as key approaches in recognizing and appreciating cultural heritage. These selected case studies showcase the utilization of multi-source data for the identification of linear sites; detailed, refined monitoring and assessment of the Angkor Wat heritage; and the reconstruction of the Silk Road routes. These instances serve as the cornerstone for highlighting current trends in GIS and RS applications in ACH along the Silk Road. These methodologies efficiently integrate multi-source geospatial data and employ multidisciplinary approaches, ultimately furnishing sophisticated and intelligent tools for the exploration and management of archaeological and cultural heritage in the era of Big Earth Data. Subsequently, a comprehensive discussion on the merits and challenges of GIS and RS applications in ACH is presented, followed by an exploration of the current application trends. Finally, the prospects for the widespread application of GIS and RS in ACH along the Silk Road are outlined in accordance with the operational plan of DBAR-Heritage during its second implementation phase.
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1. Introduction


In the 1870s, Richthofen introduced the concept of the Silk Road (SR) in his publication “China” [1]; the term “Silk Road” refers to the trade routes extending from Luoyang-Chang’an to Samarkand that primarily facilitated the exchange of spices and silk. Subsequently, the term “Silk Road” swiftly gained recognition within academic circles and the public sphere, extending its scope to encompass both the Maritime Silk Road and the Grassland Silk Road [1,2]. It is widely accepted that the SR involved the Maritime Silk Road and the Land Silk Road, spanning from the 2nd century BCE to the 16th century BC. In 2014, a collaborative declaration by China, Kazakhstan, and Kyrgyzstan for the “Silk Road: The Road Network of Chang’an-Tianshan Corridor” was successfully selected into the World Heritage List. As a landmark event for SR cultural heritage, this declaration revitalized global awareness of the profound historical significance inherent in the SR. As a system of caravan routes connecting Eurasia and North Africa, the SR promotes the mutual dissemination of science and technology, cultural exchange, and integration of people in the East and the West, which has extensively and profoundly promoted production progress and even social change in countries along the routes [3].



However, serving as the carrier of history and culture, which bears witness to the cultural interaction that took place in or around them, cultural heritage sites along the SR are suffering from human activities and climate change [4,5,6,7]. Limited by traditional preventive conservation techniques and methods, the safeguarding and management of these invaluable sites face unprecedented challenges [8]. Within the myriad of challenges, three key aspects have garnered significant attention in recent scholarly discourse. Specifically, the bottleneck of traditional survey methods hinders the overall acquisition and observation of large-scale heritage information [9,10,11]. The ACH sites along the routes are highly susceptible to atmospheric changes [4,12], weathering [13,14,15,16], erosion, and human activities [14,17,18,19,20], which underscores the urgent need for risk assessment and monitoring to facilitate the preventive conservation of ACH. While several research projects involving Central Asian Archaeological Landscapes [21] and the Digital Silk Road Project [22] are currently making commendable contributions and exerting substantial efforts towards the Silk Road Digital Inventory [21], it is essential to acknowledge that, given the extensive geographical coverage of the Silk Road and the sheer abundance of heritage sites, the development of comprehensive digital documentation remains notably incomplete.



In recent years, an increasing number of peer-reviewed articles have demonstrated the application of remote sensing (RS) and Geographic Information Systems (GIS) in tackling various challenges related to cultural heritage, encompassing the ones outlined above and beyond [23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44]. Notably, RS and GIS have emerged as tools in numerous cultural heritage research and management [29,45,46,47,48,49,50,51,52,53]. The integration of RS and GIS in cultural heritage studies represents a blend of conventional yet innovative approaches [54,55,56]. These tools are expanding the practice of SR ACH conservation [57,58,59,60,61,62,63]. As space technology continues to advance, RS and GIS are evolving to keep pace with the era of data proliferation. To furnish technical support for ACH research and its sustainable conservation, it is imperative to continuously review trends in cultural heritage research. The Silk Road, with its vast geographical expanse and rich, diverse cultural heritage, offers an excellent repository of case studies for assessing the trends of these technologies.



As a working group dedicated to the sustainable development of heritage [64], DBAR-Heritage is also trying to explore the application of GIS and RS in the field of cultural heritage discovery, protection, and management along the SR [65]. This paper aims to provide instructive insights derived from the previous peer-reviewed publications and five case practices along the BAR, involving both ACH sites and the supporting environment. GIS and RS have become increasingly popular and effective for use in ACH applications, from identification and conservation support to digital route reconstruction. In this review, we examine the brief development of GIS and RS in ACH, whether aimed at specific sites or contextual environments of ACH; highlight their great application potential in ACH on the BAR; and discuss the merits and challenges of their applications for ACH studies, and the development trends are summarized. We identify and propose several potential enhancements for DBAR-Heritage in its second phase of effective execution at the end.




2. The DBAR Heritage Mission


China proposed its Silk Road Economic Belt and the 21st Century Maritime Silk Road (referred to as the Belt and Road, BAR) initiative that was conceived in cooperation with countries along the ancient Silk Road [65]. In 2016, the international science program Digital Belt and Road (DBAR) was proposed by the Chinese Academy of Sciences. This project’s goal is to develop a platform for sharing expertise, knowledge, technology, and data that demonstrate the possible use of Big Earth Data in support of these global frameworks, promoting data- and technology-aided policy development and addressing regional and global issues [64]. DBAR has established seven working groups that provide scientific support for the implementation of the BAR from a scientific point of view. As one of the seven, the DBAR Natural and Cultural Heritage Working Group (DBAR-Heritage) was established in March 2017, contacting relevant experts from around the world to collaborate and promote data sharing and cooperation related to heritages on the BAR [64]. DBAR-Heritage worked towards sharing experiences of Earth observation technologies and Big Earth Data on natural and cultural heritage applications and reviewing results from baseline data collection efforts of Sustainable Development Goals (SDGs) indicators, and for learning and preparing for future SDGs indicator monitoring [64].



The DBAR-Heritage Working Group has outlined several specific objectives. Firstly, it seeks to investigate the spatial and temporal distribution patterns of cultural heritage sites along the BAR, as well as elucidate the underlying evolutionary mechanisms in response to global changes and human activities. Secondly, it aims to establish a public information-sharing system for cultural heritage within the DBAR data-sharing platform while concurrently fostering an international platform for scientific and technological cooperation. Thirdly, the group concentrates on expanding international research initiatives focused on spatial archaeology and digital heritage, emphasizing innovation and practicality within the broader framework of the DBAR science program. Fourthly, it places emphasis on fortifying dialogues among stakeholders, including World Heritage and archaeological site custodians, Earth-observation organizations, and institutions, as well as policymakers responsible for BAR development. This collaborative effort is aimed at pooling and exchanging experiences in science and technology. Lastly, the group is committed to promoting the extensive application of emerging sciences and technologies in the protection of World Heritage sites along the BAR [64]. This collective endeavor aims to enhance the safeguarding and management of these invaluable heritage sites.



The effective execution period for the DBAR-Heritage proceeds for 10 years (from 2016 to 2025) and is being implemented in two phases of 5 years each. In the first 5 years (2016–2021), the DBAR-Heritage working group has focused on international collaborative research in three typical regions and providing consulting support and capacity-building services for earth-observation technology to protect and utilize cultural heritage, archaeological exploration, risk assessment, and sustainable development in the relevant countries. Focusing on the urgent need for advanced GIS-RS-based approaches in the archaeological and conservation work of cultural heritages in arid areas, the DBAR-Heritage working group has conducted a comparative study in spatial archaeology and the conservation of cultural heritage in China, North Africa, and the Mediterranean. Additionally, scientific studies of the monitoring and evaluation of cultural heritages and archaeological landscapes have been carried out in South and Central Asia [64].




3. Overview of GIS- and RS-Based Applications in ACH


3.1. Background of GIS and RS


GIS and RS have evolved into distinct disciplines within geospatial technology, each with well-established theoretical foundations and methodologies [66]. They now encompass various methodologies and software tools(ArcGIS Pro, GRASS GIS, QGIS, ENVI, ERDAS Imagine etc.), expanding their applications in spatial data collection, measurement, analysis, storage, management, display, dissemination, and deployment. GIS has moved beyond just creating digital maps. It has evolved into a comprehensive framework for integrating, storing, analyzing, and presenting geospatial data [67]. This includes location-based analytics that use geographical intelligence to dissect complex datasets, revealing hidden trends and patterns across regions. RS involves observational and investigative activities in the environmental realm. It uses human operators and sensors on satellites, spacecraft, aircraft, near-space vehicles, and terrestrial platforms. These tools collect and analyze extensive spatial information about Earth’s surface, which is crucial for understanding our planet’s diverse environmental and geographical landscapes [68,69].



Generally, GIS and RS primarily focus on studying and supporting sustainable development in societies and guiding decision-making for economic growth. These fields are known for their comprehensive, multi-sourced, heterogeneous, multidimensional, dynamic nature and large information volume [55,70]. This makes them globally significant. GIS-RS is versatile, significantly impacting areas like geography, agriculture, environmental science, urban planning, and traffic management [55]. At their core, GIS and RS can depict real-time surface conditions of research subjects, including their geometric location, spatial extent, and interrelationships. They also reveal hidden insights about land and atmospheric domains [71]. By continuously monitoring the surface environment, GIS and RS integrate temporal and spatial dimensions, enhancing our understanding of the natural world and the human–nature relationship. This understanding is crucial for recognizing, managing, and preserving ACH.



As GIS and RS are often integrated into ACH research, the term “GIS-RS” will be used below to explore their broad scope of technical applications in ACH.




3.2. Literature Overview of GIS-RS Applications for ACH


3.2.1. Bibliometric of GIS-RS Application in ACH


GIS-RS finds widespread utility in the realm of cultural heritage due to its distinctive technical attributes. Over the past century, a considerable body of peer-reviewed research has explored the utilization of GIS and RS in the field of ACH, affirming the crucial role played by geospatial technologies in driving progress and the innovation of novel methodologies and tools [40,46,47,51,72,73,74,75,76,77]. In the pursuit of refining our research scope, we initiated a filtering process centered on the terms “archaeology”, “archaeological”, or “cultural heritage” within the title, abstract, or keywords. Initially employed as a union filter, this process underwent meticulous refinement in alignment with the key facets of GIS-RS. Subsequently, we identified and retained 14 specific terms: “remote sensing”, “aerial”, “satellite”, “airborne”, “spaceborne”, “CORONA”, “photography”, “multispectral”, “hyperspectral”, “LiDAR”, “SAR”, “GIS”, “geospatial”, and “spatial analysis” from the title, abstract, or keywords for further investigation. Following this filtration process, duplicate records were systematically eliminated through the utilization of a document management tool, resulting in the consolidation of these filtered records into a novel dataset. In its final form, our dataset encompassed a total of 7741 journal publication records. Employing this comprehensive compilation of literature data, we conducted a bibliometric analysis to illuminate the disciplinary characteristics, temporal trends, and spatial dimensions of GIS-RS applications in the realm of archaeological and cultural heritage studies over the preceding half-century.



Regarding the temporal distribution of publications, there is a notable upward trajectory evident in the yearly publication trends, as illustrated in Figure 1. Since 1968, the number of published works has exhibited distinct characteristics comprising three phases. The period spanning from 1968 to 1996 is characterized by sporadic paper publications, reflecting the initial research enthusiasm within the academic community. During this phase, despite the technology being in its nascent stage of development, pivotal technological milestones such as the 1992 release of the desktop platform ArcView by ESRI and the promotion of Landsat satellite applications for civil purposes held significant implications for the overarching progress. The period from 1996 to 2005 displays a modest increase, signifying a growing research interest in the field and its escalating importance. Post-2005, there has been a substantial surge in the volume of articles, accompanied by a heightened adoption of GIS and RS applications within the ACH field and a notable proliferation of practical applications. Particularly noteworthy is the intensified growth observed after 2010, characterized by heightened research activity and increased research interest.



From a geographical standpoint, Italy boasts the highest count of academic articles, totaling 1419, thus ranking as the most prolific contributor among these nations (Figure 2). The United States and China also demonstrate notable scholarly productivity, yielding 843 and 580 articles, respectively. Notably, several countries, including the United Kingdom, Greece, and Poland, exhibit a substantial prevalence of single-author articles, signifying a penchant for independent scholarly output. Conversely, countries like China and Germany feature a significant prevalence of multi-collaborator articles, indicative of a prevalent culture of collaborative research. The substantial presence of numerous co-authors in these studies underscores the capacity of their respective disciplines to converge various professional backgrounds and research domains. This convergence fosters a synergy of complementary and diverse knowledge. The array of co-authors brings different viewpoints and research methodologies to the table, fostering a climate conducive to innovative thinking and interdisciplinary investigations. The diversity evident in co-authored papers contributes to a more holistic and integrated research perspective, thereby enhancing the richness and quality of academic research.



From a pool of 7741 published records, conference papers, book sections, patents, and similar document types were systematically excluded, resulting in the refinement of the dataset to a total of 4719 pertinent results. Subsequently, we conducted an analysis of journals that exhibited the highest relevance in the application of GIS-RS within the realm of ACH. Notably, journals with a primary focus on archaeology accounted for over 50% of the relevant publications, underscoring the considerable interest in the utilization of GIS-RS technology in archaeological research. In terms of article volume, the preeminent sources were found to be the Journal of Archaeological Science and Remote Sensing, both of which are potentially influential and widely circulated publications within the GIS-RS ACH domain. Concurrently, there exist journals that intersect various fields, including geographic information, remote sensing technology, cultural heritage preservation, and sustainability, such as PLOS ONE and Sustainability (Figure 3). This multifaceted journal landscape reflects the interdisciplinary nature of research in this domain.



To gain deeper insights into pivotal subjects, methodologies, research trajectories, and emerging areas of significance, we conducted a meticulous analysis of keyword frequency and topic trends (keywords appearing more than three times per year), as delineated in Figure 4 and Figure 5. The empirical findings illuminate that most of these themes commenced their prominence in the early 2000s, with a consistent rise in research endeavors over time. “Archaeology” emerges as the predominant thematic focal point within GIS-RS research in the ACH domain, registering 238 occurrences, closely followed by “Cultural-Heritage” and “Landscape”, both appearing 229 times, respectively. Notably, “GIS” features prominently, manifesting 208 times, underscoring its pivotal role in archaeological inquiry. Furthermore, the recurring appearance of “Management” (163 occurrences), “identification” (149 occurrences), and “Conservation” (135 occurrences) underscores the profound concern within archaeology for the effective stewardship and preservation of cultural heritage resources. In terms of topical dynamics, it is noteworthy that certain keywords such as “urbanization”, “settlement-patterns”, and “human occupation” have only recently garnered scholarly attention, indicating emergent academic trends and research interests. Furthermore, since 2018, the “Climate-Change” thematic realm has emerged as a sustained focal point, representing a notable and enduring research trajectory in recent years.



The strategic diagrams, depicted in Figure 6, are a two-dimensional representation wherein the Density Index serves as the ordinate, and the Centrality Index is employed as the abscissa. Density denotes the robustness of interconnections among fundamental knowledge units within a specific subject area. When the density value of a particular topic is substantial, it signifies a heightened level of topic maturity. On the other hand, Centrality signifies the strength of a topic’s interrelation with other topics. When a topic exhibits a significant centrality value, it indicates close associations with other topics, positioning the topic at the core of all research subjects. The rectangular coordinate system divides the map into four quadrants, contingent on the density and centrality values [78,79]. As illustrated in the figure, the first quadrant features “archaeology site patterns” as a core theme exhibiting elevated maturity. The second quadrant encompasses highly mature isolated topics such as “staff identification spectroscopy history climate research”. Indeed, this observation aligns with findings in other literature reviews, confirming that the applications of remote sensing in archaeology have evolved into a distinct and specialized discipline within the field [80]. This recognition underscores the increasing significance and unique contributions that remote sensing brings to archaeological research and practice. In the third quadrant, “models lidar visualization” represents emerging topics that may either flourish or diminish in significance. Lastly, the fourth quadrant encompasses the theme of “cultural heritage landscape GIS management”, characterized by relatively low maturity, suggesting its potential as a future research focal point or trend.



It is important to acknowledge that while the database includes some foreign literature, the retrieval criteria primarily rely on English abstracts. Additionally, there is ongoing research in relevant fields involving non-English literature; however, the diversity of languages and inconsistent publishing standards pose challenges for classification. Consequently, conducting statistical analyses in this context proves cumbersome. Nonetheless, it remains imperative to underscore the significance of these non-English language studies in advancing this technology and enabling its broader and more profound utilization.



While, as mentioned above, it has been noted that GIS and RS pursue distinct technical objectives and may not develop synchronously, in practical applications, they are frequently integrated. In the following sections, we will provide an overview of the application of GIS-RS in ACH from different research aims. Two divides stand out: the ontological attributes of the ACH sites and the ACH environmental context. ACH encompasses both archaeology and cultural heritage, which, while interconnected, are distinct fields of study. The following sections will introduce the research related to archaeology and cultural heritage, respectively.




3.2.2. GIS-Led Applications in ACH


Due to different research concerns, the evolution of GIS applications in ACH follows distinct trajectories in archaeology and cultural heritage.



	
GIS in archaeology






The application of GIS in archaeology has brought about a transformative shift, equipping archaeologists with powerful tools to gather, analyze, and visualize geospatial data from archaeological sites. In the next section, we will provide an overview of the evolution of GIS in archaeological applications and offer brief insights into the various types of applications.



The emergence of the GIS concept took place in the late 1960s and early 1970s [81], but technological limitations at the time hindered its widespread adoption in archaeology. Nonetheless, archaeologists always exhibit a keen focus on geographical elements in archaeology research. The development of New Archaeology and Process Archaeology ushered in the application of quantitative and statistical analysis methods in archaeological research [82], providing a theoretical framework for the integration of GIS technology in this domain. In the 1980s and 1990s, with advancements in computer technology, the fusion of computer-based quantitative calculations and spatial analysis facilitated the application of GIS in archaeological research. This era also saw the earliest technical applications of archaeological GIS-MAPS [83]. The convergence of these technologies significantly improved researchers’ ability to analyze and interpret archaeological data within a spatial context, leading to valuable insights into past civilizations and cultural landscapes. During the 1990s and early 2000s, archaeologists began constructing digital databases that combined archaeological information with geographic data to enhance data management [84], analysis [85], and sharing [86]. Simultaneously, site prediction methods that used GIS tools for analyzing a variety of archaeological datasets, along with geographical background data, became increasingly popular [73,87,88]. This period saw the rise of landscape archaeology, which shifted the focus from social, economic, and political aspects to explaining spatial structural problems in archaeological research, especially in Europe [89,90,91].



Since the year 2000, as both technological capabilities and archaeological data accumulated, archaeologists began employing GIS for more complex spatial analyses, including landscape analysis and site distribution patterns [92]. The development of 3D GIS technology enabled archaeologists to reconstruct ancient sites in virtual environments, offering a better understanding and visualization of archaeological site structures and layouts [93,94]. In the 21st century, the enthusiasm for landscape archaeology and 3D exploration is expected to continue. Regarding research methods, mature archaeological GIS research increasingly emphasizes comprehensive analyses of multi-source data alongside other methodologies. Moreover, since the early 2000s, numerous archaeological projects have started sharing their data in Web-GIS, fostering broader academic and public participation and understanding of archaeological research. This trend indicates a growing openness and collaborative spirit within the archaeological community [95]. Indeed, the theoretical frameworks and analytical methods underpinning GIS techniques have attained a level of maturity in archaeology over the past 40 years of development. Mature archaeological GIS research places a greater emphasis on conducting comprehensive analyses of multi-source data in conjunction with other methodologies.



GIS served as an increasingly more common tool in archaeology over the past 40 years. It has demonstrated a diverse range of applications in archaeology, spanning from initial field investigations and excavations to subsequent analytical phases [46]. This enduring presence of GIS technology throughout the entirety of archaeological research, both locally and internationally, highlights its comprehensive utility. Specifically, GIS enables more systematic and effective database management, quantitative spatial analysis and geographic modeling, and visual display for archaeological landscapes.



In archaeological research, one of the most pervasive and fundamental applications of GIS lies in its role as a spatial database dedicated to archaeological sites [96]. Supported by specialized computer software(ArcGIS Pro, GRASS GIS, QGIS etc.) and hardware, GIS processes archaeological data in accordance with specific data standards and protocols. This enables the system to perform functions such as querying, browsing, mapping, and conducting spatial analysis of site collections and their associated environmental context [73]. In terms of data organization, archaeological sites and their corresponding geographical contexts within a given region are integrated into a comprehensive and cohesive system. This not only offers more efficient management tools but also liberates archaeological and cultural heritage data from the time-consuming, laborious, and potentially less secure manual management practices of the past [73,97,98]. With the advent of network technology, archaeological GIS has transitioned towards the realm of web-GIS, allowing for the recording, storage, and sharing of archaeological data in a virtual display format on the Internet. This advancement ensures seamless and immediate information exchange, eliminating temporal barriers.



The spatial analysis and geographic modeling of archaeological sites have emerged as the most extensive and prominent research direction for GIS in published archaeological studies. This prominence is owing to GIS’s capacity to integrate extensive environmental and archaeological site data alongside its ability to employ complex spatial models, thereby providing a foundation for constructing archaeological predictive models [73]. These models are typically established through statistical methods or soil erosion analysis, leveraging archaeological data like known site locations and geographical background information such as slope, aspect, and land cover. The resulting models are then computed, analyzed, and displayed within a GIS environment. Over time, archaeological predictive models have undergone continuous refinement, progressing from binary logistic regression [88,99,100,101,102,103], LAMAP (locally adaptive model of archaeological potential) [104], spatial autocorrelation methods [105,106], and the maximum entropy model [102,107] to the machine learning approach [108,109]. These advancements have significantly enhanced the accuracy of site prediction models, offering invaluable decision support for archaeological research.



With the evolution of archaeological focus towards human spatial mobility, the spatial analysis and geographic modeling of GIS have assumed a key role in landscape archaeology, which focuses on the analysis of spatial processes at archaeological sites [110]. GIS provides an array of spatial analysis and geographic modeling tools. Cost surface and network analysis tools, which are commonly used, have been instrumental in examining human migration routes and communication patterns [111]. Mitten’s study in 2002 utilized global Digital Elevation Model (DEM) data in conjunction with climate change data spanning the last 10,000 years to simulate the human migration out of Africa [112]. Bevan et al.’s research focused on the central settlement of Crete during the Bronze Age. They simulated the distinct influences on the settlement resulting from two different modes of spatial movement: foot travel and sea transportation. Their analysis led to the conclusion that maritime transportation played a significant role in the early Mycenaean civilization’s political and economic landscape [113,114]. GIS hydrological analysis is often used to analyze topographical elements and to explore the adaptation of early humans to topographical environments in archaeological studies [111]. Michael Frachetti improved hydrologic flow algorithms to simulate “herd flows” in rich upland pastures, resulting in a more detailed map of the Silk Road network and reconstructing the seasonal migration paths of herders along the Silk Road, arguing that the choice of paths was not random [115].



The rapid advancement of 3D and VR technology has also profoundly impacted archaeological research through the development of 3DGIS. Within this domain, one key area of focus is the landscape modeling of stratigraphic information in field archaeology. Pioneering work involved modeling archaeological site strata within a GIS platform, leveraging the platform’s built-in 3D capabilities and custom development [116,117]. Three-dimensional visual field analysis is a crucial tool in landscape archaeology. It is applied not only in settlement areas and military contexts but also in sites of religious importance. Tests of the effect of intervisibility between sites enable researchers to gain deeper insights into the spatial relationships and dynamics of these significant sites, providing a more comprehensive understanding of ancient civilizations and their environments [118,119,120]. Indeed, 3D GIS also plays a key role in the reconstruction and display of site landscape phenomena. By utilizing this technology, researchers can create virtual models that vividly represent the landscapes of ancient sites. This allows for a more immersive and detailed exploration of these historical locations, providing valuable insights into their layout, structure, and overall environment. Schuppert [121], for example, meticulously processed historical map data and archives from various sources, establishing a spatial database to reconstruct the early characteristics of the cultural landscape in early Celtic kingdoms in southern Germany. Similarly, Apollonion devised a digital framework for Pompeii, enabling the visualization of archaeological remains and their storage in a web-based 3D database [93]. All these endeavors in 3DGIS underscore the transformative potential of advanced visualization technologies in archaeology, offering new avenues for understanding and interpreting ancient sites and landscapes.



However, scholars have raised concerns about the potential over-interpretation in GIS-based landscape archaeology [122,123,124]. This highlights the need for thorough comparative analysis and reasoned speculation to draw reliable conclusions. It is essential to acknowledge that while geographical models play a crucial role in human activities under specific conditions, they may not capture the full complexity of human societies.



	
GIS in CH






The preservation and stewardship of cultural heritage constitutes the paramount mission of the cultural heritage sector, with GIS initially finding application within this domain. In 1992, pioneers in international heritage conservation spearheaded the utilization of GIS technology in delineating zoning and formulating environmental protection strategies for the Angkor Wat sites in Cambodia, thereby inaugurating the application of GIS technology in the realm of immovable heritage conservation [125]. Subsequently, prominent international organizations such as UNESCO, ICOMOS, and WMF have steadfastly endeavored to integrate GIS into the purview of conservation management and spatial analysis for cultural heritage [126]. UNESCO, for instance, has undertaken a series of pertinent operational initiatives, including the establishment of a heritage management and protection framework for the ancient city of Hue in Vietnam, the safeguarding of Angkor monuments in Cambodia, and the conduct of risk assessments pertaining to cultural heritage assets within Thailand’s historic city of Taikosu. In 1999, UNESCO additionally curated pertinent guidelines for the application of GIS within the domain of Cultural Resource Management (CRM) for cultural heritage management [127]. Furthermore, in collaboration with the World Monuments Foundation, the Getty Conservation Institute has conceived “Arches”, an open-source, web-based GIS tailored for the inventorying and administration of immovable cultural heritage [128]. These advancements catalyze the proliferation of GIS applications within the ambit of cultural heritage. Concurrently, they engender the integration of GIS applications across three key dimensions: the cultural heritage management platform, risk assessment, and heritage exhibition.



GIS serves as an invaluable platform for the comprehensive management of cultural heritage resources. It excels in handling a wide array of unstructured data related to cultural heritage, allowing for a more organized and efficient approach to preservation efforts. One significant application of GIS is in the inventorying of cultural heritage sites. This encompasses a diverse range of sites, from archaeological to architectural and historical structures [129]. Traditional recording methods often face limitations in terms of speed and accuracy when it comes to gathering and assessing current situation data. Moreover, these methods may not be well-suited for conducting quantitative scientific management and in-depth analysis. Utilizing GIS-based inventory systems enables the creation of digital inventories, which can help overcome traditional inventory methods. Additionally, the GIS approach not only enhances data accessibility but also offers advanced tools for analysis and decision-making in the context of cultural heritage conservation.



GIS assumes a pivotal role in the assessment of disaster risks to cultural heritage, primarily contingent upon its vector manipulation and spatial analysis, as well as modeling capabilities. In recent years, with the emergence of the concept of preventive conservation of cultural heritage, there has been a shift from post-disaster relief towards pre-risk disaster prevention, leading to the progressive implementation of disaster risk assessments. GIS-based assessment of disaster risks to cultural heritage primarily targets spatially heterogeneous disasters and human activities impact, involving earthquakes [130], floods [131,132], landslides [133], volcanic hazards [134], sea-level rise [135], tourism [136], and urbanization [18], etc. Leveraging the theoretical framework of natural disaster risk, along with the spatial analysis and data processing capabilities inherent to GIS, the assessment of disaster risk within cultural heritage areas is achieved through the integration of layers pertaining to disaster risk factors, environmental sensitivity to disasters, and vulnerability of cultural heritage. It facilitates regional calculations and the display of assessment results, offering a more intuitive depiction of risk outcomes. There are many practical application cases in GIS risk assessment of cultural heritage. For instance, G. Accardo extensively analyzed the methodology and significance of the Italian National Heritage Risk Map (RM) system [137]. Ionut Cristi undertook a risk and vulnerability assessment of the cultural heritage in the Valeoi Valley, Romania, employing the Analytic Hierarchy Process (AHP) in conjunction with GIS. Álvarez proposed a method for geological risk assessment pertaining to karst cave paintings and conducted a thorough geological risk assessment analysis of a culturally significant cave in Spain.



Three-dimensional GIS also demonstrates commendable proficiency in the visualization of cultural heritage. At the beginning of the 20th century, many scholars increasingly incorporated visualization technology and 3D GIS into the purview of cultural heritage management [138]. This is particularly conspicuous in the management of architectural–historical landmarks in Europe, wherein the 2D geographical query functionality was extended to encompass 3D dimensions [139,140]. The amalgamation of multi-source spatial data information within a systematic environment facilitated functionalities such as virtual roaming and three-dimensional spatial information retrieval rooted in heritage ontology. Furthermore, 3D GIS serves as a conduit for corresponding virtual analyses [141,142]. The visualization of cultural heritage information profoundly deepens comprehension. In tandem with the advent and maturation of technologies like 3D computer graphics, high-resolution rendering, artificial intelligence, and 3D printing, these advanced methodologies have progressively found widespread application in the realm of cultural relic preservation, augmenting endeavors in the preventive protection and restoration of cultural artifacts.



By and large, GIS offers efficacious and streamlined methods for the analysis, visualization, and management of cultural heritage. Additionally, it is imperative to recognize the increasing integration of GIS with an array of complementary technologies, encompassing RS, VR/AR, web, and mobile platforms. This convergence amplifies GIS’s technical prowess and facilitates the holistic stewardship of cultural heritage resources.




3.2.3. RS-Led Applications in ACH


Remote sensing serves as a key tool for obtaining Earth data through sampling various parameters such as wavelength bands, polarization, time, space, and angles. Its fundamental purpose, whether in the context of archaeological or cultural heritage research, is to transform the rich Earth information into more constrained and usable remote sensing data. With this approach, the primary objective is to extract pertinent information from remote sensing observations, facilitating the observation and monitoring of the research subjects in question.



	
RS in archaeology






Remote sensing exists as a traditional yet innovative method in archaeological applications [143]. Scholars have systematically reviewed remote sensing archaeology and case studies from different perspectives such as observation platforms (spaceborne, airborne, ground-based) [72,80,144], technical means (aerial photography, multi (high) spectrum, SAR, LiDAR, ground penetrating radar) [42,145], and application areas (China, Europe, Middle East, Latin America) [146]. In order to clarify the specific role of remote sensing in archaeological applications, as well as its advantages and limitations, we will briefly describe the history of remote sensing development and introduce the technical points of remote sensing target recognition and extraction for archaeological sites.



Remote sensing, as a non-contact and non-destructive detection method, has been a focal point in archaeology since the early 20th century. Its application dates to 1906 when a British lieutenant, Sharp, captured aerial photos of Stonehenge from a military balloon, marking one of the earliest instances of aerial archaeological exploration [147]. In 1919, British geographer and archaeologist O.G.S. Crawford introduced three interpretive markers (vegetation marker, soil marker, and shadow marker) for aerial photography archaeology, laying the theoretical groundwork for remote sensing archaeology [148]. While early aerial remote sensing primarily served military reconnaissance purposes, it inadvertently provided valuable imagery for archaeological investigations. Since 1959, spaceborne platforms have been employed in archaeology [80]. Over the ensuing decades, remote sensing satellites have made significant advancements in space capabilities, radiation technology, spectral resolution, and temporal resolution. Despite challenges such as cost, limited endurance, sensitivity to weather conditions, and airspace restrictions, satellite remote sensing has found wide application in archaeological research. From the late 1980s to the early 21st century, remote sensing archaeology predominantly focused on studying the relationship between large archaeological sites and their surrounding environments [72,80]. Medium- and high-resolution spaceborne optical multispectral images, particularly those from the Landsat series satellites, constituted crucial data sources for this research [80]. In the 21st century, there was a rapid emergence of high-resolution spaceborne imaging systems. Simultaneously, declassified high-resolution spy satellite imagery from the Cold War era began to be gradually made available. This led to an unprecedented surge in the development of remote sensing archaeology. Sub-meter optical/SAR image data from sources like CORONA [149,150,151], IKONOS [152], QuickBird [153], GeoEye-2 [154,155], SPOT-6/7 [156], WorldView-2/3/4 [157], Pleiades-1/2, Gaofen-2 [158], Radarsat-2, TerraSAR/TanDEM [159,160], COSMO-SkyMed [161,162,163], and ALOS-PALSAR-2 [164,165] have become favored resources for remote sensing archaeologists. High-resolution optical remote sensing images, known for their rich detail and precision, are widely used to meet the demands of fine identification in archaeological site detection and investigation. SAR (Synthetic Aperture Radar) remote sensing, with its penetrative capabilities, is particularly effective in detecting subsurface archaeological features, especially in arid desert regions [166]. Stewart et al. [167] identified linear archaeological features beneath the sandy stratum in the Sinai Peninsula through an analysis of the backscattering properties exhibited in L-band PALSAR-1/2 imagery. Additionally, Chen et al. [168] discerned subterranean archaeological structures proximate to the Dunhuang Yumen Pass site by computing the mean backscattering attributes across various temporal epochs of PALSAR-2 imagery. The rapid advancement of Unmanned Aerial Vehicle (UAV) technology over the past decade has significantly enhanced low-altitude remote sensing. UAVs and UAV-lidar have gained popularity in the field of archaeology due to their capability to operate effectively under cloud cover [54,169,170].



The principal aim of remote sensing archaeology research is to extract crucial contextual information pertaining to archaeological sites from an array of remote sensing imagery. This undertaking not only facilitates the elucidation of archaeological knowledge but also makes substantial contributions towards a more comprehensive understanding of regional paleoenvironments. With the ongoing advancement of sensor technology, the availability of multispectral, radar, and hyperspectral imagers has enriched the pool of remote sensing data accessible for archaeological research. Nonetheless, owing to the diverse cultural attributes, typologies, and intricate contextual settings of archaeological vestiges, a universally applicable set of spectral attributes remains conspicuously absent [171]. To date, despite the existence of numerous successful instances within remote sensing archaeology, the establishment of a standardized framework for applied research remains unrealized.



Indeed, much of the current research in this field relies on the three primary indicators for archaeological interpretation: vegetation markers, soil markers, and shadow markers. Researchers analyze spectral, geometric, and backscattering attributes in remote sensing images, employing techniques such as band operations [171], image classification [152], image fusion [172], and image transformation [173]. These technologies and methods, whether applied through visual or computer-based interpretation, play a vital role in the detection and identification of archaeological site targets. The advancement in remote sensing and digital image processing technology has led to the popularity of semi-automatic recognition and extraction algorithms for archaeological sites using high-resolution optical images in remote sensing archaeology [174]. A range of valuable archaeological research outcomes have emerged thanks to such semi-automatic techniques. These researches involve gray threshold segmentation [175], threshold segmentation combined with template matching [176], as well as the utilization of geometric features and Niblack genetic algorithms [177]. Additionally, the ISODATA supervised classification method and the object-oriented FX extraction method have been instrumental in leveraging the spectral characteristics of high-resolution images for archaeological target detection and identification [152,178]. With the development of automated methods in remote sensing image recognition and extraction in the past decade, valuable insights and new approaches have been provided for the automated identification and extraction of archaeological site targets through remote sensing [158,179,180,181,182,183]. Particularly noteworthy is the growing prevalence of machine learning within the domain of remote sensing since 2012, a trend that has served to mitigate the algorithmic constraints associated with archaeological remote sensing feature extraction. Machine learning and deep learning algorithms have engendered the formulation of helpful cases. Mehrnoush Soroush et al. used deep learning to automatically detect Qanat shafts on CORONA satellite images in the Kurdistan region of Iraq [181].



In general, the detection of archaeological sites via remote sensing is susceptible to the impact of a multitude of intricate environmental variables. To elucidate the correlation between spectral attributes and archaeological targets, it is imperative to account for the material composition, soil attributes, climatological parameters, phenological traits, and processes of environmental change pertaining to the site. Regardless of the method employed for image extraction, remote sensing target identification falls under the category of supervised approaches. The expertise and prior knowledge of trained professionals are of paramount importance in this regard. Furthermore, owing to the intrinsic uncertainty and ambiguity inherent to archaeological sites, disparate researchers may harbor divergent spatiotemporal interpretations of a singular site. As a result, whether contingent on manually visually interpreted extraction findings or algorithmically automated detection, the expertise and prior acumen of trained professionals wield a considerable influence on the precision and accuracy of the results.



	
RS in CH






From the 1960s to the 1990s, with the breakthrough development of satellite technology, satellite-, aerial-, and ground-based remote sensing techniques gradually expanded from the field of remote sensing archaeology to collaborative observations used for cultural heritage sites and their surrounding environments. Since the 1990s, there has been rapid development in technologies such as remote sensing, GIS, GPS, VR, information communication, network technology, and scientific big data. Concurrently, with the establishment of a monitoring system integrating various remote sensing technologies, including high-resolution optical, radar, and LiDAR, remote sensing technology has permeated the entire process from cultural heritage resource survey, refined monitoring, and documentation to preventive conservation.



The reasonable application of remote sensing technology in the census and registration of cultural heritage can quickly obtain more accurate and detailed information about the spatial location and construction control zone of immovable cultural relics and provide a scientific basis for decision-making on immovable cultural relic protection policies and planning [184,185,186]. Remote sensing data enables overcoming limitations imposed by climatic conditions and observation periods, allowing for the rapid, accurate, and macroscopic acquisition of information regarding the surface and near-surface cultural heritage. Employing techniques encompassing visual interpretation and intelligent analysis, the spectral and spatial attributes of cultural heritage within high-resolution satellite imagery can be discerned and pertinent data extracted. This enables cultural heritage departments to expeditiously and accurately grasp fundamental information such as the quantity, distribution, characteristics, and preservation status of immovable cultural artifacts [185]. This meticulous and intricate spatial data, in consequence, serves as a scientific foundation for the formulation of policies and strategic blueprints for the safeguarding of immovable cultural relics.



The interpretation and analysis of high-resolution satellite imagery facilitates the swift acquisition of information regarding the execution of protection plans within immovable cultural artifact protection zones, allowing for the timely identification of issues such as unauthorized construction and damage to immovable cultural artifacts. This, in turn, provides an objective reference for law enforcement actions, thereby aiding grassroots proactive law enforcement. The corona satellite data, extensively utilized in archaeology and cultural heritage surveys [149], despite its absence of GPS coordinate data and notable geometric distortions, boasts attributes including high spatial resolution (with KH-48 achieving up to 1.8 m), provision of stereoscopic pairs, and convenient accessibility [187]. These characteristics enable clear imaging of cultural heritage that has already suffered damage. Multispectral imaging technology from satellites has also found successful applications in the preservation of built heritages. This includes the use of visible and near-infrared band images to determine vegetation normalization parameters and near-infrared surface temperatures in order to differentiate between artificial environments and natural surroundings [188,189,190]. This, in turn, facilitates the detection, perception, and reconstruction of a built heritage and cultural landscapes. Additionally, by comparing multi-temporal remote sensing images, dynamic monitoring of construction changes within controlled development zones can be conducted, allowing for a timely understanding of construction statuses and alterations. This enhances the intuitive and visual aspects of management while also providing witness to the historical evolution of immovable cultural artifacts.



Based on remote sensing data and interpretation methods, it is possible to conduct refined monitoring of both the core elements of cultural heritage and their associated environments, with the goal of conducting disaster risk assessment and preventive conservation of cultural heritage. Particularly, the integration of multi-source and multi-temporal remote sensing data offers a natural advantage for detecting changes in cultural heritage.



Indeed, the essence of preventive protection for cultural heritage lies in conducting thorough and meticulous risk identification and analysis for heritage and subsequently implementing tailored risk prevention measures. InSAR plays a crucial role in the health diagnosis and monitoring of immovable heritage ontologies. Compared to active remote sensing, passive satellite remote sensing systems have made significant advancements in radiation, spectral, and spatial resolution. However, their usability is hampered by obstructions such as vegetation, clouds, and atmospheric particles. On the contrary, microwave and radar satellite systems utilize active sensors, allowing them to observe target areas continuously and, to some extent, penetrate through soil, vegetation, as well as atmospheric conditions like haze, clouds, smoke, rain, and snow to gather effective data. Immobile cultural artifacts are susceptible to threats from natural weathering, foundation corrosion, and human activities, necessitating various means of measurement, monitoring, and protection. InSAR can achieve measurement precision at the centimeter to millimeter level. It holds significant potential in monitoring structural deformations of a built heritage, changes in the surrounding environment, and surface instability, as well as quantitatively assessing risks and providing early warning for these issues. By estimating displacement values along the radar line of sight (LOS), InSAR can detect motion imperceptible to the naked eye, enabling the assessment of deformation in a built heritage structures (such as cracks, displacements, ground subsidence, brick and stone tilting, collapse) [191,192]. InSAR interferometric measurement technology is considered a high-precision, low-cost deformation monitoring technique. Furthermore, through the inversion of abnormal deformations obtained from SAR satellite data and temporal analysis, coupled with specialized data on hydrology, geology, urbanization, and other relevant topics, it is possible to accurately diagnose the causes and mechanisms of damage to architectural sites [193,194].



Additionally, by integrating high-resolution satellite remote sensing data with basic environmental data, it is possible to monitor structural changes in the heritage environment context for risk assessment. Due to the direct exposure of most cultural heritage sites to the natural environment, they are highly susceptible to atmospheric pollution and acid rain, which accelerates their erosion and damage. A comprehensive approach utilizing optical and microwave remote sensing is employed to monitor the types and concentrations of harmful gases and fine particles within the protected areas of immovable cultural relics. Through the comprehensive use of technologies such as optical and microwave remote sensing, harmful gases and fine particulate matter types and concentrations within immovable cultural artifact protection zones can be monitored, allowing for the determination of the extent and severity of atmospheric pollution [195,196]. Through long-term monitoring, a substantial dataset of atmospheric environmental information is accumulated within the protected areas of immovable cultural relics. This dataset serves as a robust foundation for the development of preservation, restoration, and maintenance initiatives for these invaluable cultural assets. Additionally, activities such as tourism, agriculture, and urban expansion can be fine-tuned through monitoring. Researchers can interpret various types such as CORONA satellites, Landsat series satellites, DMSP-OLS nighttime light data, and multi-temporal satellite images within a certain range around a built heritage, calculate changes in land designated for construction use, study and analyze the spatial pattern of urban sprawl, and predict future trends in urban expansion, thereby assessing the adverse impact of urban expansion on a built heritage [197,198,199].



In conclusion, remote sensing technology also holds immense potential in the realm of cultural heritage conservation and management. Although spatial technologies, represented by satellite remote sensing, were initially not designed for heritage preservation, the acquisition of multiscale and multi-temporal remote sensing observation data from various observation platforms, such as ground-based, aerial-based, and satellite-based platforms, in accordance with the diverse application scenarios and requirements of cultural heritage conservation and management, has become a standard method applied throughout various stages of cultural heritage resource survey, risk assessment, and monitoring. This underscores the increasingly integral role of remote sensing technology in the routine practices of cultural heritage management and protection. Remote sensing technology exhibits good applicability in the risk assessment and dynamic monitoring of cultural heritage in remote or poorly accessible areas, linearly distributed multi-heritage areas, and circularly distributed multi-heritage areas. Additionally, it complements the commonly used ground-based point measurement and monitoring techniques. It is important to note that the application of remote sensing in heritage conservation is still in its early stages. Effectively leveraging satellite data, establishing reliable data processing strategies, integrating field survey data, as well as fundamental data in hydrology, geology, economics, and historical records, and making accurate and comprehensive judgments on the causes and development trends of risks to cultural heritage poses a new challenge.






4. GIS-RS Applications in ACH of BAR


4.1. Sites Identification


The surveys of ancient sites along the BAR present notable challenges owing to the rugged terrain and safety considerations. The Silk Road traversed arid regions with challenging geographical features, notably in northwest China and Central Asia. These regions are typically characterized by arid climates and extensive desert terrain. Cultural heritage sites are scattered across these sparsely inhabited landscapes, making it challenging to access pertinent information. This renders the utilization of conventional archaeological techniques less effective in uncovering archaeological sites in this uncharted region. However, the presence of shallow archaeological features, aridity, and limited human disturbance render these areas ideal for remote sensing archaeology. The following two case studies exemplify the application of remote sensing archaeology within this unique context.



4.1.1. The Great Wall Linear Archaeological Site (GLASS) Identification


As a significant component of the cultural heritage within the Hexi Corridor of the Silk Road, the Great Wall of the Han Dynasty stands as an extensive and intricate military defense system. The sites associated with it encompass diverse categories, some of which have not yet been definitively confirmed through on-site archaeological exploration or excavations. The region flanking the Great Wall of the Han Dynasty is situated within an ecologically delicate and sensitive area susceptible to frequent environmental disruptions. This vulnerability exposes the Han Dynasty Great Wall site to varying degrees of natural and anthropogenic deterioration. Hence, the swift and accurate assessment of the present condition of the Han Dynasty Great Wall site, along with its objective evaluation and analysis, holds paramount practical significance. This endeavor is integral to the monitoring and preservation of the Great Wall site of the Han Dynasty and its enduring sustainability. A substantial portion of the Great Wall sites from the Han Dynasty era has either vanished or become entombed beneath sand dunes, Gobi, and Yadan landforms. In specific locales, only remnants of walls or beacon towers of limited height remain. Moreover, these vestiges are predominantly situated within Gobi and desert terrains, rendering them seldom frequented or challenging to access. Consequently, executing extensive, multi-frequency, ground-based archaeological investigations proves to be a formidable undertaking.



Luo [179] utilized very high-resolution (VHR) satellite remote sensing imagery in the vicinity of the Dunhuang Shazhou area for the automated identification and extraction of linear archaeological sites (linear targets) and beacon sites (point targets) along the Han Great Wall. Initially, the GF-1 data were subjected to image calibration and mathematical morphology for enhancement. The spectral characteristics of GF-1 multispectral data were analyzed using the M-statistic, revealing that the spectral separability index of the Dunhuang–Guazhou GLASS line was consistently below 1. In the case of GLASS, it was found to be challenging to differentiate it from the background using spectral information, as the M-statistic values in the PAN band and the near-infrared/red ratio index were only marginally higher than 0.5. Analysis of the GF-1 PAN image revealed that the high spatial resolution made the linear features of the Han Great Wall highly discernible in the imagery, offering a new approach for the automated identification and extraction of linear archaeological sites along the Han Great Wall. Smooth filtering was applied to the GF-1 PAN data to mitigate the influence of local noise inherent in the image on the grayscale characteristics analysis of GLASS. Based on the statistical analysis of the grayscale histogram, a threshold segmentation algorithm was employed for image segmentation. A comparison of various thresholding methods, including the comparative bimodal method, iterative method, and maximum inter-class variance method (Otsu’s method), revealed that Otsu’s method was better suited for image segmentation in the case of GLASS. The results of typical regional extraction are presented in Figure 7. This methodology attains an 80% accuracy rate within Dunhuang, characterized by a homogeneous background, thus affirming its efficacy in discerning linear traces. The objective is to ascertain the archaeological characteristics of the Han Dynasty Great Wall in Dunhuang, China. Furthermore, this approach holds potential applicability in identifying analogous linear traces of various iterations of the Great Wall of China across diverse geographical regions.



In subsequent work, Yang puts forth an enhanced DeepLabv3+ model designed for the identification of archaeological traces, with a specific emphasis on the Great Wall of the Han dynasty in northwest China. This model leverages very high-resolution aerial imagery. The enhancements introduced to the DeepLabv3+ model involve the substitution of the encoder module with a pre-trained ResNet101 to acquire more profound features. Additionally, the Dice coefficient is incorporated into the loss function to enhance accuracy, particularly in scenarios characterized by imbalanced distributions of positive and negative samples [183].




4.1.2. The Limes Linear Archaeological Site Identification


Tunisia is located at the western end of the ancient Maritime Silk Road and served as a vital maritime trading hub during the Roman era. In the early ninth century B.C., the Phoenicians established the city of Carthage on the gulf coast of present-day Tunisian, and it later developed into a powerful player in the area. In 146 B.C., Carthage became part of the province of Africa in the Roman Empire. The Myra Valley Corridor, in the southwestern part of Gafsa, Tunisia (Figure 8), was an important border crossing between the Roman Empire and the ancient Berber world, which communicated with the southern Sahara Desert and the northern Friana desert steppe. The Romans built a military defense system on their border, consisting mainly of sidewalls and associated military facilities, including linear defense systems (sidewalls and ditches), as well as fortresses, beacons, and observatories. Tunisia’s prosperity during the Roman Empire was attributed to its strong military defenses and the use of developed agricultural facilities. Unfortunately, these massive remains have disappeared.



Nabil conducted a reconstruction of the ancient Roman border defense system in Tunis, employing GIS buffer analysis and overlay analysis based on historical records to identify new suspected areas from remote sensing images. Subsequently, suspect sub-regions were delineated in high-resolution remote sensing images, and these areas were subject to interpretation, verification, and integration with completed GNSS-based archaeological surveys. Pixel-scale spectral analysis, coupled with Local Indicators of Spatial Association (LISA) spatial analysis methods, facilitated the pinpointing of these regions using 1 m resolution Worldview images (Figure 9). The unsupervised classification outcomes revealed a distinctive spectral anomaly indicative of the transition zone between desert steppe and vegetation-free land. Notably, LISA classification significantly enhanced the accuracy of unsupervised classification and the recognition of archaeological features. The findings of this study enable a more precise identification, localization, and mapping of various types of new archaeological sites within the study area.



The research outcomes culminated in more intricate identification, localization, and mapping of various types of new archaeological sites within the study area (Figure 10). Notably, ten archaeological sites dating back to the Roman period have been unearthed in southern Tunisia. These findings were corroborated through remote sensing interpretation and subsequent field investigations. Among these sites are three sidewall locations, two military fort sites, an irrigation system, three water cellar sites, and one burial site. These remains reveal the layout of the southern military defense system and the structure of the agricultural irrigation system during the ancient Roman period [200].



The two case studies previously discussed both occur in a similar geographical context, specifically within the Gobi Desert area, characterized by relatively minimal surface interference. This unique environmental setting presents distinct advantages for the identification of linear heritage sites. Located at the eastern and western ends of the Silk Road, these regions exhibit archaeological sites with similar morphological features. Although the primary research focus may not be the examination of attack and defense structures at both ends of the Silk Road from an archaeological standpoint, the linear nature of these sites, as identified through remote sensing techniques, yields significant insights for comparative East–West archaeological studies.



Methodologically, while both cases employ linear feature extraction, they differ markedly in their technical approaches. Case 4.1.1 involves a comprehensive and efficient extraction of sites across the study area, in contrast to Case 4.1.2, which methodically identifies targets by correlating archaeological findings and historical documentation. This contrast not only underscores the applicability of remote sensing for site identification in such settings but also emphasizes how varying research objectives can influence distinct methodological approaches, even when utilizing the same technical resources.





4.2. Preventive Conservation Support


The International Centre for the Study of the Preservation and Restoration of Cultural Heritage (ICCROM) pointed out that preventive conservation is to take all measures and actions to prevent or reduce possible future deterioration and damage to the heritage in 2008 [126]. This process should be based on the risk assessment and dynamic monitoring of cultural heritage to identify early signs of heritage deterioration [201]. In the context of safeguarding heritage sites of paramount significance, GIS possesses inherent technical advantages that enable them to provide decision support from a preventive and protective standpoint. The concept of “preventive conservation” was formally introduced during the International Conservation Conference held in Rome in 1931 [202]. This development was significantly influenced by the principles of risk management. Over time, this theoretical framework expanded its scope from the realm of collection conservation to encompass immovable cultural heritage conservation. The prevailing preventive protection framework, rooted in risk management theory and widely accepted within the contemporary academic community, follows a systematic sequence: identification of heritage risk factors, evaluation of these risk factors, identification of strategies to mitigate or eliminate them, and the subsequent application of risk reduction measures. This framework essentially adheres to a structured process, encompassing data collection, risk factor identification, risk assessment, and risk mitigation. Its essence lies in the thorough and meticulous analysis of construction-related risks, leading to the development of targeted risk prevention measures. It involves establishing a situation, judging risk, analyzing risk, and evaluating risk. The next cases relate to the application of these two aspects of Angkor Wat to support its conservation decisions.



The Angkor heritage site, a world-renowned cultural heritage site, was the capital of the Angkor dynasty in present-day Cambodia. The Angkor monuments are distributed over a range of 400 square kilometers, including the ancient capitals and temples of the Khmer Empire from the ninth to the fifteenth centuries, such as the ruins of Angkor Wat, Angkor Thom, Bayon Temple, and the Queen’s Palace. Due to the long-term effects of natural disasters and human activities, most of the Angkor monuments have collapsed into ruin. They were listed as Endangered World Heritages while they were selected as World Cultural Heritages in 1992. The protection of the Angkor site was a high priority of both the Cambodian government and the international community. In 1993, the Angkor International Coordinating Committee for Safeguarding and Development (ICC-Angkor) was established. Following the end of the last century, more than 20 countries, including China, have invested a large amount of funding and human resources to protect the Angkor site and have achieved good results. What is the relationship between the collapse of the Angkor monuments and changes in the characteristics of heritage ontology and the environment (including the underground environment)? This is ultimately a scientific challenge that must be considered and studied before it can be restored, and this is also a question that must be investigated as part of the sustainable development of the Angkor site.



4.2.1. The Floods Risk Assessment for Heritage


The natural disasters of the leading heritage are characterized by many kinds, wide distribution, and strong suddenness. The immovable cultural relics exposed to the natural environment for a long time are at high risk of being destroyed or even destroyed in the face of major natural disasters. In the face of natural disasters, floods pose a significant threat to the Angkor World Heritage site. One of the primary concerns of the Authority for the Protection and Management of Angkor and the Region of Siem Reap (APSARA) is how to mitigate the flood risk at Angkor. Strengthening the assessment and management of flood disaster risks is of paramount importance for the protection of the Angkor World Heritage.



Researchers, led by Liu, developed a Flood Hazard Index (FHI) model based on GIS and utilized SAR data to extract historical flood information at Angkor from 2007 to 2013. The research methodology encompassed the following steps. Initially, SAR data, the Digital Elevation Model (DEM), and river network data were employed to extract four indicators: flooding frequency, absolute elevation, elevation standard deviation, and river network density. These four indicators were utilized for identifying flood-prone areas. Subsequently, SAR images underwent preprocessing and registration. Then, a threshold segmentation method based on Gray Level Co-occurrence Matrix (GLCM) texture analysis in conjunction with a supervised classification method using a Support Vector Machine (SVM) was applied to extract water bodies. The normalization of indicator data was performed, and weights for each indicator were determined using the Analytic Hierarchy Process (AHP) and the Delphi method. The consistency of the weightings was ensured through the construction of judgment matrices. Finally, the FHI model was established using ArcGIS map algebra, with the selected indicators of flooding frequency, absolute elevation, elevation standard deviation, and river network density as its basic parameters. The weighted index was then used to create a distribution map of flood disasters at Angkor (Figure 11) [203].



The research findings revealed that out of the 52 components constituting the Angkor monument, nine components faced potential flood risks. High and moderately high-risk areas were primarily located around West Baray, with no direct risk impact on the core archaeological area. Moderate-risk areas were situated on both sides of the Siem Reap River and the Roluos River, as well as within the inundation zone of the core archaeological area of the Tonle Sap Lake. These areas covered a total area of 19.4 square kilometers, accounting for 9.13% of the total core area. This moderate-risk area poses a greater flood threat to the core area and requires higher attention.




4.2.2. The InSAR Monitoring and Risk Assessment


SAR, with high-resolution sensors, enables the retrieval of the proxies of surface morphological changes, which can inform the decision-making process of cultural heritage sectors and stakeholders to implement related measures to alleviate anthropogenic and natural effects on the cultural landscape [166,204]. A powerful tool must be used for monitoring subtle movements at a millimeter level of accuracy at this site. To improve the spatial distribution density of ground subsidence at the site and to monitor abnormal deformation points at the ancient temple heritage, a two-scale Tomo-PSInSAR method was introduced to extract millimeter-level deformation information at the site and the surrounding cultural areas of the city of Siem Reap (Figure 12). The sensitivity of short-wave near-infrared 1/2 (1.56–1.66 µm) and red-band (2.10–2.30 µm) Landsat images on the urbanization map, the study used the maximum-likelihood supervised classification algorithm to obtain the area of urbanization and time-series change information for Siem Reap and it established the prediction model of ground subsidence in connection with the fluctuation of the groundwater table, used to predict and analyze the trend of the ground surface stability of the heritage site. In the comprehensive analysis of rainfall data, pumping groundwater data, the deformation rate field, and the thermodynamics of the stone materials of ancient Jiannian, it was found that the degradation and collapse of the ancient temples were directly related to significant seasonal variations in the groundwater table, the spatial heterogeneity of the thermodynamics of the stone materials, and other factors (Figure 13) [100,119]. This case enables new insight into sustainable conservation. A two-scale Synthetic Aperture Radar interferometry (InSAR) approach was adopted. Multidisciplinary analysis, together with a deterioration kinetics model, offers new insights into the causes that triggered the potential decline of the Angkor monuments (following [204]).





4.3. Digital Routes Reconstruction


In October 2008, during the 16th ICOMOS General Assembly, the ICOMOS Charter on Cultural Routes was formally adopted. Cultural route heritage represents the migration and flow of people, the communication between countries and regions in a certain period of time, and the reciprocal and continuous exchange of goods, ideas, knowledge, and values in multiple dimensions. As a typical cultural route, the reconstruction of a complete geographical network space for SR is of great significance for understanding the interaction of civilizations in different regions. Firstly, the pivotal nodes and routes of the Silk Road constitute indispensable elements for comprehending its overarching history, culture, trade dynamics, and geopolitical significance. Secondly, the methodical restoration of the route serves as the foundation for enhancing our comprehension of its historical evolution and the trajectory of human activities along its course. As highlighted earlier, the intricate natural and human environment within the Silk Road region imperils its cultural heritage, risking irreparable harm and loss. Hence, there is an urgent need to achieve the digital preservation of this heritage through the creation of digital inventories of sites.



Zhang Ping utilized archaeological sites, ancient maps, and remote sensing image data to achieve spatial positioning of historical geographic information pertaining to the Silk Road, thereby reconstructing a comprehensive digital inventory of the Silk Road network heritage [205]. This digital heritage inventory, characterized by topographical accuracy and three-dimensional positioning, serves as the foundation for in-depth statistical analysis, facilitating the examination of Silk Road trends. The initial endeavor involves the integration of extant archival materials. Since the 1890s, explorers from both Eastern and Western origins have conducted extensive geographical exploration and archaeological investigations within Silk Road regions, yielding a substantial collection of geographical survey maps and archaeological records. The heterogeneous origins and languages of these explorers have led to significant toponymic confusion, posing challenges to the effective utilization of these historical resources. Zhang has undertaken spatial registration and digital processing of these maps to create digital archaeological maps, thereby pinpointing previously uncharted sites and relics. This rejuvenates a wealth of investigative data. Through map digitization, geographical names in diverse languages and labels can be geographically referenced using latitude and longitude coordinates, effectively resolving the issue of ambiguous toponyms. Leveraging historical documents, archaeological data, and remote sensing imagery, the paper utilized GIS technology to construct a spatio-temporal database of the Silk Road as it stood in the year 2000. Employing network technology and WebGIS, the paper establishes a historical geographic information platform for the Silk Road (Figure 14), facilitating the reconstruction of the Silk Road’s geographical environment spanning 2000 years and simulating its evolutionary process. Considering human development and other influential factors along the ancient Silk Road, this platform offers a foundational and visually accessible networked comprehensive historical geographic information platform for examining societal changes along the Silk Road. Within the context of factors such as environment, ethnicity, economy, transportation, and culture along the Silk Road, more researchers could examine the ascension, evolution, and eventual wane of the Silk Road Economic Belt during the Han, Tang, Ming, and Qing Dynasties. Although this seems to be a very basic work, it faces a large amount of heterogeneous data and integrates it into a GIS system to generate new cognition, which is of great significance for understanding the Silk Road and economic and cultural exchanges along the route.





5. The Merits and Challenges in GIS-RS Application


5.1. Merits of GIS-RS Applications for ACH


5.1.1. High Efficiency for ACH Investigation


The low cost and high efficiency of cultural heritage information acquisition based on GIS-RS are realized. RS offers a fast, convenient, and labor-saving method for the detection of ACH, especially during the large-scale performance of archaeological land surveys. Conventional archaeology predominantly relies on manual site investigations, particularly for extensive site surveys, which entail substantial labor efforts. Particularly, when conducting investigations in challenging natural environments such as deserts, grasslands, and ancient city sites, the inherent limitations of these settings render field investigations arduous, further complicating the attainment of precise survey results. In contrast, remote sensing platforms gather data without being constrained by geographical environments, leading to substantial time and cost savings in archaeological investigations.



Moreover, in the realm of heritage risk assessment, particularly concerning ancient buildings, ICCROM underscores the significance of minimal intervention and investment to attain efficiency [201]. Remote sensing-GIS techniques align with this philosophy by employing non-invasive monitoring methods, embodying the efficient principles and concepts of risk management. Furthermore, the applied analysis of multi-temporal data enables managers to swiftly identify potential sites or changes, thereby contributing to time and resource conservation.




5.1.2. Quality Improvement for ACH Digital Source


The quality of digital resources pertaining to cultural heritage has been enhanced. The management, protection, and research of cultural heritage impose stringent demands for the integrity, consistency, objectivity, and precision of foundational data. A comprehensive cultural heritage database comprises heritage ontology information along with environmental background data. Satellite remote sensing technology offers macroscopic, rapid, dynamic, and cost-effective capabilities, facilitating all-weather and continuous monitoring of diverse surface conditions.



The utilization of multiple platforms and data collection cycles substantially enhances the integrity of cultural heritage data. Spatial alignment of data from multiple sources guarantees data consistency. The integration of machine learning mitigates subjectivity in human–computer interaction processes. Enhanced data and model accuracy facilitate more precise monitoring of cultural heritage. These factors collectively contribute to a high-quality cultural heritage data resource for research and management.




5.1.3. Cognitive Enhancement for ACH Research


Augment the comprehensive comprehension of cultural heritage within expansive spatial contexts. GIS-RS commands powerful abilities in ACH information mining. Spatial analysis can identify and explain the economic, environmental, and social impacts of the ACH layout and related land-use patterns for historical or cultural researchers. This can further help scholars recognize and understand the interactions between the environment and human activities in the ancient economic evolution and the complexity of social organization changes.



GIS-RS methods can achieve both static and dynamic temporal and spatial changes. The addition of the environmental background further makes it possible for scholars to explore complex environmental drivers or social forces. Specialists can extract key work areas of ACH via GIS-RS, which can also provide scientific data support for early warning mechanisms apropos natural and human-created cultural heritage threats and can assist in the amelioration of monitoring and response measures pertaining to ACH [102]. GIS-RS can also offer analytical support for the development and management of ACH tourism: its planning at the initial stage of development, spatial analysis research on the accessibility of cultural resources, the rationality of transportation, and flow control at heritage sites.





5.2. Challenges of GIS-RS in ACH Application


5.2.1. Heterogeneous Data Problem


Heterogeneous data in multi-source data always remains a challenge. While addressing data heterogeneity remains a fundamental task in ACH research employing GIS and RS, it presents limitations in detail that are not necessarily difficult but cannot be ignored. The swift advancements in remote sensing earth observation technology and computer technology have led to the rapid development of multi-spectral, high-spatial resolution remote sensing data sharing platforms, generating vast quantities of remote sensing data daily and resulting in explosive data volume growth. This growth, in turn, introduces multi-sourced data and data heterogeneity. Furthermore, Silk Road cultural heritage data frequently originate from diverse sources and modalities, exhibiting variations in language composition, platform architecture, and document structure [91]. These disparities in data formats underscore the characteristics of multi-sourced heterogeneity, posing significant challenges to data processing efficiency and comprehensiveness. Distinct remote sensing platforms, including satellite remote sensing and low-altitude remote sensing, as well as variations in satellite data, necessitate distinct pre-processing methods. Additionally, geographic vector data referenced in different coordinate systems and textual information presented in various languages further complicate unified data storage.




5.2.2. Association and Correlation in ACH Data Mining


Establishing correlation levels in data mining challenges the attribution of ACH research. The challenge in establishing a cultural heritage database within the context of GIS and RS applications does not primarily stem from the volume or complexity of “big data”. Rather, it pertains to the nuanced development of data significance and value gradients, necessitating the identification and selection of pertinent data [206,207]. Confronted with intricate geographical environments, the quantitative analysis of cultural heritage frequently overlooks the establishment of correlation levels. This encompasses correlations between cultural heritage and its environmental context, spatial and temporal relationships, cultural elements, and public engagement. This omission may be attributed to the multifaceted and intricate factors influencing changes in cultural heritage. Analyzing how each of these causes affects heritage and how they affect it collectively is extremely complex. Nevertheless, it results in a deficiency in attributing ailments afflicting cultural heritage. For instance, while deformation is detected in Angkor site monitoring, comprehensive causal analyses of these deformations are frequently absent, hindering determinations regarding whether tourism, urban development, extreme climate events, or other factors constitute primary contributors.




5.2.3. Interdisciplinary Dilemma


Additionally, cross-application encounters cognitive limitations stemming from interdisciplinary disparities. GIS-RS presents theoretical and methodological challenges for ACH managers. Effective GIS-RS applications require a thorough knowledge of the theoretical and methodological limitations inherent in the technology as well as the awareness of their implications for the modeling of ACH data. However, most specialists, regardless of whether they are historical and cultural researchers or cultural heritage managers, have not systematically studied the theory and tools of GIS-RS. This lack of expertise can directly lead to short applications of GIS-RS, such as the abuse of spatial analysis models in archaeological analysis [208]. A similar challenge arises in risk monitoring. For instance, despite conducting meticulous remote sensing-based deformation monitoring of Angkor Wat, researchers encounter difficulties in assessing the risk level associated with deformation-related issues. Profound insights from experts specializing in ancient building preservation are essential for providing professional guidance, a task not within the purview of cultural heritage experts. This challenge also extends to issues such as model accuracy evaluation and confidence level selection for skilled archaeologists or Cultural Heritage Specialists.






6. GIS-RS in ACH Applications: Trends and Perspectives


6.1. Towards Big Earth Data-Driven Understanding for ACH


The advancement of Earth observation technology has led to the generation of extensive and diverse Big Earth Datasets [68,143]. These datasets, derived from space technology, encompass data pertaining to land, ocean, atmosphere, and human activities. In the rapidly expanding era of Big Earth Data, the enhanced accessibility of high-resolution and frequently updated RS data has significantly improved [68]. Leveraging these datasets has notably broadened the analytical capabilities in ACH research. This transformation marks a shift from a traditionally static approach to a dynamic, multidimensional framework, thereby enabling more thorough cognitive and predictive analyses [209]. This progression signifies a substantial leap in the depth and intricacy of ACH studies. Considering ACH spatiotemporal data, multi-temporal imagery provides deeper insights into the dynamic alterations of ACH surfaces, elucidating the evolutionary patterns of observed phenomena more effectively than single-temporal remote sensing images. For instance, vegetation maps derived from multi-year indices prove invaluable in detecting and monitoring archaeological and cultural heritage sites in arid regions at risk due to agricultural expansion [210].



At the same time, we need to acknowledge that the vastness and complexity of Big Earth Data present challenges for ACH knowledge extraction. The data’s large scale, varied origins, multi-scale nature, high dimensionality, complexity, and unstructured form pose significant challenges in comprehension, organization, integration, and migration, which hinders efficient ACH spatial data mining [68,209]. Specifically, the challenge inherent in exploring at least three points of Big Earth Data is also manifest in ACH application: (i) selecting appropriate statistical models amidst the uncertainty and nonlinearity of big data [68,211]; (ii) developing efficient spatial data mining algorithms to uncover hidden values [68]; (iii) realizing efficient super-large-scale spatiotemporal visualization analysis [209,212].To solve these problem, advancements in data storage, cloud computing, and the development of innovative algorithms and models are increasingly being recognized. In summary, for GIS-RS initiatives grounded in Big Earth Data to effectively contribute to ACH research and management, it is imperative to develop a suite of scientific and systematic theories and methodologies to address the challenges posed by the Big Data context.



Most recently, substantial research has been conducted in the realms of large-area remote sensing archaeology, heritage monitoring, evaluation, and the development of heritage protection strategies, all grounded in Big Earth Data [54,209,213,214,215]. These studies encompass RS mechanisms, universal methodologies, and pioneering demonstrations [54,56,83,211]. The integration of technological advancements and Big Earth Data has led to new insights into human evolution and societal progression, including investigations into the degradation of Outstanding Universal Values of ACH sites [18,216]. This entails the incorporation of geophysical exploration data, field archaeological excavation data, meteorological and hydrological phenological observations, as well as physical and biochemical data related to site structures and their surrounding environments, facilitated through cloud-based platforms [68]. Pertaining to research methodologies, the establishment of databases cataloging the distribution of ancient sites enables comprehensive exploration of cultural themes encompassing urban transformations, trade dynamics, ethnic migrations, and cultural diffusion across the expansive temporal–spatial dimensions of the SR. By employing quantitative statistical analyses, model assessments, and visual representations of diverse SR data sources, substantial contributions are made toward understanding the trajectories and patterns of change along the SR across various temporal and spatial scales.




6.2. Towards Refinement Monitoring and Assessment for ACH


The integration of GIS-RS in ACH monitoring and risk assessment addresses the limitations of traditional methodologies, offering heritage managers more comprehensive, intuitive, and systematic data and technical resources. On the one hand, high-resolution RS imagery enhances data precision. On the other hand, big data’s multi-source nature and multi-factor traceability facilitate more accurate diagnoses of cultural heritage conditions [216]. GIS-RS technology facilitates the extraction and monitoring of variables that influence heritage degradation, enabling the creation of dynamic, comprehensive case studies of heritage sites. This methodology represents a departure from traditional mapping techniques by prioritizing ontological integrity, systematic analysis, and cost-effectiveness while also emphasizing detailed local information and precise spatial relationships. For example, InSAR is utilized for surface deformation monitoring, offering the capability to detect potential structural instabilities with millimeter-level accuracy from satellite data [217]. Similarly, LiDAR RS generates point cloud data essential for constructing three-dimensional models of ancient structures and tracking structural changes over time [218,219]. The increasing availability of VHR satellite data, complemented by aerial and low-altitude RS, provides higher spatial resolution and more frequent data collection, significantly improving cultural heritage site refined surveys. These advancements in GIS-RS technology not only grant access to complex datasets but also lay the foundation for the development of more sophisticated and refined models and analyses.



It is crucial to recognize that remote sensing monitoring focuses on a detailed representation of local complexities and the accuracy of spatial relationships. However, the primary challenge in fine monitoring and evaluation using GIS-RS technology lies in the complex environments of ACH sites. Understanding both the macroscopic context and the localized conditions is essential; a comprehensive perspective is needed to ensure no critical elements are overlooked. No single sensor provides exhaustive information about a target object, necessitating the exploration of complementary observations for refined monitoring and evaluation.



Thus, refined monitoring and evaluation is not merely about obtaining higher precision data; it involves strategically integrating multi-source data, including natural environment and social activity data such as tourist movements and local community dynamics [6,19]. At the same time, developing corresponding data models is essential for refined impacts monitoring and environmental trends assessment of natural and human activities on heritage sites.




6.3. Towards Artificial Intelligence Understanding for ACH


Undoubtedly, the integration of artificial intelligence (AI) within geographic information GIS-RS represents not merely a trend but a transformative development in the field. AI significantly expedites the processing and analysis of spatial data. The synergy between AI and large-scale remote sensing data has notably augmented the automation and efficiency of interpreting, analyzing, and extracting valuable insights from extensive datasets. Machine learning, a critical branch of AI, is increasingly employed to identify patterns and extract information from remote sensing and geospatial data. This method proves especially beneficial in analyzing Earth observation data, thanks to its autonomous learning capabilities, pattern recognition, and minimal need for human intervention [108,220,221]. The emergence of deep learning and deep neural network technologies has constituted a major leap forward in remote sensing research, particularly in processing and analyzing large volumes of data. These techniques have demonstrated considerable potential in autonomously revealing spatiotemporal relationships and enhancing our understanding, thus improving the prediction and modeling of observed physical phenomena across diverse time scales. Such methodologies are especially promising for research and conservation management in ACH. In the specific context of cultural heritage conservation along the SR, the amalgamation of data-driven machine learning, physical process models, and the extensive, fragmented nature of ACH data highlights the urgent need for precise and timely technical support in the realms of heritage protection, management, and research.



Additionally, as mentioned above (Section 5.2), the paramount challenge in managing, conserving, and researching the SR ACH lies in distilling knowledge from its extensive data repositories. Confronted with vast Earth observation and heritage-related datasets, it is crucial to apply intelligent data analysis and processing to the heterogeneous data of SR ACH. AI, combined with refined remote sensing monitoring, also holds the potential for digital restoration of damaged ACH [222,223]. The advancement of AI technologies, such as computer vision and machine learning, is pivotal in enhancing the exploration of GIS-RS applications in ACH. These technologies facilitate the intelligent extraction of cultural heritage information, thereby elevating the efficiency and quality of data processing.



However, despite AI’s proficiency in language and image recognition, it struggles with the complex and nonlinear information typical of cultural heritage. The varied nature of geographical spaces poses a significant challenge to the generalizability of machine learning algorithms. Although these algorithms can self-improve through continuous learning, their effectiveness is limited in diverse heritage contexts [109,207]. The discussion about using remote sensing and large-scale geospatial models, particularly for different cultural heritage types with unique physical and chemical attributes, indicates a prolonged journey towards fully integrating geospatial intelligence with AI. However, the continual advancements in AI technology suggest a future trend where the analysis and interpretation of cultural heritage are increasingly influenced by Big Earth Data and AI technologies





7. Conclusions


GIS and RS represent outstanding methods of safeguarding ACH sustainable development along the BAR. It offers ACH researchers and managers effective tools, guiding the increased detection or sensing, recognition, preservation, and digital reconstruction of ACH. At the same time, it facilitates the research of both ACH sites and their supporting environments. GIS-RS is of particular interest to scholars and to the ACH sector because it integrates three significant components of ACH research: data acquisition, spatial analysis, and landscape reconstruction. GIS-RS equips ACH with effective data management tools. The attribute information related to ACH sites can easily be integrated and analyzed through varied GIS-RS platforms. Unknown sites can be discovered for archaeological investigation by virtue of RS. Further, GIS-RS can be applied to monitor spatiotemporal changes in ACH from different spans. In this era of Big Earth Data, the GIS-RS pertaining to the ontology of ACH sites and their supporting environments could transcend geospatial landscapes to inform the study of humanities disciplines that aim to better understand the ancient world.



This review not only outlines the key milestones in utilizing GIS-RS within ACH applications but also delivers a comprehensive exploration of methodologies, ongoing advancements, challenges, and emerging trends on the BAR.GIS-RS offers a set of advanced new tools and procedures for the implementation of archaeological prospection and for the facilitation of cultural heritage management. This paper has presented a brief review of GIS-RS applications for ACH. It has also elucidated the merits and limitations of the utilization of GIS-RS. The five study cases discussed in the paper have demonstrated the great potential of GIS-RS in the identification, preventive conservation, and reconstruction of ACH. GIS-RS also offers new insights and applications for the scientific management of ACH, and the present paper has discussed the role discharged by GIS-RS as a policy-making and virtual display platform in the field of ACH management. A wide range of applications supports the immense potential of GIS-RS; however, the presented cases have evidenced the need for continued efforts. GIS-RS is expected to become even easier and more powerful functions for ACH applications in the future. It will offer practical and efficient tools with real-time data accessibility, excellent analysis capabilities, and stronger displays for ACH.



In the second 5 years effective execution period (2021–2026), the DBAR-Heritage Working Group is deepening its study of three areas: southeast Asia and southeast China, Central Asia and northwest China, and the Mediterranean rim, while initially building a BAR sharing platform to protect and utilize natural and cultural heritage [64]. In 2026, the integration of GIS and RS is projected to successfully establish comprehensive platforms for monitoring, evaluating, protecting, and promoting natural and cultural heritage along the Belt and Road. This achievement will mark a significant advancement towards a fully interconnected, cloud-based, and intelligent management approach for heritage site protection. The prospects in this regard are highly promising.
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Figure 1. Annual publications (1968–2022) of GIS-RS in ACH extracted from the WOS database. 
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Figure 2. Corresponding author’s countries of journal articles related to GIS-RS in ACH (generated by Bibliometric). 
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Figure 3. Sources and numbers of published records related to GIS-RS in ACH. 
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Figure 4. Most relevant keyword cloud to GIS-RS in ACH (The relative size of the font represents the relative frequency of its appearance. Generated by Bibliometric). 
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Figure 5. Term frequency and its span trend for GIS-RS application in ACH (Generated by Bibliometric). 






Figure 5. Term frequency and its span trend for GIS-RS application in ACH (Generated by Bibliometric).



[image: Remotesensing 15 05766 g005]







[image: Remotesensing 15 05766 g006] 





Figure 6. Strategic diagrams for GIS-RS application in ACH by abstract PLUS (2010–2022) (Generated by Bibliometric). 
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Figure 7. Pictures G1 to G12 display 12 typical GLASS fragments from Han Great Wall Site. Colored lines represent the automatic extraction of 12 typical linear traces. Magenta lines represent the identified fragments of linear traces, and yellow and red points represent the start and end points of the extracted lines, respectively [179]. 






Figure 7. Pictures G1 to G12 display 12 typical GLASS fragments from Han Great Wall Site. Colored lines represent the automatic extraction of 12 typical linear traces. Magenta lines represent the identified fragments of linear traces, and yellow and red points represent the start and end points of the extracted lines, respectively [179].



[image: Remotesensing 15 05766 g007]







[image: Remotesensing 15 05766 g008] 





Figure 8. Satellite imagery of the Myra Valley. (a) Location and scope of the Myra Valley Corridor within Tunisia; (b) the Landsat 8 OLI data of Myra Valley Corridor (RGB: band 7, 4, and 3); (c) Elevation of the Myra Valley Corridor derived from ASTER GDEM data (following [200]). 
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Figure 9. (a) WV2 VHR PAN image of site 1, (b) field photos of wall remains, (c) reddish burned soil, and (d) pottery fragments (following [200]). 
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Figure 10. Comprehensive interpretation map of Roman limes and forts based on remote sensing satellite data. Using remote sensing technology to detect Roman forts in south Tunisia, we indicated the spatial relationship between limes and forts, as well as between forts. T I, J, K and L represents the potential sites; site 1 and site 2 are new discovered sites. (referenced from [200]). 
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Figure 11. (a) Flood hazard assessment map of Angkor. (b) Maps showing overlap of the components of the site and those in the buffer zone (reference from [203]). 
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Figure 12. Results derived from Monument-scale Tomographic Synthetic Aperture Radar Interferometry (Tomo-PSInSAR) at Angkor Wat for the observation period of 2011–2013 are presented. (A) The annual deformation rates reveal spatial motion heterogeneity, which is overlaid on QuickBird imagery provided by DigitalGlobe (www.digitalglobe.com/). (B) Two specific monuments, identified by pink arrows and (A) exhibiting vulnerabilities such as cracks, were under maintenance, as confirmed by field investigations conducted in 2014 (following [204]). 
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Figure 13. Evidence of seasonal groundwater tables and the thermodynamics of stone materials was observed in the following ways. (a) A correlation between groundwater level and precipitation was evident. Notably, there was a significant seasonal fluctuation in groundwater levels (ranging from −4.5 to −0.5 m) in the central archaeological zone of Angkor following the Barays restoration. This resulted in stabilized groundwater tables despite a decrease in annual precipitation from 2012 to 2013 (1183.8 mm in 2012 to 1037.0 mm in 2013). (b) The annual deformation rates of the Angkor Wat Temple showed irregular fragmentary motions, with values ranging from −3 to +3 mm/year. (c) Thermal amplitudes in Synthetic Aperture Radar (SAR) line of sight direction varied spatially, with values between −0.25 and +0.25 mm/°C, overlaid on the averaged amplitude of SAR imagery. (d) Deformation time series of two representative Persistent Scatterer (PS) points, PS1 showing mild subsidence and PS2 exhibiting a stable trend, were marked by pink stars on (b). A positive correlation was found between the seasonal variation of the groundwater table and the nonlinear motion of PSs. Additionally, the co-occurrence of structural instabilities and thermal amplitude dispersions was observed, as highlighted by pink arrows in (b,c). The TerraSAR/TanDEM-X data utilized in this study were provided by the German Aerospace Center (DLR) under the General AO project (CAL2073). (following [204]). 
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Figure 14. Silk Road historical geography information open platform (https://www.srhgis.com). 
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