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1. Introduction

For centuries, the Angkor civilization has been a dominant influence in Mainland 
Southeast Asia (MSEA). It is generally known as the antecedent of the Funan Empire 
and Chenla Empire cultures, which bestowed the area with several awe-inspiring archi-
tectural heritage sites. It was these cultures that influenced the architectural establish-
ment in this region, based on the beliefs and traditions of that period. The two Empires 
systematized the creation, design, and construction of the buildings and structures, and 
encompassed the architects, builders, designers, and craftsmen who collectively 
shaped the architectural landscape based on the prevailing styles and techniques of 
that particular period and culture. The architecture also included a number of temples, 
monasteries, once-lost cities, and an extensive network of canals, reservoirs, bridges, 
and road infrastructures. 

Thousands of these heritage sites existed and were scattered throughout Cambo-
dia, Laos, Thailand, and across the Mekong River to Vietnam. Owing to their geograph-
ical position some of the enormous temples, such as the Banteay Chhmar temple and 
Preah Khan temple, with entire temple cities, such as the Koh Ker temples and Sambor
Prei Kuk temples, were protected because they were built in isolated areas, nestled in 
the jungle and hidden from mass commercial tourism. Over the years, mosses have 
gradually covered and almost obscured these structures, as they are often found in out 
of the way areas. This rich tapestry of historical evidence is a testament to the grandeur 
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and complexity of the civilization which once prospered in this region [1– 4]. 
The primary objective of this study was to integrate digital humanities methodolo-

gies into constructing ontology for the shared knowledge of the Khmer civilization in the 
Greater Mekong Subregion (GMS) countries. The ontology highlights the tangible cul-
tural heritage (TCH) in these countries and is designed to serve as a pivotal resource 
for information congregation (i.e. gathering, categorizing, and analyzing) and retrieval. 
Hence, the study delineates the core aspects of this research for developing ontologies, 
especially for stone castles in the GMS countries.  

As mentioned above, the Khmer civilization once had great influence in the Greater 
Mekong Subregion, dominant evidence being found in the form of the Khmer stone 
castles. As opposed to temples, these stone castles are noteworthy for several reasons, 
including their historical significance, architectural uniqueness, and cultural impact.  

 
1) Historical significance: Khmer stone castles, also known as citadels or for-

tresses, played a crucial role in the defense and governance of ancient Khmer 
territories.  

2) These structures served as military strongholds, administrative centers, and 
symbols of power and authority for the Khmer Empire, which flourished in Cam-
bodia and neighboring regions during the medieval period. Their construction 
and strategic placement reflected the Khmer rulers' geopolitical dynamics and 
expansionist ambitions.  

3) Architectural uniqueness: Khmer stone castles are renowned for their impres-
sive architectural features, including massive stone walls, intricate carvings, 
and sophisticated hydraulic systems. These structures showcase the advanced 
engineering skills and artistic craftsmanship of the Khmer civilization, demon-
strating their ability to harness natural resources and to adapt to diverse envi-
ronmental conditions. The design and layout of Khmer castles exhibit a blend 
of indigenous Khmer styles with influences from neighboring cultures, resulting 
in a distinctive architectural heritage that continues to captivate scholars and 
enthusiasts alike.  

4) Cultural impact: beyond utilitarian functions, Khmer stone castles hold im-
mense cultural significance as symbols of Khmer identity, resilience, and inge-
nuity. These monumental edifices served as focal points for religious rituals, 
royal ceremonies, and communal gatherings, reinforcing social cohesion and 
spiritual beliefs among the Khmer populace. Moreover, the presence of Khmer 
castles in the GMS countries reflects the broader cultural exchange and diffu-
sion of ideas across regional networks, highlighting the interconnectedness of 
the GMS countries' civilizations during the medieval period. 
 

Thus, to effectively organize the knowledge for the ontology, the scope classifica-
tion, elucidation, concepts, and structural intricacies relevant to the stone castles in the 
GMS were first constructed, then examined. This classification was instrumental in en-
hancing understanding and facilitating the search for information regarding these his-
torical structures. Knowledge organization and ontology development were employed 
in the research methodology to enable the systematic networking of related information 
to foster data-sharing efficacy. Furthermore, semantic search capability implementation 
allows users to access and utilize this data more effectively [5]. Therefore, the devel-
oped ontology is able to play a significant role in enhancing semantic search system 
development. This advancement was a crucial step towards addressing and bridging 
semantic gaps in the subsequent phases of this research for the Khmer stone castles 
in the GMS countries. 
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2.  Methodology 
 
This study aimed to develop an ontology for knowledge relating to the Khmer stone 

castles across the countries of the Greater Mekong Subregion (GMS). With the goal of 
delineating knowledge scope and fostering an inclusive understanding of the Khmer 
stone castles in these nations, this ontology was an introductory step in enhancing se-
mantic search systems. The study employed the Uschold and King methodology for 
domain ontology development [6] as the directorial framework and encompassed sev-
eral key processes as follows:  

 
1) Definition of the objective and scope;  
2) Ontology development;  
3) Subsequent evaluation and  
4) Semantic search system development.  
 
As indicated in the research objective, the study highlighted the findings and insights 

gained during the ontology development. 
In delineating classification, the study results indicated that there were seventy-two 

(72) classes comprised of ten (10) primary classes which were: Castle, Location, Coun-
try, Khmer art, Art type, Castle size, Castle type, Material, Religion, and Condition. The 
study affirmed that the Khmer Stone Castle was interconnected with all other classes 
as outlined in the Semantic Web Table Specification and adhered to the W3C’s RDF 
standards [7]. The data within the ontology were meticulously organized and presented 
following the format of a descriptive example, as illustrated in Table 1 and Figure 1. 
This structured approach facilitated a comprehensive and systematic representation of 
the information, aligning with best practices in data organization and semantic web 
standards. 

 
Table 1. List of main classes and definitions 

 

Class/Concept Definition 

Castle  

A castle in the context of the Khmer stone cas-
tle ontology refers to a fortified structure or 
complex primarily built during the historical pe-
riod of the Khmer Empire. These structures, 
predominantly constructed from stone and 
characterized by their architectural features, 
cultural significance and historical value, 
served various purposes, including religious, 
administrative, and some residential functions. 

Location  
This class specifies the geographical coordi-
nates or regional area where the castles are lo-
cated. 

Country  
This class indicates the specific country or re-
gion within the GMS where the castles are lo-
cated. 
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Class/Concept Definition 

Khmer art  

This class covers the diverse range of artistic 
expressions and creations that originated in or 
are associated with the Khmer culture, primarily 
in Cambodia. This art form is known for the 
unique characteristics which emerged over the 
centuries, particularly during the Angkor period. 

Art type  
This class describes the specific architectural 
characteristics and influences evident in the 
castle's design. 

Castle size  

This refers to the physical dimensions or scale 
of Khmer stone castles within the Greater Me-
kong Subregion (GMS) countries. This class 
covers the quantitative aspect of the castle's 
characteristics, including area, the amount of 
space it occupies, or any other relevant meas-
urements that indicate the overall size of the 
structure. 

Castle type  

This refers to the categorization of Khmer stone 
castles based on distinct architectural styles, 
historical periods, functional purposes and de-
sign characteristics unique to the Greater Me-
kong Subregion (GMS) countries. This classifi-
cation helps in the identification, comparison, 
and analysis of various castle structures within 
the ontology. 

Material  
The primary materials used for castle construc-
tion include various types of material compo-
nents, such as wood, brick, and stone (e.g. 
sandstone, laterite). 

Religion  The religious significance or usage of the cas-
tle, such as Buddhist or Hindu practices. 

Condition  The present state of preservation of the struc-
ture. 

 
The Khmer Stone Castle ontology was conducted within Hjørland's knowledge or-

ganization concept [8]. The primary focus involved the identification of knowledge cat-
egories by delineating concepts and semantic relationships while establishing their con-
nections with relevant concepts. Systematically presenting the outcomes, we organized 
the data on principal concepts into a hierarchical structure based on related content 
groups through classification schemes. Subsequently, the data structure underwent fur-
ther refinement into an ontology.  

The domain of ontology development adhered to Uschold and King's conceptual 
framework [9], encompassing three distinct processes: defining purpose and scope, 
ontology development, and ontology evaluation.  
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Figure 1. The Khmer Stone Castle ontology  
 
Notably, Noy and McGuinness's seven-step methodology for ontology development 

[10] was employed, utilizing the Hozo Ontology Editor in this study. Hozo, a graphical 
ontology editor, was designed in Japan to construct substantial ontologies. The 
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collaborative effort involved the Department of Knowledge Systems (Mizoguchi Labor-
atory) and ISIR-Osaka University in conjunction with Enegate Co. Ltd. (Osaka, Japan) 
[11]. The development and evaluation processes were conducted under the scrutiny of 
domain experts and application-based evaluation methods.  

The approach involved a meticulous process of categorizing knowledge, where the 
initial steps revolved around identifying the key concepts and their interrelations. These 
relations were then mapped with relevant concepts, leading to the formation of compre-
hensive classification schemes. The resultant data hierarchy was a visual representa-
tion of the interconnected concepts, laying the foundation for the subsequent develop-
ment of an ontology. Ensuring a systematic ontology development process, the imple-
mentation of Uschold and King's conceptual model [9] involved commencing with the 
definition of purpose and scope, progressing to the actual construction of the ontology, 
and concluding with a rigorous evaluation. Noy and McGuinness's well-established 
seven-step protocol [10] served as a guiding framework throughout this developmental 
phase. The Hozo Ontology Editor was the instrumental tool employed for its user-
friendly graphical interface and ability to handle the intricacies of constructing robust 
ontologies.  

The study utilized WIDOCO [12] to showcase the created ontologies and involved 
the following steps:  

 
1) Choosing a template for the Ontologies Web Languages file;  
2) Inputting metadata, and  
3) Uploading the textual data. 
4) Upon completion of the preparation, all files relating to the Khmer Stone Castle 

ontology were uploaded and made accessible at https://is-
chool.kku.ac.th/owl/index-en.html, as illustrated in Figure 2. 

 

 
 

Figure 2. The Khmer Stone Castle ontology by WIDOCO 
 
In this research methodology, an application-based OAM (Ontology-based Applica-

tion Management) framework was utilized to develop a semantic search and ontology 
evaluation system that works on web-based technology. 

The collected data were processed and analyzed with the application using web-
based technology as the data originated from different sources; this technique was 
adapted for assessing the structure, content, and usability for the ontology develop-
ment. We developed the semantic search system prototype through the OAM Frame-
work [13], a tool renowned for providing reusable and configurable application 
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templates for building prototypes.  
As a result, the rapid prototyping and hypothesis-testing capabilities of these appli-

cation templates were particularly noteworthy. Additionally, the OAM framework was 
integrated with a Web API to enhance the scope for more advanced application devel-
opment. In the ontology evaluation, moreover, the study employed key information re-
trieval metrics, such as precision, recall, and F-measure as the crucial metrics for eval-
uating the accuracy and efficacy of the semantic search system. Correspondingly, in a 
pivotal aspect, the study adopted information retrieval metrics to evaluate the efficacy 
of the process of information retrieval in the semantic search prototype.  

This evaluation provided insight into the prototype’s performance and facilitated the 
refinement of the approach to ensure appropriate function and user satisfaction. Based 
on the ontology, this prototype was designed to test and demonstrate how effectively 
the semantic search system could retrieve relevant information. Therefore, during the 
study, various tests were conducted to measure key performance indicators such as 
precision, recall and overall user experience in information retrieval. 
 

 
3.  Results 
 
The aim of this research was to present ontology development designed to encap-

sulate knowledge of the Khmer stone castles in GMS countries. The ontology was me-
ticulously crafted to define concepts of tangible cultural heritage and to elucidate its 
relationships, and was dedicated to investigating in-depth cultural heritage content, par-
ticularly the Khmer stone castles located in Thailand, Laos, Vietnam and Cambodia. As 
a pioneer study, this investigation tried to discover and analyze architectural character-
istics and historical backgrounds which would contribute to a broader understanding of 
the regional cultural heritage.  

Furthermore, to heighten capacity, a semantic search application was implemented 
to demonstrate the practical utility of ontology development, which was evaluated by 
the ontology specialists accordingly. In addition, several complex queries were de-
signed during the evaluation to leverage the relationships among the ontological clas-
ses.  

As a result, results were obtained with pin-point elements and high accuracy. This 
evaluation focused on assessing the ontology's efficacy, particularly highlighting the 
hierarchical structure of the ontology knowledge and emphasizing how this structure 
enabled the ontology to effectively represent and confirm its effectiveness within the 
particular domain of knowledge it aims to address. In essence, it suggests that the hi-
erarchical organization of the ontology played a crucial role in ensuring its accuracy and 
usefulness within the designated area of expertise. 

Thus, the evaluation process emphasized the ontology's effectiveness and, in par-
ticular, its hierarchical knowledge structure and relations. It also aligned well with delin-
eating and confirming its effectiveness within the specific knowledge domain. 

For ontology validation, the study employed a comprehensive ontology evaluation 
process to validate its structural integrity and precise descriptive elements as follows. 
Initially, we invited three specialists in ontology development to conduct an in-depth 
analysis focused on ontology aspects such as hierarchy, relationships, and terminology 
consistency. This evaluation enhanced standards to eliminate complexity and enhance 
clarity. The results were systematically compiled and are presented in Table 2.  

Apart from structural evaluation, applicability and effectiveness in real-world scenar-
ios were also evaluated because this stage involved creating prototypes and hypothesis 
experiments in various contexts. 
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Table 2. Khmer stone castle ontology evaluation 
 

Aspects Mean Meaning (Degree) 
Scope determining 4.65 High 
Classes /Concepts defining 4.60 High 
Properties defining 4.50 High 
Instances creation 4.50 High 

Future development and ap-
plication 4.85 High 

Total 4.62 High 
 
Hence, we designed real-world scenario evaluations to test ontology functionality 

and, in particular, its ability to facilitate information retrieval and integration in a dynamic 
environment. With the aim of practical capacity, we carefully selected the scenarios to 
stimulate potential real-life applications for credible adaptability and utility. 

Thenceforth, results from these practical evaluations were both qualitative and 
quantitative and contributed insight into the ontology's performance under different 
conditions and contexts, as shown in Table 3. These dual approaches featured evalu-
ation—combining specialists’ evaluation and practical application— to ensure that the 
ontology accurately reflected theoretical concepts in the real world, facilitating practical 
and effective implementation of semantic search systems.  

 
Table 3. Knowledge retrieval efficiency results (F-measure)  

 

Retrieved Relevant Irrelevant Overall 

Semantic searching Relevant 
meaning 

Non-relevant 
meaning Overall meaning 

Able 62 0 70 
Unable 0 12 - 

 
 
3.1.  The Khmer stone castle semantic search system 
 
The semantic search significantly enhanced contextual search capabilities by intel-

ligently interpreting the relationships between ontological schemas and the contextual 
meanings. Compared to general search systems, which rely predominantly on charac-
ter comparison methods to sift through data or documents, this semantic search delves 
deeper into grasping the underlying concept and intention of a query. This is because 
the search system allows the query to transcend the limitations of basic keyword match-
ing, which often misses the mark in accurately representing the user’s intention. Con-
sequently, the semantic search reduced the retrieval of cognate results which were 
irrelevant attributes or inaccurately manifested and authorized a more precise and con-
textually relevant search experience. These challenges were primarily raised due to the 
semantic gap between computer interpretation and human understanding [13]. We de-
veloped the system as a web-based application and considered a multitude of factors 
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to deliver meaningful search results, as well as easier accessibility. These included 
searching contexts, a word variation arrangement (corpus), and a comprehensive syn-
onyms list. The semantic search also accommodates generalized and specialized 
search queries to cater to various informational needs, including those of experts, in 
concept matching, ensuring the results align closely with the user’s intended meaning. 
Concept matching is crucial for professionals and researchers who require precise and 
relevant search results within specific domains of knowledge because they often work 
with complex concepts that may not be directly mentioned in the texts or documents 
they are searching through. Thus, they rely on the search system's ability to understand 
the context and the relationships between concepts to find the most relevant infor-
mation. 

Additionally, it was equipped to direct natural language queries, which provided a 
more intuitive and user-friendly search experience. This sophisticated approach en-
dorsed relevant, richly contextualized, and highly accurate search results. Similarly, the 
software enabled the recognition of distinctions between the tangible cultural heritage 
sites so as to deliver the most relevant results. This semantic approach delivered these 
advantages based on a contextual and intelligent understanding of the meaning of the 
information developed for the sematic search system. 

In this study, two primary characteristics of the semantic search system were devel-
oped for the Khmer stone castles in the Greater Mekong Subregion (GMS) to enhance 
capacity and accessibility as follows:  

 
1) Web Browser Programmability: we designed the semantic search engine to be 

easily programmable via a web browser interface. This feature certifies that users 
can conveniently interact with the system without needing specialized software. 
With this flexibility and user-friendly attributes, the search facilitates customization 
and adaptation of the search engine to meet various user requirements. This web-
based approach also improved system accessibility from different devices and plat-
forms as well as enhancing utility and user-friendliness.  

2) Versatile Search Capabilities: the system was equipped with robust search engine 
functionality to enable users to conduct searches using multiple approaches and 
to search by class properties. These functions are also able to add an enquiry op-
tion based on specific characteristics or categories defined in the ontology, such 
as location, era, architectural style, or material used. Additionally, the two search 
methodologies include both simple and advanced semantic searches, and the sys-
tem also supports searches using the name of a specific Khmer stone castle or 
relevant keywords. 

 
 
3.1.1.  Aspects of the system's semantic search capabilities  
 
The simple search function involved common information retrieval and was suitable 

for general queries, while the advanced semantic search function offered deeper, more 
complex, and more distinct data exploration, making it ideal for specialized information 
retrieval or detailed inquiries. To illustrate the system's capabilities and user interface, 
we have included a semantic search system prototype in Figure 3. The prototype pro-
vides a visual and functional representation of the system's operation, showcasing the 
practical application of the theoretical concepts underpinning this research. The system 
prototype incorporeally demonstrated how users can explore and access information 
about the Khmer stone castles in the GMS, which highlighted its value as a tool for 
researchers, historians, and enthusiasts interested in cultural heritage.  
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Figure 3. Prototype of a Khmer stone castle semantic search system. 
 
For this research, we utilized an existing database containing information about 

Khmer stone castles, which is predominantly in the local language (Thai). Subse-
quently, we developed an ontology to establish a mapping with the database, enabling 
the creation of a semantic search system.  

As a result, queries made through our system display information in the Thai lan-
guage, consistent with the data stored in the database (we have made the detailed 
Khmer Stone Castle ontology created in this study available for users and can be ac-
cessed via the Internet at https://ischool.kku.ac.th/owl/index-en.html, as referenced in 
the body text preceding Figure 1). 

 
 
3.2.  Semantic search system performance evaluation 
 
In this stage, an application-based ontology evaluation was conducted to assess 

ontology structure efficacy and evaluate information retrieval effectiveness through a 
semantic search prototype. An Ontology Application Management (OAM) framework 
was adopted to develop this semantic search system prototype, which provided versa-
tile, reusable, and configurable templates ideal for rapid prototyping and hypothesis 
testing. This framework also included a Web API to be more sophisticated in application 
development. To measure the effectiveness of the ontology, the key information re-
trieval metrics were conducted in addition to precision, recall, and F-measure [14]. The 
evaluation involved calculating three critical metrics:  

 
1) The precision value, which indicated the proportion of relevant documents re-

trieved;  
2) The recall value, which represented the proportion of relevant retrieved docu-

ments;  
3) The F-measure, which calculated a specific formula.  
4) The performance analysis in the semantic search system yielded precision, 

recall, and F-measure values at 0.885, 0.756, and 0.815, respectively. These 
results provided valuable insights into the efficacy of the search system and 
highlighted areas for potential improvement. 
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Table 3 shows the advanced search performance evaluation results, explicitly fo-
cusing on the F-measure, a metric combining precision and recall. The data shows an 
average F-measure of 0.815 for the advanced search. This figure was particularly note-
worthy because it indicates a high level of effectiveness in the semantic search system 
based on ontology knowledge. The F-measure was a balanced metric for considering 
the precision (the accuracy of the results returned) and recall (the system's ability to 
retrieve all relevant results). An F-measure of 0.815 suggested that the system not only 
retrieved a high percentage of relevant results (high recall) but also confirmed that these 
results were accurate and pertinent to the query (high precision). Thus, they were es-
pecially significant in the semantic search, suggesting that these elements carried sig-
nificant weight in semantic search scenarios, where the ability to comprehend context 
and queries was paramount for a successful outcome. 

The exceptional browsing efficiency highlighted by this F-measure indicated that the 
semantic search system was proficient at interpreting and processing complex queries 
in the domain of cultural heritage. This efficiency is critical for researchers and scholars 
who rely on precise and comprehensive search results to conduct their work effectively. 
The system's ability to interpret the queries accurately and retrieve highly relevant in-
formation was demonstrated in the successful application of the ontology knowledge 
base to enhance search capabilities. Generally, a high F-measure highlights the suc-
cess of the ontology in bridging semantic gaps and improving the search experience by 
making it a valuable tool for exploring and researching the cultural heritage in the on-
tology. 

 
 
4.  Conclusions 
 
In conclusion, this study focused on developing a semantic search system for the 

Khmer stone castles in the GMS countries, adhering to UNESCO's policies for preserv-
ing cultural heritage. According to these guidelines, compiling a list of tangible cultural 
heritage, encouraging research, and gathering related documents or evidence for ef-
fective safeguarding measures and educational purposes were crucial. Consequently, 
we proposed the creation of a database for Khmer stone castles featuring high-quality 
data verified by specialists for validation.  

Following the organization of the data in the database, a systematic approach was 
employed to establish a comprehensive knowledge base for educational and research 
purposes. This entailed structuring the data coherently to facilitate easy access and 
utilization by educators, researchers, and other stakeholders interested in the domain 
covered by the database. Additionally, efforts were made to ensure that the knowledge 
base met the standards and requirements for its intended use, enhancing its value and 
applicability in the field. Regularly updating and interlinking data also effectively helps 
to disseminate knowledge when it is easily accessible, forming a key cornerstone in 
managing tangible cultural heritage.  

The study results demonstrated the significant outcomes and high level of effective-
ness of the semantic search system for accessing information about the Khmer stone 
castles in the Greater Mekong Subregion (GMS) countries. This system has the poten-
tial to act as a benchmark for other cultural information search systems and significantly 
improve information retrieval in specialized domains. Furthermore, this study also laid 
the groundwork for the creation of similar search systems in different areas of study to 
enhance methods for knowledge storage and retrieval. From a broader perspective, 
this research can open new paths, igniting further investigation of ontology for support-
ing the preservation of cultural heritage, particularly relevant in the context of 
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developing sustainable web-based information search systems that utilize semantic 
networks. The implications of this study were far-reaching, offering valuable insights 
and methodologies in the ongoing effort to conserve and make our rich cultural heritage 
accessible to everyone. 
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Summary 
 
The aim of this study was to develop a semantic search system for Khmer stone 

castles in the Greater Mekong Subregion (GMS), in alignment with UNESCO's cultural 
heritage preservation guidelines. The proposed database, curated with verified, high-
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quality data, serves as a comprehensive knowledge base for educational and research 
purposes. The semantic search system demonstrated high effectiveness, showcasing 
its potential as a benchmark for cultural information retrieval. The study contributes to 
establishing similar systems in diverse domains, paving the way for ontology-driven 
approaches to support cultural heritage preservation and sustainable web-based infor-
mation search systems. The far-reaching implications offer valuable insights for the 
conservation and accessibility of cultural heritage.

Riassunto

Questo studio mira a sviluppare un sistema di ricerca semantica per i castelli in 
pietra Khmer nella sottoregione del Grande Mekong (GMS), in linea con le linee guida 
per la conservazione del patrimonio culturale dell'UNESCO. Il database proposto, cu-
rato con dati verificati e di alta qualità, funge da base di conoscenza completa per scopi 
didattici e di ricerca. Il sistema di ricerca semantica ha dimostrato un'elevata efficacia, 
mostrando il suo potenziale come punto di riferimento per il recupero delle informazioni 
culturali. Lo studio contribuisce a stabilire sistemi simili in diversi domini, aprendo la 
strada ad approcci guidati dall’ontologia per supportare la conservazione del patrimonio 
culturale e sistemi sostenibili di ricerca di informazioni basati sul web. Le implicazioni 
di vasta portata offrono spunti preziosi per la conservazione e l’accessibilità del patri-
monio culturale.
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