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ABSTRACT

Aim/Purpose The paper introduces and develops the Core Ontology for Customs Procedures
(COCP), a modular and scalable knowledge model designed to address the
complexities of customs operations by formally representing operational, regu-
latory, security, transport, and financial transaction knowledge in alignment with
global standards.

Background Customs authorities face increasing challenges related to evolving regulations,
inconsistent documentation, and the lack of interoperability in existing systems.
While some ontologies exist, they are often domain-specific and fail to provide
a unified structure capable of supporting the breadth of customs activities and
automation needs. COCP responds to this gap by offering a comprehensive and
integrative solution.

Methodology COCP was developed using the NeOn scenario-based methodology, which sup-
ports iterative development and resource reuse. The ontology went through
multiple phases including requirements specification based on competency
questions, structured knowledge acquisition from authoritative sources, formal
implementation in OWL using Protégé, axiomatization of semantic rules, and
validation through reasoning tools, question-based testing, and SPARQL-based
real-world scenarios.

Contribution The paper contributes a formalized and validated ontology that unifies key cus-
toms processes and ensures semantic consistency across modules. It incorpo-
rates internationally recognized models such as the World Customs Organiza-
tion (WCO) Data Model and Harmonized System (HS) Codes, allowing it to
function as a foundation for legal compliance, operational efficiency, and Al in-
tegration. COCP is structured for modularity, making it adaptable and extenda-
ble to changing regulatory and technical environments.
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Core Ontology for Customs Procedures

Findings COCP helps standardize customs procedures by promoting consistent data ex-
change, goods classification, and declaration handling across borders. It sup-
portts legal compliance and risk management through formalized rule definitions
and reasoning mechanisms. The ontology also facilitates integration with intelli-
gent technologies by providing machine-readable structures.

Recommendations ~ Customs authorities and operational stakeholders are advised to adopt COCP

for Practitioners to automate customs clearance, ensure uniform regulatory compliance, and inte-
grate intelligent tools for decision support. The ontology's standardized struc-
ture can improve coordination among actors and reduce procedural delays.

Recommendations ~ Researchers are encouraged to expand COCP’s application to specialized cus-

for Researchers toms domains, such as trade sanctions, bonded zones, or e-commerce-related
imports. Opportunities also exist to explore its integration with machine learn-
ing and natural language processing for automated knowledge updates and
deeper analytics.

Impact on Society ~ The implementation of COCP can lead to faster, more transparent, and legally
compliant customs processes, reducing friction in global trade and enhancing
public trust in customs governance. By supporting streamlined procedures and
intelligent automation, the ontology contributes to more effective and secure in-
ternational commerce.

Future Research Future directions include extending COCP to region-specific and domain-spe-
cific customs contexts, strengthening its interoperability with diverse platforms,
and incorporating Al-driven reasoning systems for advanced automation. En-
suring the ontology remains adaptable to continuous legal and procedural
changes will be essential for sustaining its value in global customs environ-

ments.
Keywords customs procedures, core ontology, global trade, risk management, compliance
INTRODUCTION

Efficient and transparent customs procedures are crucial for facilitating global trade, ensuring that
goods move smoothly across international borders while adhering to regulatory requirements (World
Customs Organization, 2008). The introduction of new trade agreements, such as the Regional Com-
prehensive Economic Partnership (RCEP), has further underscored the need for streamlined cus-
toms operations. RCEP seeks to harmonize customs procedutes across the Asia-Pacific region by
promoting predictable, consistent, and transparent practices that align with international standards
set by the World Customs Organization (WCO). These requirements emphasize the importance of
swift goods clearance and simplified customs processes to support trade facilitation and improve
overall efficiency.

However, meeting these requirements presents several challenges for customs authorities. A key dif-
ficulty is managing complex, evolving regulatory frameworks across jurisdictions, which require con-
stant updates and compliance (Boer et al., 2003). Another challenge is processing large volumes of
diverse documentation efficiently, where ensuring accuracy while handling high transaction volumes
can cause delays and errors (Karklina-Admine et al., 2024). Additionally, enforcing strict risk manage-
ment protocols is essential to secure international trade, requiring customs authorities to balance se-
curity and efficiency (World Customs Organization, 2012). The rapid evolution of regulations and
new trade agreements further demands adaptable customs systems capable of integrating changes
seamlessly (Karklina-Admine et al., 2024). Traditional customs systems, which often rely on manual
processes and fragmented data management, are ill-equipped to handle these increasing demands. As
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a result, inefficiencies, delays, and risks of non-compliance become more common, putting further
strain on customs operations (Loukakos & Setchi, 2010).

In order to address these challenges, there is an increasing trend toward utilizing digital technologies
like blockchain, Al, and ontologies in customs operations. Of these, ontologies have garnered signifi-
cant attention for their ability to formalize domain knowledge, ensuring consistent data interpretation
and facilitating process automation (Aritonang et al., 2017; Loukakos & Setchi, 2010). Ontologies
represent a structured and interoperable model of concepts, relationships, and rules within a domain,
making them particularly valuable for managing the complex processes and regulations in customs
procedures. However, despite notable efforts, existing customs ontologies remain fragmented and
domain-specific and often limited to narrow tasks such as document management, goods classifica-
tion, or risk analysis (Loukakos & Setchi, 2010). Critically, they lack a unified, modular structure capa-
ble of representing the full lifecycle of customs procedures, and they seldom integrate international
standards. Moreover, most fail to support intelligent reasoning mechanisms for tasks such as compli-
ance verification, duty exemption assessment, or risk-based inspection.

This paper addresses these gaps by proposing COCP — a comprehensive, modular core ontology for
customs procedures that aligns with global standards and enables intelligent customs management.
COCP not only models operational, legal, security, logistics, and financial aspects of customs pro-
cesses but also provides a formal structure that supports automated reasoning, semantic integration,
and extensibility across diverse jurisdictions and use cases. Developed using the NeOn methodology
(Suarez-Figueroa et al., 2015), COCP follows a scenario-based approach across five key phases: re-
quirements specification, knowledge acquisition and modularization, implementation, axiomatization,
and validation. These phases were conducted within an iterative development lifecycle to ensure con-
tinuous refinement and alignment with real-world use cases. In the final phase, the ontology under-
went validation through reasoning for consistency, competency question-based validation, and sce-
nario-based evaluation, confirming its effectiveness in modeling practical customs procedures. Based
on the identified challenges and limitations in existing customs ontologies, this study aims to address
the following key research objectives:

1. To design and develop a comprehensive, modular core ontology that captures the full scope
of customs procedures, including operational, legal, security, logistical, and financial ele-
ments.

2. To ensure semantic consistency and compliance support by integrating international stand-
ards such as the WCO Data Model, Harmonized System (HS) Codes, and trade agreements.

3. To enable intelligent applications in customs management such as compliance checks, risk
assessments, and duty exemptions, through the use of formal axioms, semantic rules, and
reasoning mechanisms.

The rest of the paper is organized as follows. The Background and Related Work section presents a
review of customs procedures, existing customs ontologies, and ontology development methodolo-
gies. The COCP Ontology: Iterative Development Lifecycle section details the iterative process used
to develop the COCP ontology. This is followed by the Discussion section, which explores practical
use cases and highlights challenges encountered during development. Finally, the Concluding Re-
marks section summarizes the key contributions and limitations, and outlines directions for future
work.

BACKGROUND AND RELATED WORK

Customs procedures vary across jurisdictions, creating challenges for global trade. International ef-
forts, such as the WCO data model, aim to standardize these processes. At the same time, ontology-
based approaches have been developed to model complex customs operations and support automa-
tion. This section reviews the evolution of customs procedures, the role of ontologies in the customs
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domain, and key methodologies for ontology development, providing the foundation for the COCP
ontology.

CUSTOMS PROCEDURES

Customs procedures are critical processes that ensure goods moving across borders comply with
both national and international laws. They encompass several key activities, including document veri-
fication, goods inspection, tariff and duty calculation, and risk assessment (World Customs Organiza-
tion, 2008). These procedures involve multiple stakeholders, such as suppliers, catriers, customs au-
thorities, and customers, all working together to facilitate the movement of goods while ensuring
legal compliance (World Trade Organization, 2014). Customs procedures vary across countries, but
they typically follow similar overarching goals, such as facilitating trade, ensuring safety, and enforc-
ing legal regulations (Loukakos & Setchi, 2010; World Customs Organization, 2021a).

The WCO has played a key role in the global standardization of customs procedures through initia-
tives such as the WCO data model (Wotld Customs Organization, 2022¢). This model aims to
streamline customs procedures by establishing uniform standards for documentation and data ex-
change, thereby enhancing coordination between customs authorities and traders. As a global frame-
work, the WCO data model harmonizes the exchange of information across customs systems, ensus-
ing that data from different jurisdictions can be processed seamlessly. By providing a consistent
format for customs declarations, regulatory documents, and other relevant data, the model helps re-
duce delays and discrepancies in the clearance process. Its adoption enables countries to simplify the
submission and handling of documentation, facilitating smoother trade operations while ensuring
compliance with international standards. To provide a clearer understanding of the cross-border reg-
ulatory global model in the WCO data model, Figure 1 presents a high-level use case diagram that
highlights two key business processes: Transport and Report/Declare. These two business processes
represent the primary stages of customs operations, where the movement of goods and the submis-
sion of required documentation take place (World Customs Organization, 2022a).

uc Global Model J

High-level Customs Procedures
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Figure 1. High-level use case diagram of customs procedures
(World Customs Organization, 2022a)

The Transport process covers the movement of goods from suppliers to customers, managed by carti-
ers, with customs authorities ensuring legal compliance along the route. This process involves various
steps, such as shipping, cargo handling, and transit procedures, depending on national and interna-
tional regulations. Similarly, the Report/ Declare process focuses on the submission of documents to
customs authorities, which typically includes customs declarations, invoices, and certificates of origin.
Customs officials verify the accuracy of these documents to determine applicable duties and ensure
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compliance with regulations. This process may also include steps such as duty calculation, risk assess-
ment, and inspection.

Customs operations face several key challenges, particularly due to the complexity and variability of
procedures across countries. One of the main challenges is data inconsistencies, as documents sub-
mitted by various actors often contain discrepancies, leading to delays (Polner, 2011). Additionally,
lack of interoperability between customs systems complicates the exchange of information, especially
in cross-border trade, where differing national regulations apply (Lane, 1998). Many customs authori-
ties still rely on manual processes, which are prone to human error and slow down the clearance pro-
cess. Traders also struggle to stay compliant with ever-evolving national and international regulations,
which adds further complexity to the customs processes (McLinden et al., 2010).

These challenges have emphasized the need for more efficient management of customs procedures.
The COCP ontology addresses this by building on the WCO data model, providing a robust frame-
work to simplify and modernize the management of customs procedures, ultimately enhancing global
trade efficiency.

CUsTOMS ONTOLOGY

Ontology is a foundational tool for organizing domain knowledge, offering a formal representation
of concepts and their relationships, which facilitates data interoperability, automation, and consistent
understanding across various systems (Guarino et al., 2009). This technology has been extensively ap-
plied across various fields, such as finance (Bennett, 2013), knowledge management (Garbacz et al.,
2012), e-commerce (Hepp, 2008), and even entertainment (Kim, 2017). In the customs domain, on-
tologies have been used to model complex processes, regulatory frameworks, and relationships
among various actors, allowing for more efficient decision-making and improved compliance man-
agement (Loukakos & Setchi, 2010).

One significant application of ontological model in the customs domain focuses on risk assessment
and the automation of customs inspections. For instance, Zang et al. (2008) developed an ontology
that automates the identification of HS Codes for products during customs inspections. This ontol-
ogy enables customs authorities to automate policy matching for goods by using HS Codes, thereby
improving the accuracy and efficiency of customs operations. The reasoning mechanism embedded
in this ontology allows for dynamic product classification, thereby automating inspection and quaran-
tine procedures. Similarly, Loukakos and Setchi (2010) presented an ontology designed for the Euro-
pean Union customs domain, focusing on risk analysis. This ontology enables the sharing of customs
knowledge between various stakeholders, including national customs administrations and economic
operators. It facilitates the representation of complex customs relationships and supports risk assess-
ment activities within the customs domain. The ontology, expressed in OWL-DL, offers robust se-
mantic reasoning capabilities that can be extended for future applications in compliance automation
and risk management. In another study, Aritonang et al. (2017) modeled a semantic network of regu-
lations for customs and excise using an ontology-based approach. This network, implemented using a
Neo4j graph database, provides customs authorities with tools to manage, track, and understand the
evolving relationships between various regulations and customs processes.

In addition to these foundational efforts, more recent studies have expanded the use of ontologies in
customs-related domains. Lamharhar et al. (2014) proposed an e-government knowledge model spe-
cifically for e-Customs, where layered ontologies enable semantic interoperability across administra-
tive services. Ouchetto et al. (2012) further applied ontologies for multilingual service retrieval in e-
government, constructing a customs-specific ontology to improve user access to relevant services.
Another relevant contribution is the study on tracking relationships in e-Customs, which applied on-
tology-based relationship reasoning to identify hidden trade risk factors (Seo et al., 2013). While some
of these works incorporate intelligent reasoning (e.g., graph traversal or rule-based matching), others
present semantic structures suitable for future integration into Al-driven or blockchain-based sys-
tems. However, these ontologies typically target narrow functionalities, such as document retrieval,
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classification, or risk identification, and lack a unified, modular architecture that covers the full spec-
trum of customs operations. Moreover, existing customs ontologies often face interoperability chal-
lenges. These include inconsistent concept definitions, limited use of international standards such as
the WCO Data Model, and structural designs that hinder modular reuse. As a result, integrating these
ontologies with external systems or extending them across jurisdictions becomes difficult.

To address this gap, the COCP ontology is developed as a comprehensive, modular framework that
spans the entire customs process lifecycle, from pre-clearance to post-clearance. This ontology-
driven approach not only facilitates seamless cross-border trade but also addresses the evolving needs
of customs authorities in an increasingly complex regulatory environment, offering a scalable and
adaptable solution to modern customs challenges.

ONTOLOGY DEVELOPMENT

Ontology development is a structured process aimed at creating formal representations of domain
knowledge (Noy & Mcguinness, 2001). These representations enable systems to perform complex
tasks such as data integration, decision support, and compliance automation (Khadir et al., 2021). In
the customs domain, ontology development involves modeling the intricate relationships between
regulations, processes, and stakeholders to improve the automation and efficiency of customs opera-
tions (Aritonang et al., 2017; Loukakos & Setchi, 2010).

The field of ontology development has evolved significantly over the past two decades, particularly
with the rise of the Semantic Web, introduced by (Berners-Lee et al., 2001). Various standards and
languages, such as Resource Description Framework (RDF), RDF Schema (RDFS), Web Ontology
Language (OWL), and OWL-2, have laid the technical foundation for building ontologies. Despite
the growing number of ontologies, the methodologies for ontology development remain limited.
These methodologies can broadly be categorized into three types: traditional methods, collaborative
methods, and customized methods (Noy & Mcguinness, 2001; Suarez-Figueroa et al., 2012).

Traditional methods of ontology development are characterized by their structured, manual approach
to constructing ontologies. Methontology (Fernandez-Lépez et al., 1997) is a foundational methodol-
ogy for ontology development, guiding users through phases such as specification, conceptualization,
and formalization. While it remains widely used for its structured approach, it faces limitations in
adapting to dynamic domains and reusing existing knowledge resources (Noy & Mcguinness, 2001;
Suarez-Figueroa et al., 2015).

To address these limitations, collaborative methods focus on the reuse and reengineering of existing
knowledge resources while allowing for greater flexibility and adaptability. A notable collaborative
method is the On-To-Knowledge methodology (Sure et al., 2004), which emphasizes the integration
of knowledge management and ontology development. On-To-Knowledge follows an iterative pro-
cess where domain experts and knowledge engineers collaborate to refine and evolve the ontology
over time. The NeOn methodology (Suarez-Figueroa et al., 2012, 2015) extends earlier approaches by
enabling the reuse of both ontological and non-ontological resources and supporting the continuous
evolution of ontologies. Its scenario-based, iterative development is well-suited for complex, multi-
stakeholder domains like customs, where legal and procedural compliance is critical.

In recent years, customized methods have emerged, leveraging the strengths of both traditional and
collaborative approaches. For example, the YAGO ontology (Rebele et al., 2016) was developed by
reusing multiple data sources such as Wikipedia and WordNet. Similarly, cross-domain ontologies
like the MedRed ontology (Calbimonte et al., 2017) combine vocabularies from multiple fields, in-
cluding healthcare and biomedical sciences, to create comprehensive knowledge bases. Additionally,
advances in natural language processing (NLP) and machine learning have contributed to automating
some stages of ontology development. For instance, Patel et al. (2023) proposed a semi-automatic
NLP-guided framework for extracting all possible relations among objects. Machine learning ap-
proaches, such as those presented by Wang et al. (2020), have been used to generate large-scale
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ontologies by extracting and classifying semantic relationships from multiple data sources. For read-
ers interested in automated ontology construction and evolution, we refer to the comprehensive sur-
vey by Khadir et al. (2021), which reviews linguistic, statistical, and machine learning-based ap-
proaches, including recent developments in deep learning.

In this study, the NeOn methodology was adopted for the development of the COCP ontology. Sec-
tion 3 explores the specific application of the NeOn methodology in COCP’s development, detailing
each phase of the process.

COCP ONTOLOGY: ITERATIVE DEVELOPMENT LIFECYCLE

OVERVIEW

Ontology engineering methodologies offer structured processes for building ontologies that are scal-
able, reusable, and tailored to the specific needs of a domain. Common methodologies such as
Methontology (Fernandez-Lopez et al., 1997) and On-To-Knowledge (Sure et al., 2004) have been
widely used in various domains, but the NeOn methodology (Sudrez-Figueroa et al., 2015) was se-
lected for the development of the COCP ontology due to its flexibility in reusing resources, support-
ing modular development, and facilitating the creation of ontology networks. The NeOn methodol-
ogy’s scenario-based approach was particularly suited for the customs domain, which requires a
comprehensive and modular approach. NeOn allows for the reuse and reengineering of both onto-
logical and non-ontological resources, a crucial feature given the complex nature of customs opera-
tions and their reliance on external regulatory, legal, and logistics data.

For the development of COCP, we selected four scenarios from the NeOn methodology, based on
their relevance to the customs domain and their alignhment with the project’s modular and extensible
design goals. Scenatio 1 (from specification to implementation) was used to guide the entire process, from
the initial specification of requirements through to the final implementation of the ontology. This
scenario ensures that the development process addresses the specific needs of the customs domain
while maintaining a structured and goal-oriented approach. Scenatio 2 (reusing non-ontological resources)
was chosen to incorporate external resources such as international customs regulations, tariff sched-
ules, and logistical standards into the ontology, ensuring that COCP is grounded in real-world cus-
toms practices. Additionally, Scenario 6 (reusing, merging and reengineering ontological resonrces) was selected
to adapt and modify the non-ontological resources integrated through Scenario 2. Importantly, Sce-
nario 6 inherently includes the aspects of Scenarios 3, 4, and 5, which focus on the reuse of ontologi-
cal resources, reengineering them, and merging existing resources to fit new requirements. This
makes Scenario 6 a powerful, comprehensive approach to ensure that COCP incorporates and adapts
both ontological and non-ontological resources, creating a cohesive and tailored ontology for cus-
toms operations. Finally, Scenario 8 (restructuring ontological resources) was employed to mainly modular-
ize COCP effectively. By restructuring the ontology into distinct modules, Scenario 8§ makes COCP
scalable, maintainable, and easily extensible for future use cases, ensuring it can be reused and up-
dated as customs procedures evolve. Other NeOn scenatios were not adopted, as they were not di-
rectly applicable to our goals or the centralized nature of our development and validation process.

Based on the selected scenatios, the COCP ontology was developed through an iterative develop-
ment lifecycle (see Figure 2), consisting of five key phases: (i) requirements specification, (ii)
knowledge acquisition and modularization, (iif) implementation, (iv) axiomatization, and (v) valida-
tion.

As shown in Figure 2, each phase is interconnected, forming a continuous cycle aimed at refining the
ontology until it reaches finalization. The process begins with defining the requirements, followed by
acquiring and organizing knowledge into modules. The ontology is then implemented, axiomatized
for semantic enrichment, and validated. The cycle repeats, with each phase contributing to the
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continuous improvement of the ontology until it meets all its design objectives. The remainder of
this section details each phase in the following subsections.

 Fnatation

Figure 2. Iterative development lifecycle of the COCP ontology.
REQUIREMENTS SPECIFICATION

The development of the COCP ontology began with the creation of a set of Competency Questions
(CQs) designed to capture the core requirements of the ontology. These CQs were instrumental in
shaping the initial structure by identifying the primary objectives, functional expectations, and key use
cases the ontology needed to address. The CQs were then used to create the Ontology Requirements
Specification Document (ORSD), which formalized these requirements into a foundational frame-
work guiding the development of COCP. As the ontology evolved, the CQs were extended and re-
fined during the validation of COCP to ensure it fully met its intended objectives without any gaps or
inadequacies. Once the CQs were finalized, adjustments were made to the ORSD to reflect the up-
dated requirements and align with the ontology’s structure. A subset of these finalized CQs will be
presented in the last phase, validation of COCP, to illustrate how they shaped the CQ-based valida-
tion process. The final ORSD, presented in Table 1, provides a comprehensive guide to the design of
the COCP ontology.

The ORSD identifies the goals of the ontology, which include automating workflows, ensuring regu-
latory compliance, integrating customs operations with external systems, facilitating risk-based assess-
ments, and supporting Al-driven decision-making. It also defines the scope of COCP, specitying the
critical areas that the ontology must model. These areas include customs declarations, legal compli-
ance, security management, and logistics and financial transactions. This detailed scope ensures that
COCP comprehensively represents all major aspects of the customs domain. Furthermore, the
ORSD outlines the major use cases that the ontology must support. These use cases correspond to
real-world scenarios that COCP will handle, such as verifying customs declarations, calculating du-
ties, and managing risk assessments. The ORSD also identifies the key stakeholders, including cus-
toms authorities, suppliers, customers, and carriers, who will interact with COCP.

By mapping out the functional requirements, the ORSD serves as a critical guide for the design and
development of COCP, ensuring that it meets the operational needs of stakeholders while maintain-
ing compliance with regulatory standards.
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Table 1. The ORSD for developing the COCP ontology

Section

Description

1. Purpose

Core objectives that the COCP ontology aims to achieve:

- Assisting in the automation of customs workflows and decision-making.
- Ensuring compliance with customs regulations and trade agreements.

- Integrating customs operations with external systems.

- Facilitating risk-based assessments for high-risk shipments.

- Supporting Al applications in customs operations.

2. Scope

The scope of the COCP ontology will cover the following areas:

- Customs operations: Key processes such as declarations, inspections, and the
release of goods.

- Legal compliance: Duty calculations, adherence to trade agreements, and reg-
ulatory frameworks.

- Security management: Risk assessments, inspections, and security measures
in customs operations.

- Logistics and financial transactions: Modeling transportation, customs fees,
and related financial transactions.

3. Use cases

COCEP is designed to handle a variety of practical use cases within the customs
domain. The major use cases include:

- Verifying the validity and compliance of customs declarations.
- Automating tariff and duty calculations based on goods classification.
- Conducting risk assessments for incoming shipments.

- Tracking the status of customs declarations and associated payments.

4. Stakeholders

This section identifies the key stakeholders who will interact with COCP, in-
cluding customs authorities, suppliers, customers, and cattiers.

KNOWLEDGE ACQUISITION AND MODULARIZATION

The development of the COCP ontology involved a comprehensive process of knowledge acquisi-
tion by gathering existing resources and integrating them with custom elements developed specifi-
cally for COCP. The acquisition and reuse of existing resources process involved the integration of
both non-ontological and ontological resources that are essential for representing customs proce-
dures. Several non-ontological resources were identified and adapted to form the backbone of the
COCP ontology. These resources provide legal, procedural, and classification standards for customs
operations. The following are the major non-ontological resources contributing to COCP:

e HS Codes (World Customs Organization, 2022b): The HS classification system, developed by
the WCO, serves as the global standard for classifying traded products.

e WCO data model (World Customs Organization, 2022c): The WCO data model provides a
standard framework for customs data elements, facilitating interoperability between customs
authorities and businesses.
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e Global trade agreements and customs regulations: International documents and agreements
accepted by multiple nations have been incorporated to ensure that COCP complies with
global legal frameworks. Key agreements include the Agreement on Trade Facilitation (TFA)
(World Trade Organization, 2014) and the General Agreement on Tariffs and Trade (GATT)
(World Trade Organization, 1947), along with its subsequent modifications.

e Risk management guidelines: Best practices for risk management in customs, as outlined in the
WCO Risk Management Compendium (World Customs Organization, 2012), were used to
model risk assessments and inspections for high-risk goods.

Apart from non-ontological sources, several existing ontologies were reused and adapted to structure
COCP effectively. These ontologies provide the foundational elements for the formal representation
of knowledge in customs processes. The major ontological resources include:

e Legal Knowledge Interchange Format (LKIF) ontology (Hoekstra et al., 2007): LKIF was used
to model legal rules and regulations within the customs domain, particulatly for compliance
with international trade laws.

e GoodRelations ontology (Hepp, 2008): The GoodRelations ontology was used for modeling
product and service information, providing support for goods classification and transactions in
customs.

In addition to these major ontological resources, event ontology was incorporated to represent the
various events (e.g., customs declaration, inspections, payments) involved in the customs process
(Raimond & Abdallah, 2007). Furthermore, time and location ontologies were used to handle tem-
poral and spatial data relevant to customs operations, including the timelines for processing customs
declarations and the geographic locations of ports and warchouses (Battle & Kolas, 2012; Hobbs &
Pan, 2000).

By combining these key non-ontological and ontological resources, COCP achieves a comprehensive
representation of the customs procedures, ensuring compliance with legal standards while supporting
efficient workflows and risk assessments.

Operation Compliance
Goods Legal and
Regulatory
Event Compliance
Management
Document Tariff and Duty
Management
Risk .
R — Transportation

and Inspection and Logistics

Actor F|nan0|_al
Transaction
Security Logistics and Finance

Figure 3. Overview of the core modules categorized into groups within the COCP ontology
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After gathering and integrating both non-ontological and ontological resources, the next step was to
organize the ontology into distinct modules. This modularization involved structuring COCP into
key modules, each representing specific types of information managed throughout the customs pro-
cedures. Figure 3 illustrates the four key groups in the COCP ontology: Operation, Compliance, Security,
and Logisties and Finance. Each group consists of modules that handle specific aspects of their respec-
tive areas.

Specifically, the modules were developed to reflect distinct functions within customs operations, al-
lowing the COCP ontology to manage each aspect independently while ensuring seamless interaction
across the modules. This modular design offers key advantages, such as scalability — allowing for the
expansion of modules as new customs regulations emerge without impacting others — and maintaina-
bility, making updates and fixes more manageable. Additionally, it enhances interoperability by facili-
tating integration with external systems such as legal or logistics ontologies, while providing the flexi-
bility to adapt to changes in technology and regulations. Although each module operates
autonomously, the groups of modules are designed to collaborate seamlessly. For example, the Opera-
tion group works closely with the Compliance group to ensure customs declarations comply with rele-
vant trade agreements and regulations, while the Security group interacts with the Logistics and Finance
group to flag high-risk shipments, ensuring that inspections are completed before goods are cleared.
This integrated approach ensures that the COCP ontology delivers a unified and efficient model for
managing end-to-end customs operations.

IMPLEMENTATION

The implementation of the COCP ontology was carried out using the Protégé ( https://protege.stan-
ford.edu/ ) 5.6.1 ontology editor, a widely adopted tool for building and maintaining ontologies. Pro-
tégé allows for the creation, editing, and visualization of ontologies, supporting the OWL format,
which was selected for COCP due to its compatibility with reasoning engines and its flexibility in rep-
resenting complex relationships between customs entities. The implementation process consists of
two key steps: (i) developing classes and class hierarchy, and (i) defining object properties. Once the
required classes were identified, the focus shifted to building the class hierarchy, organizing domain
concepts into a structured model. To define object properties, relationships were established between
classes, accurately reflecting interactions within the customs procedures. As a result, Figure 4 pre-
sents an excerpt of the COCP ontology, visualized using the OntoGraf plugin in Protégé.
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Figure 4. An excerpt of the COCP ontology
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In Figure 4, the links between a class and its subclasses are represented by light blue arcs. OntoGraf
uses different colors to depict all other types of relationships between the various classes in the on-
tology. To specify the outcome of defining object properties, Table 2 presents a set of typical propet-
ties implemented in the COCP ontology. The domain refers to the class from which the property
originates, while the range represents the class to which the property is linked.

Table 2 illustrates how properties semantically connect entities across modules, enabling the ontology
to accurately model diverse relationships and workflows. These semantic connections ensure that the
COCP ontology remains logically structured and meaningful. In total, the COCP ontology comprises
82 classes, 213 object properties, reflecting its scope and coverage across legal, operational, secure,

financial, and logistical dimensions of customs procedures.
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Table 2. Typical properties of COCP

Property Domain Range
belongsToCountry Goods Country
1sOwnedBy Goods Importer
isReleasedBy CustomsDeclara-  CustomsOfficer

tion
isDeclaredBy CustomsDeclara-  Importer

tion
hasInvoice CustomsDeclara-  Invoice

tion
includesItem Invoice Goods
hasCertificateOfOrigin ~ Goods Certifi-

cateOfOrigin

hasMutualAgreement Country Country
compliesWithRegula- CustomsDeclara-  Regulation
tion tion
hasTariff Goods Tariff
hasDutyAmount CustomsDeclara-  Duty

tion
isSubjectTolnspection ~ Shipment Inspection
assessedRiskLevel Shipment RiskLevel
flaggedForlnspection Goods RiskLevel
represented By CustomsOfficer Organization
hasPortOfEntry Shipment Port
isTransportedBy Goods TransportVehicle
hasShippingMethod Shipment ShippingMethod
hasTransactionFee Invoice TransactionFee
paidBy Invoice Importer
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Table 3. Key areas of axiomatization with examples

No. Area Utilization and example
Define constraints for specific classes.

. Every instance of the Goods class must have exactly one HSCode:

1 Class axioms
SubClassOf (cocp:Goods ObjectExactCardinality (1l
cocp:hasHSCode cocp:HSCode))

o Ensure that certain classes do not overlap and that all necessary relationships
Disjointness  are captured.
and Com_ . .. . . . . .
2 pleteness axi- Importer and Customs Officer are disjoint, meaning no individual

oms can be both: DisjointClasses (cocp:Importer cocp:Cus-
tomsOfficer)
Limit the number of relationships between classes (e.g., a class can have at
most one property).

3 Cardina.lity Each Customs Declaration can be linked to at most one

constraints Transport Vehicle: SubClassOf (cocp:CustomsDeclara-
tion ObjectMaxCardinality (1
cocp:hasTransportVehicle cocp:TransportVehicle))
Define the valid domain and range for object properties.

Domain and The‘ hasInvoice property links Customs Deglaration (domain) to In-

4 range axioms voice (range): ObjectPropertyDomain (cocp:hasInvoice
cocp:CustomsDeclaration) and ObjectProper-
tyRange (cocp:hasInvoice cocp:Invoice)

Ensure that a property is transitive, meaning if A is linked to B and B is
linked to C, then A is linked to C.
Transitivity i __

5 axioms If a Goods item is linked to a Country, all related components of that
goods inherit the country link: TransitiveObjectProp-
erty(cocp:isFromCountry)

Properties Define object properties and their relationships between classes.
and relation- - - :

6 ships defini- The haslnvoice object property links Customs Declarationto In-

tion voice: ObjectProperty (cocp:hasInvoice)
Define inverse relationships, ensuring that if A is related to B, then B is re-
lated to A.

7 In‘_’efse pProp- IfaCustoms Declaration isinspected bya Customs Officer,

eres the inverse is that the Customs Officer inspects the Customs Dec-—
laration: InverseObjectProperties (cocp:isInspect-
edBy cocp:inspects)
Ensure that if A is related to B, then B is also related to A (e.g., mutual agree-
ments).

3 Symmetry ax-

ioms

If Country A has a mutual agreement with Country B, then Country B also
has a mutual agreement with Country A: SymmetricObjectProp-
erty (cocp:hasMutualAgreement)

13



Core Ontology for Customs Procedures

AXIOMATIZATION

Axiomatization is a critical step in the development of the COCP ontology, as it establishes the rules,
constraints, and logical relationships between entities. By defining axioms, we enhance the semantic
structure, enabling automated reasoning and maintaining logical consistency. When the ontology is
sufficiently enriched with axioms that formalize and define its structure, it becomes expressive (Kha-
dir et al., 2021), allowing it to model complex customs processes with precision. Table 3 illustrates
the key areas of axiomatization within COCP, detailing their purpose and providing examples of how
they were implemented using OWL 2 Functional Syntax (https://www.w3.org/TR/owl2-syntax/ ).
These axioms serve as the backbone of the ontology’s reasoning capabilities, ensuring compliance
with customs regulations, facilitating efficient processes, and supporting complex queries related to
customs operations.

In summary, the axiomatization work has enriched the COCP ontology by defining formal rules,
constraints, and logical relationships between concepts, ensuring consistency and supporting auto-
mated reasoning. This foundational step strengthens the ontology’s ability to represent real-world
customs processes accurately.

VALIDATION

The validation of the COCP ontology ensures that the ontology meets its design objectives and accu-
rately models the customs procedures. To achieve comprehensive validation, we employed three key
methods: Ontology reasoning for consistency, competency question-based validation, and practical
scenario-based testing. These methods collectively validated the consistency, correctness, and practi-
cal applicability of the COCP ontology.

Ontology reasoning for consistency

To ensure the COCP is consistent and logically valid, we utilized the HermiT (http://www.hermit-
reasoner.com/) 1.3.8 reasoner within the Protégé environment. HermiT provides automated reason-
ing capabilities to verify the ontology’s logical structure, detect inconsistencies, and infer additional
relationships that may not be explicitly defined. These steps are crucial for ensuring that COCP accu-
rately models customs procedures.

Specifically, HermiT performs consistency checks to prevent conflicts, such as classifying a Goods
as both low-risk and high-risk. It infers subclass relationships, like confirming that Regulation is
a subclass of Legal Document, ensuring the class hierarchy reflects customs concepts. It also
validates properties, ensuring relationships like basTariff and hasRiskAssessment correctly link Goods
to Tariff and Shipment to Risk Assessment. HermiT further checks for logical con-
sistency in inverse relationships, such as basTariff and isTariffFor.

In our evaluation, HermiT successfully classified the entire ontology and completed consistency
checking in approximately 5.3 seconds on a standard machine (Intel i7, 16 GB RAM). This reasoning
process ensures that COCP maintains logical consistency, structural soundness, and regulatory com-
pliance, thereby reinforcing its robustness and reliability for deployment in real-world customs appli-
cations.

Competency question-based validation

CQ-based validation is a central method for evaluating the completeness and accuracy of the COCP
ontology. CQ)s are crafted to test whether the ontology can address critical queries within the cus-
toms domain. They serve as essential guidelines for defining both the content and structure of the
ontology. If COCP can correctly answer the formulated CQ)s, it demonstrates that the ontology en-
compasses the necessary knowledge to support customs operations, ensuring its competency in mod-
eling customs processes.

Throughout the development of COCP, the list of CQs was continuously refined and expanded. Ini-
tially, a core set of CQs guided the construction of the ontology. However, as new insights into the
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customs domain emerged, both the CQs and the ontology were modified and extended to cover ad-
ditional aspects. This process was strongly supported by expert consultations, involving customs of-
ficers, legal professionals, and logistics stakeholders. Experts reviewed whether the ontology could
provide meaningful and accurate answers to realistic queries reflecting day-to-day customs activities.
Their comments prompted the reformulation of existing CQ)s, clarification of question scope, and
the addition of new CQs targeting scenarios. These changes ensured that the CQs remained aligned
with practical needs and that the ontology evolved to comprehensively support them.

Moreover, expert feedback was instrumental in highlighting areas where the ontology lacked cover-
age or needed refinement. For example, handling duty exemptions based on trade agreements was
identified as a gap in the original ontology. To address this, the introduction of the hasExemption rela-
tionship between Goods and Trade Agreement allowed COCP to accurately model queries re-
lated to exemptions for specific goods.

This expert feedback during validation was instrumental in identifying conceptual gaps, terminologi-
cal inconsistencies, and coverage issues. When COCP was unable to provide correct answers to cer-
tain CQs, the underlying concepts and relationships were revisited and refined to close those gaps.
This iterative approach, informed by stakeholder validation, allowed COCP to evolve into a robust
and comprehensive model that reflects real-world customs procedures and meets the information
needs of customs authorities.

In total, 51 CQs were developed to comprehensively test COCP’s capability to model the customs
processes. For illustrative purposes, 21 key CQs are presented in Table 4, each mapped to specific
modules within COCP.

Table 4. Typical CQs for validating COCP

Group/Module  CQ

Operation
CQ1: What tariff and duty rates are applied to specific goods based on their
Goods e
classification (e.g., HS Code)?
CQ2: Which goods are classified under high-risk categories and require special
clearance procedures?
Event Manage- CQ3: Which customs declarations have been processed within a specific time
ment interval, and what were the key events?
CQ4: Which customs officers are responsible for handling specific events (e.g.,
inspections or releases) in the customs process?
Document Man- CQ5: Which customs declarations are linked to specific certificates of origin or
agement other required documents?
CQ6: What documents (invoices, certificates of origin) are required for the
clearance of particular goods or shipments?
Compliance

Legal and Regula-  CQ7: Which shipments are subject to specific legal frameworks (e.g., trade
tory Compliance agreements) and require compliance checks?

CQ8: Which countries have bilateral or multilateral trade agreements that af-
fect the clearance process for certain goods?
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Group/Module  CQ

"Tatiff and Duty CQ9Y: What tariff rates are applied to specific goods, and how are duties calcu-
lated based on shipment value?
CQ10: Which shipments are subject to specific duties, and what is the corre-
sponding duty amount for each?

Security

Risk Assessment
and Inspection

Actor

CQ11: Which shipments have been flagged for high-risk assessment, and what
are the corresponding risk levels?

CQ12: Which goods have undergone inspection due to high-risk classification,
and what were the results of those inspections?

CQ13: Which customs officers or inspectors are responsible for overseeing the
clearance of high-risk shipments?

CQ14: Which importer or exporter is responsible for the shipment of a spe-
cific set of goods, and how are they involved in the clearance process?

Logistics and Finance

Transportation
and Logistics

Financial Transac-
tion

CQ15: Which shipments were transported through a specific port within a
given time period, and what were the associated logistics?

CQ16: Which goods have been cleared at multiple ports, and what were the as-
sociated duties and logistical details for each port?

CQ17: Which payment records are linked to customs declarations with duties
exceeding a specific threshold?

CQ18: What duties and tariffs have been paid for a specific shipment, and how
were the payments processed?

Cross-module

Goods / Legal and
Regulatory Com-
pliance

Goods / Risk As-
sessment and In-
spection

Risk Assessment
and Inspection /
Financial Transac-
tion

CQ19: How are goods classified and linked to specific legal requirements (e.g.,
trade agreements, certificates of origin) in the clearance process?

CQ20: Which goods are classified as high-risk and subject to both compliance
checks and risk assessments?

CQ21: How are risk assessments linked to specific financial transactions (e.g.,
duties or tariffs) for high-risk shipments?

The representative CQs in Table 4 covers essential customs operations, demonstrating that COCP
fulfils key functional requirements such as automating procedural workflows, ensuring regulatory
compliance, and enabling knowledge-driven decision support for customs authorities.

Practical scenario-based testing

In addition to competency question-based validation, practical scenario-based testing provides an ad-
ditional layer of testing to ensure the COCP ontology accurately models real-world customs pro-
cesses. This method focuses on validating COCP by simulating real-life scenarios that represent
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complex workflows and interactions within customs operations. For this purpose, synthetic individu-
als were created to populate key classes, reflecting realistic customs cases. These instances were de-
signed based on regulatory requirements and typical operational patterns observed in customs proce-
dures. Scenario queries were executed using the Apache Jena Fuseki 4.7.0 SPARQL endpoint,
allowing controlled testing of semantic queries against the ontology in a reproducible local environ-
ment.

Scenario 1: High-risk goods requiring multi-port clearance. In this scenario, a shipment of high-
risk goods is flageed during the customs clearance process. The goods are classified as high-risk
based on their origin and category, triggering actions such as multi-port clearance, enhanced inspec-
tion protocols, and compliance checks. The goods first arrive at an initial port, where they undergo a
preliminary inspection and risk assessment. Given the high-risk classification, the shipment is flagged
for additional inspections at a secondary port. Upon arrival at the second port, further compliance
checks are conducted, including verifying trade agreements and calculating applicable tariffs. Once all
inspections and checks are completed, and provided there are no violations, the goods are cleared for
entry. A SPARQL query and its output (shown in Figure 5) were used to validate how COCP man-
ages these dynamic interactions in real-time decision-making for high-risk goods.

PREFIX cocp: <https://w3id.org/CustomsProcedures/COCP#>

SELECT ?goods ?riskLevel ?port ?inspection ?complianceCheck
WHERE {
?goods cocp:hasRiskAssessment ?riskAssessment.
?riskAssessment cocp:hasRiskLevel “high-risk”.
?inspection cocp:inspectsGoods ?goods.
?inspection cocp:takesPlaceAt ?port.
?goods cocp:undergoesComplianceCheck ?complianceCheck.

?complianceCheck cocp:relatesToTradeAgreement ?tradeAgreement.

goods riskLevel port inspection complianceCheck
cocp:G143 "high-risk" cocp:Port01 cocp:Ins17 cocp:CCheck9
cocp:G441 "high-risk" cocp:Port02 cocp:Ins39 cocp:CCheck4
cocp:G191 "high-risk" cocp:Port01 cocp:Ins53 cocp:CCheck5

Figure 5. SPARQL query and its output for validating high-risk goods requiring multi-port
clearance

In Figure 5, the SPARQL query evaluates the ontology’s ability to handle multiple inspections, risk
assessments, and compliance checks across various ports, ensuring that the relationships between
Goods,Risk Assessment, Port, Inspection,and Compliance Check are accurately
modelled.

Scenario 2: Duty exemption for goods under a Free Trade Agreement (FTA). In this scenario,
a shipment of goods qualifies for a duty exemption under a specific FTA. The shipment consists of
electronics that are eligible for duty exemptions based on the trade agreement between the exporting
and importing countries. Upon arrival at the customs port, the customs officer retrieves the relevant
trade agreement to verify whether the shipment meets the exemption criteria outlined in the trade
agreement. The system checks the origin of the goods, their classification (HSCode), and the applica-
ble tariff schedule to determine whether the duty exemption applies. If all conditions are satisfied, the
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goods are cleared, and the associated duties and tariffs are waived. To verify this process, a SPARQL
query was used, as shown in Figure 6.

PREFIX cocp: <https://w3id.org/CustomsProcedures/COCP#>

SELECT ?goods ?origin ?hsCode ?tariff ?customsAgreement ?tradeAgreement
WHERE {
?goods cocp:hasOrigin ?origin.
?goods cocp:hasHSCode ?hsCode.
?goods cocp:isSubjectToCustomsAgreement ?customsAgreement.
?customsAgreement cocp:relatesToTradeAgreement ?tradeAgreement.
?goods cocp:hasTariff ?tariff.
FILTER EXISTS {

?tradeAgreement cocp:providesDutyExemption ?goods.

}

goods origin hsCode tariff customsAgreement tradeAgreement
cocp:G789  cocp:AU  "8471.30"  cocp:Electronics_2024  cocp:ImportElectronics cocp:FTA_AU_VN
cocp:G812  cocp:CA "8528.72"  cocp:Displays_2024 cocp:ImportDisplays cocp:FTA_CA_BG

Figure 6. SPARQL query and its output for validating duty exemption under an FTA

The SPARQL query and its result presented in Figure 6 tests the COCP ontology’s ability to model
the complex relationships between Goods, Country, HSCode, Tariff, CustomsAgree-
ment, and TradeAgreement. It validates whether the ontology can accurately determine eligibil-
ity for duty exemptions based on the origin of the goods, their classification, and the relevant trade
agreements.

Scenario-based testing confirms that the COCP ontology can handle complex customs processes,
such as multi-port clearance for high-risk goods and duty exemptions under trade agreements. A total
of 45 SPARQL-based tests were conducted, without distinguishing between simple or complex sce-
narios, with a resulting success rate of 97.2%. The use of SPARQL queries in scenario-based testing
demonstrated COCP’s ability to support decision-making, manage dynamic interactions, and ensure
compliance with trade agreements and risk-based procedures, thereby validating its effectiveness in
real-world customs operations.

There were three iterations that took place during the development of COCP. In the first iteration,
we revised the initial ontology after identifying missing or misrepresented concepts based on reason-
ing limitations. Specific issues related to customs procedures, such as procedural stages and docu-
ment dependencies, required structural adjustments and clarification of class definitions. In the sec-
ond iteration, we added new concepts and relationships to enhance coverage of operational, financial,
and logistical aspects. This included introducing classes such as TransportMode, Warehonse, and Payment-
Method, as well as improving inter-module links. In the third iteration, we incorporated expert feed-
back to refine terminology, improve semantic clarity, and strengthen support for legal compliance.
These iterations allowed us to systematically refine the ontology’s structure and semantics while
maintaining a complete and consistent core model throughout the development process.
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DISCUSSION

PRACTICAL APPLICATIONS AND IMPACT OF COCP

This section delves into the practical significance of the COCP ontology, highlighting its potential to
address real-world challenges within customs operations. It explores the contributions of COCP
across three key areas: standardization of customs procedures, enhanced legal compliance and risk
management, and Al-driven innovation. Each application demonstrates how COCP can support the
resolution of current challenges in customs procedures, contributing to more streamlined, secure,
and flexible trade facilitation.

Standardization of customs procedures: Standardizing customs procedures is essential for reducing delays
and improving the efficiency of global trade. The Revised Kyoto Convention (World Customs Or-
ganization, 2008) emphasizes the need for uniform customs operations worldwide, ensuring that pro-
cesses are predictable and simplified. In line with Objective 1 and Objective 2 of this study, the
COCP ontology was designed using a modular structure and grounded in international standards set
by organizations such as the WCO and WTO. This ensures that customs processes comply with
globally recognized procedures while maintaining flexibility for future extensions. By adopting these
standards, COCP standardizes document management, goods classification, and customs declara-
tions, leading to more consistent practices. This standardization benefits a wide range of stakeholders
by streamlining communication and collaboration, as all parties operate under unified procedures. Ul-
timately, this contributes to the global harmonization of customs processes, supporting broader trade
facilitation efforts (World Customs Organization, 2022¢). While previous customs ontologies, such as
those by Zang et al. (2008) and Loukakos and Setchi (2010), offered valuable domain-specific in-
sights, they lacked a modular structure and did not explicitly support interoperability with external
systems. In contrast, COCP was designed with modularity as a core principle, enabling each subdo-
main (e.g., legal compliance, risk assessment, and logistics) to be developed, maintained, and ex-
tended independently. This modular design enhances both reusability and scalability. Furthermore,
COCP prioritizes interoperability by integrating international standards (e.g., the WCO Data Model)
and aligning with widely accepted semantic technologies. As a result, COCP can interact with diverse
customs systems and adapt to evolving regulatory frameworks, overcoming the rigidity observed in
earlier models.

Enbanced legal compliance and risk management: Ensuring legal compliance and managing risks are funda-
mental to international trade. The WCO SAFE Framework of Standards (World Customs Organiza-
tion, 2021b) emphasizes the importance of risk-based assessments and automated compliance checks
to enhance security and streamline trade operations. In accordance with Objective 2 and Objective 3
of this study, the COCP ontology integrates international legal frameworks and formal compliance
rules to support semantic consistency and intelligent automation. It provides a structured foundation
for automating compliance checks and enabling risk-based assessments. Given the complexity of cus-
toms procedures, the use of formal axioms and semantic rules is essential for adapting to evolving
trade laws and handling jurisdiction-specific constraints. This approach helps protect the integrity of
global trade by enabling more reliable, scalable, and legally compliant customs operations.

Supporting future Al applications: As customs operations become increasingly complex, the role of Al in
automating and optimizing these processes is growing. In line with Objective 3, which focuses on en-
abling intelligent customs applications, COCP is designed to support the integration of Al-driven
tools such as reasoning engines, rule-based automation, and predictive analytics. Recent advances in
ontology-based Al systems demonstrate their capacity to support intelligent decision-making in do-
mains such as logistics, compliance monitoring, and trade facilitation (Asim et al., 2018; Khadir et al.,
2021). COCP provides the necessary foundation for such Al applications by structuring customs-re-
lated data in a machine-readable and semantically rich format, enabling integration with Al tech-
niques like reasoning engines, rule-based automation, and predictive analytics. For example, with
COCP’s modular structure and standardized relationships, Al tools can dynamically calculate tariffs,
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assess shipment risks, and automate compliance checks. These capabilities reduce the need for hu-
man intervention in routine evaluations, freeing up resources for more strategic oversight. This not
only improves operational efficiency but also allows customs authorities to focus on more complex,
high-level decision-making (Karklina-Admine et al., 2024). This design also aligns with recent re-
search on ontology-enabled intelligent systems (e.g., Burov et al. (2021)), positioning COCP as a for-
ward-compatible semantic layer for next-generation customs technologies. The potential for Al inte-
gration within COCP highlights its readiness to support adaptive, efficient, and legally compliant
customs operations in the era of digital transformation.

These three practical applications of the COCP ontology represent some of its most significant and
readily apparent contributions to modern customs operations. However, the potential of COCP ex-
tends far beyond these areas. As the ontology evolves, additional applications can be explored, un-
locking further opportunities to enhance efficiency, adaptability, and innovation in customs manage-
ment and international trade.

CHALLENGES IN THE DEVELOPMENT AND APPLICATION OF COCP

This section explores the challenges faced by the COCP ontology in addressing real-world issues
within customs operations. Specifically, it focuses on three key challenges: Specificity vs. generaliza-
bility, scalability and interoperability, and legal adaptability and maintenance. These challenges high-
light the complexity of managing evolving customs processes and regulations while ensuring smooth
integration with external systems.

Specificity vs. generalizability: While COCP provides broad coverage of core customs procedures, it may
lack the specificity required for domain- or country-specific scenarios. Customs regulations often
vary significantly across regions, including unique legal constraints, trade sanctions, or bilateral agree-
ments. Although COCP offers a foundational model, tailoring it to capture such nuanced regulatory
environments remains a challenge. This trade-off between general applicability and detailed coverage
must be addressed in future extensions.

Scalability and interoperability: Scalability is essential for COCP’s use in international and multi-system
environments. However, integrating COCP with external systems, especially those using divergent
data models or localized formats, presents difficulties. While COCP aligns with international stand-
ards like the WCO Data Model, not all jurisdictions or legacy systems adhere to these standards. This
limits seamless interoperability and hinders broader adoption without additional mapping or customi-
zation.

Legal adaptability and maintenance: The dynamic nature of customs regulations and trade laws necessi-
tates ongoing maintenance of the ontology. Continuous updates are required to reflect changes in na-
tional and international policies. However, automating legal reasoning remains difficult due to the
ambiguous or conflicting nature of some regulations. Ensuring backward compatibility while inte-
grating new rules and procedures is both technically and legally complex. Human oversight is often
required to ensure that COCP's legal inferences remain accurate and compliant.

Despite these challenges, COCP’s modular architecture provides a promising foundation for adapta-
tion. Each module can be individually updated or extended without disrupting the overall structure.
This modularization supports the scalable integration of new standards and facilitates interoperability,
offering a flexible response to evolving legal and procedural demands.

CONCLUSION

This paper presents the COCP ontology, a core knowledge model designed to address the complexi-
ties of modern customs procedures. The COCP ontology was developed using the NeOn methodol-
ogy, which employs a scenario-based approach to guide the development process. This methodology
supports a modular, scalable design by enabling the reuse of existing resources and ensuring
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adaptability to evolving real-world requirements. COCP incorporates knowledge of operations, regu-
lations, security, transport, and financial transactions, based on international standards, into a struc-
tured model. The development of COCP followed an iterative development lifecycle, consisting of
tive key phases: requirements specification, knowledge acquisition and modularization, implementa-
tion, axiomatization, and validation. This iterative approach allowed for continuous refinement and
alignment with real-world customs procedures. Validation results demonstrate the ontology’s robust-
ness and applicability. The HermiT reasoner successfully classified the entire ontology and completed
consistency checking in approximately 5.3 seconds. A total of 51 competency questions were devel-
oped and successfully answered to evaluate the ontology’s coverage. Furthermore, 45 SPARQL-
based tests were conducted to assess real-world query handling, with a resulting success rate of 97.2
percent. Among these, two representative scenario-based queries were presented to illustrate COCP’s
ability to support automated decision-making and compliance validation in dynamic customs con-
texts.

CONTRIBUTIONS

The COCP ontology offers several key benefits, including improved standardization of customs pro-
cedures, enhanced legal compliance and risk management, and innovative Al-driven applications.
Unlike earlier fragmented customs ontologies that were often limited in scope and rigid in structure,
COCP was designed with a modular architecture that allows each subdomain (e.g., legal compliance,
logistics, and risk assessment) to be developed and maintained independently. This modularity sup-
ports better scalability, facilitates integration with diverse systems, and enables targeted updates with-
out disrupting the entire framework.

CHALLENGES

However, COCP also faces challenges, such as addressing domain-specific regulatory nuances, ensur-
ing interoperability with diverse systems across different jurisdictions, and managing the ongoing
maintenance required to keep pace with evolving legal frameworks. In terms of validation, while
COCP has been rigorously evaluated through ontology reasoning, competency questions, and sce-
nario-based testing, these methods were conducted in controlled environments. As such, practical
impacts (such as reductions in declaration errors or improvements in operational performance) have
not yet been measured in real-world customs settings. These limitations are acknowledged, and future
work will include deployment-oriented evaluations to address this gap.

FUTURE DIRECTIONS

Looking ahead, future work will proceed in a phased manner, with clear priorities. The first priority is
to expand the scope of COCP to encompass more complex and region-specific scenarios, such as
trade sanctions and e-commerce-related customs processes. The second priority is to enhance in-
teroperability with international customs systems by aligning with localized standards and developing
tools for cross-system integration. Finally, the third priority is to explore the integration of Al-driven
technologies, such as machine learning for compliance prediction and natural language processing for
automated updates, to further support intelligent automation and decision-making. These develop-
ments are planned over the near to medium term and aim to position COCP as a critical tool for
modernizing customs operations and meeting the dynamic demands of global trade.

Customs authorities are encouraged to adopt COCP to streamline clearance, ensure regulatory con-
sistency, and support intelligent decision-making. Researchers may explore its application in special-
ized domains (e.g., e-commerce or trade sanctions) and enhance it with machine learning and natural
language processing for automated updates and analytics. These efforts will help establish COCP as a
foundational component of modern, intelligent customs management.
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