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In the context of the digitalization of the construction industry, the demand for automation in the analysis of regulatory documents is increasing. The significant volume, structural complexity, and frequent amendments of regulatory acts lead to semantic inconsistencies, duplication of provisions, and contradictions in requirements. The aim of this study is to develop a method for the automated analysis of regulatory documents in the construction sector based on the integration of ontological modeling and natural language processing (NLP) techniques. The relevance of the topic is driven by the need for the digital transformation of construction standardization, which involves eliminating redundant provisions, logical inconsistencies, and outdated references in the regulatory framework. The study proposes a methodology for constructing semantic “profiles” of regulatory statements, which include structured components: subject, predicate, object, modality, and additional conditions. A software prototype has been developed, implementing an algorithm for semantic matching of regulatory requirements using an ontological model that incorporates SKOS-based terminology, deontic logic, and domain-specific concepts of the construction sector. Experiments were conducted on a corpus of 14 regulatory documents of the Republic of Kazakhstan (≈242,000 words), demonstrating high computational efficiency (document analysis time <10 s) and acceptable quality metrics (F1-score up to 0.86). The results confirm the applicability of the proposed method for integration into automated regulatory compliance control systems and Building Information Modeling (BIM).
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1 INTRODUCTION
Modern construction is characterized by an extensive system of regulatory oversight throughout all stages of the asset life cycle—from design to operation. Projects and construction activities must comply with building codes, technical regulations, national, and industry standards that ensure safety, quality, and efficiency requirements. However, the large volume, complex structure, and frequent updates of the regulatory framework complicate the interpretation and practical application of requirements, potentially hindering effective project design and implementation (Guo et al., 2021).One of the key challenges is the ambiguity of formulations resulting from discrepancies in terminology and definitions, which allows for multiple interpretations depending on the context of the document. Additionally, the duplication of provisions and logical contradictions among different regulatory acts further complicate the use of normative documents, making compliance verification more difficult and increasing the risk of legal conflicts (Guo et al., 2021). In this context, the automation of regulatory requirement analysis is viewed as a necessary component of the digital transformation of the construction industry, as it can enhance the transparency and speed of project approval processes.
Traditionally, compliance verification of construction projects with regulatory requirements is performed manually by experts, which is time-consuming, labor-intensive, and prone to subjective errors. For instance, the average review period for a commercial project in the city of Mesa (United States) is 18 working days, with analysis costs reaching up to $90 per hour (City of Mesa, 2012). Non-compliance, in turn, can lead to serious financial consequences—for example, Wal-Mart was once fined $1 million for violating environmental regulations (Salama and El-Gohary, 2013). Automating the compliance checking process could significantly reduce these costs and associated risks. Automated Compliance Checking (ACC) is currently viewed as a promising solution for accelerating expert review, reducing errors, and improving the efficiency of regulatory document management (Tang et al., 2012; Sydora and Stroulia, 2020). Over the past decades, various research approaches and software systems for ACC have been proposed, demonstrating the feasibility of partial automation. However, in practice, the level of automation in regulatory compliance within the construction domain remains low. To date, there has been no widespread adoption of digital methods in either the content of regulatory requirements or the procedures for their verification. This can be attributed to several limitations of the existing approaches (Zhang and El-Gohary, 2015).
Most modern ACC systems require manual rule authoring: experts manually extract requirements from normative texts and translate them into machine-readable formats (Zhang et al., 2022). This process is labor-intensive, prone to inaccuracies, and complicates system updates when regulations change. Many existing solutions rely on hardcoded rules or static databases, which limits their flexibility and scalability. Moreover, common methods for analyzing regulatory documents—such as keyword search and syntactic parsing—fail to capture semantic relationships and logical dependencies between provisions. This results in low accuracy of automated requirement interpretation, particularly for complex documents that contain numerous cross-references, exceptions, and conditional constructs. As experts have noted, full automation of compliance checking is not feasible without intelligent text processing—that is, transforming fragmented textual requirements into formal, machine-executable rules and linking them to digital project models (Zhong et al., 2012; Tierney, 2012). These limitations highlight a significant scientific and practical niche for developing novel methods to automate regulatory compliance control.
This study aims to develop a method for the automated semantic analysis of regulatory documents in the construction domain, based on ontological modeling and natural language processing (NLP) techniques, to overcome existing limitations in compliance automation. To achieve this goal, an analysis of current approaches to automated regulatory control is conducted to identify their weaknesses and justify the need for a new solution. The research involves the development of a multi-level ontological model designed to structure the content of regulatory documents and represent logical-semantic relationships between their provisions. In parallel, algorithms are developed to apply NLP methods for the automatic extraction of key terms and structured components of requirements from the text, as well as for generating their semantic representations (“profiles”). The proposed method enables the automatic identification of duplicated provisions, contradictions, and outdated references through the integration of the ontological model and semantic analysis. Its effectiveness is evaluated using a corpus of construction regulations, allowing for the assessment of inconsistency detection quality and demonstrating the method’s potential for integration into digital platforms, including regulatory document management systems and Building Information Modeling (BIM) environments.
Achieving the stated goal and addressing the outlined objectives will enhance the degree of automation in the analysis of regulatory requirements, enable more accurate interpretation of normative documents, and provide a foundation for integrating compliance checking into BIM and other digital construction processes. The scientific contribution of this study lies in the advancement of methods for semantic analysis of regulatory texts, while its practical value is reflected in establishing the prerequisites for more efficient and reliable project expert review within the context of the industry’s digital transformation.
2 LITERATURE REVIEW
2.1 Analysis of regulatory requirements and ACC systems
The problem of Automated Compliance Checking (ACC) has been the focus of intensive research over the past several decades. As early as the 1980s and 1990s, initial attempts were made to formalize construction standards using expert systems and knowledge bases.
Existing ACC systems are based on transforming regulatory documents into logical rules suitable for machine analysis. Zhang and El-Gohary (2017) proposed a system that combines semantic text processing with logical reasoning, enabling the automatic extraction of requirements from building codes and their alignment with building BIM models (Zhang and El-Gohary 2017). Subsequently, the authors developed a method based on deep neural networks, which achieves high accuracy in extracting both syntactic and semantic elements from regulatory texts, reaching a precision of over 93% (Zhang and El-Gohary 2021).
The issue of scalability and flexibility of ACC systems when dealing with diverse regulatory documents remains a pressing challenge. In the study by Xue and Zhang, a mechanism was proposed for extending the set of rule transformation templates, which significantly improves the coverage of verifiable provisions and the accuracy of transformation through the iterative generation of logical expressions based on predefined patterns (Xue and Zhang, 2022).
Another emerging direction is the integration of large language models (LLMs), such as GPT-4, into the processes of automated regulatory compliance. Al-Turki et al. (2024) developed an LLM-based system that transforms building regulations into a structured YAML format using an active learning strategy. This approach significantly improves both the structural and semantic accuracy of interpreting regulatory requirements.
In addition to technical aspects, institutional prerequisites for the implementation of ACC systems are also being explored. Nama and Alalawi (2023) analyzed the adoption of automated compliance checking systems in Middle Eastern countries, identifying key stages in the transformation of building permit issuance processes and the integration of digital solutions into governmental workflows.
2.2 Digital technologies and BIM
Building Information Modeling (BIM) has become a key enabler in the development of Automated Compliance Checking (ACC) systems, providing a digital representation of the designed asset in the form of interconnected elements and their parameters. This data structure allows for the formalized description of design solutions, and consequently, enables programmatic verification of their compliance with regulatory requirements. In contrast to traditional checks based on drawings and textual documentation, the BIM-oriented approach improves accuracy, reduces time expenditures, and minimizes the impact of human error (Preidel and Borrmann, 2018).
Modern approaches to automated compliance checking involve the application of semantic processing to regulatory documents, followed by the alignment of extracted information with BIM model parameters. For example, in the study by Guo et al., a method was proposed in which regulatory requirements are extracted from texts using natural language processing (NLP), transformed into semantic rules, and then automatically applied to BIM models through the use of SPARQL queries (Guo et al., 2021).
More specialized applications of BIM for regulatory compliance checking have also demonstrated effectiveness. For instance, within the RegBIM project, an approach was developed to automate the verification of sustainable design solutions by extending the semantics of IFC to assess the environmental performance of projects (Kasim, 2015). In Pakistan, the implementation of a BIM-oriented automated checking system at the municipal level reduced the project documentation approval time from 1 week to 6 h, showcasing the high efficiency of digitalization in the expert review process (Aslam and Umar, 2023).
Literature reviews highlight that most modern systems rely on rule formalization based on the IFC standard. However, the interpretation of regulatory requirements remains the most labor-intensive stage: translating textual rules into machine-readable formats requires the use of either logical or ontological models, or specialized software plugins (Ismail et al., 2017).
Recent studies also propose innovative ACC system architectures. In particular, Li et al. (2024) developed a conceptual framework for automated compliance checking based on knowledge graphs, in which regulatory documents are transformed into ontologies using a Chinese NLP model and then applied to BIM models to detect violations. Another study introduced a system that leverages blockchain technology to ensure transparency and traceability of both automated and manual compliance verification stages within the BIM environment (Gao and Zhong, 2022).
2.3 Ontological modeling of regulatory knowledge
One of the most promising directions in the development of ACC systems is the use of ontological modeling for the formalization of regulatory knowledge. Ontologies enable the representation of building codes and standards as formal concepts, objects, properties, and logical relationships between them, thus making automatic interpretation and verification of regulatory requirements possible. This approach ensures a high degree of machine-readability and supports logical reasoning, which is essential for intelligent analysis of design documentation.
A number of studies focus on developing ontologies that capture the structure and semantics of building regulations. For example, Zhong et al. (2012) proposed an ontological approach to construction quality checking, based on the formalization of requirements using the OWL format and SWRL rules, which are applicable to inspection data. Jiang and colleagues developed a comprehensive multi-ontology merging method that enables the alignment of terminology between the building model and the regulatory ontology, as well as the application of logical reasoning through SPARQL queries (Jiang et al., 2022).
Of particular interest is the application of deontic logic—a logical system that describes concepts of obligation and prohibition—for the interpretation of regulatory requirements. Salama and El-Gohary (2011) proposed the use of deontological concepts in ACC systems to formalize rights and obligations within regulations, which is especially important for evaluating permissible and impermissible actions in construction.
One of the limitations of the ontological approach remains its labor intensity: the development of comprehensive ontologies requires the involvement of domain experts and significant time investment. Moreover, expressing dynamic or context-dependent requirements can be challenging within static ontological structures without the incorporation of additional logical mechanisms, such as first-order logic or conditional rules (Zhang and El-Gohary, 2017).
Nevertheless, the use of ontologies represents a powerful tool for integrating regulatory knowledge into intelligent systems, enabling a higher level of automation and reusability of formalized requirements across various tasks, including design, expert review, and compliance control.
2.4 Natural language processing (NLP) in regulatory analysis
Alongside ontological modeling, methods of Natural Language Processing (NLP) are actively evolving within the ACC domain, aiming to automate the analysis of regulatory document texts. The primary task of NLP in this context is to transform unstructured text—such as articles, clauses, and conditions of building codes—into formalized data suitable for subsequent logical processing and alignment with design model parameters.
In the early stages of such systems, template-based syntactic approaches were commonly used. Key markers (e.g., “shall,” “is not permitted,” “must”) were employed to identify regulatory provisions and subsequently match them to elements of the construction model. However, these methods were limited in their ability to interpret complex constructions of regulatory language. In response to this, Zhang and El-Gohary (2016) proposed a semantics-oriented approach that applies a system of grammatical and semantic rules to extract objects, parameters, and logical relationships from regulatory texts.
Subsequently, hybrid algorithms were developed that combine syntactic parsing, semantic rules, and machine learning methods. In one study, the authors implemented a multi-component approach involving text classification, information extraction (IE), and the transformation of requirements into logical rules suitable for automated compliance checking. The system achieved high precision and recall in extracting quantitative requirements from international building codes (Zhang and El-Gohary 2013).
The specific characteristics of regulatory documents—such as complex syntactic structures, numerous conditions, exceptions, and cross-references—make the application of standard NLP models insufficiently effective. As a result, modern approaches combine linguistic rules with ontological information to eliminate semantic ambiguities and improve the accuracy of interpretation (Zheng et al., 2022).
A new and emerging direction involves the application of large language models (LLMs), such as GPT-4, to regulatory analysis tasks. Chen et al. proposed an architecture that combines LLMs with ontology to extract structured requirements from regulatory texts and verify them against BIM models. Pre-trained LLMs demonstrate a strong capability for interpreting complex texts and significantly reduce the need for manual data annotation (Chen et al., 2024).
However, the application of such models in the construction domain presents several challenges: the need to adapt to the specificity of professional language, limited transparency in logical reasoning, and high sensitivity to contextual nuances of regulatory phrasing. In this regard, the greatest potential lies in the integration of neural models with formalized knowledge in the form of ontologies and logical rules, which provides both flexibility and controllability in the interpretation of regulations.
2.5 Limitations of existing approaches and the research gap
Despite significant progress in the development of automated ACC systems, most existing solutions are focused on analyzing design models within the context of strictly predefined, manually formalized rules. These rules are typically encoded by domain experts based on regulatory texts and cover only limited aspects of requirements—such as geometric parameters, accessibility, fire safety clearances, and similar criteria (Jiang et al., 2022). As a result, ACC systems primarily operate as checklist-based verification modules and rarely treat the regulatory corpus itself as a subject of analysis.
Comprehensive semantic processing of the regulatory texts themselves—including the identification of internal contradictions, duplicated provisions, and outdated references—is currently addressed in only a limited number of studies. The vast majority of existing approaches assume that regulatory documents are consistent and free of contradictions, which does not always reflect real-world practice. In actual design conditions, regulations may contain ambiguous wording, overlapping or conflicting requirements, as well as references to outdated or repealed documents, all of which pose significant risks of misinterpretation (Zheng et al., 2022).
The analysis of regulatory overlaps and conflicts across multiple documents—such as different building codes, standards, and technical regulations—remains a largely unexplored area, despite its critical importance. Most modern ACC systems lack mechanisms for comparing provisions across various sources and do not track their currency, which necessitates manual verification and updating of references by domain experts (Beach et al., 2015).
Given these limitations, there is a growing need for approaches that can not only verify model compliance but also perform semantic analysis of the regulatory documents themselves. This includes automatic knowledge structuring, detection of logical inconsistencies, terminology alignment, and ensuring the relevance of regulatory provisions. One of the promising directions is the integration of ontological modeling with natural language processing (NLP) methods, enabling the extraction, formalization, and comparison of requirements from multiple sources (Zhang and El-Gohary 2016).
The approach proposed in this study is aimed precisely at addressing these challenges. Unlike conventional ACC systems focused solely on verifying BIM models, the developed method emphasizes in-depth digital processing of the regulatory texts themselves. By combining ontological knowledge representation with NLP techniques, the approach enables automation of regulation analysis at a more fundamental level, laying the groundwork for a fully digital chain: regulatory requirements–information model–compliance verification. Thus, the presented research fills the identified scientific and practical gap, advancing the construction industry toward a new stage of digitalization that enhances both the efficiency and quality of design decisions.
3 METHODS AND MATERIALS
For the purpose of formalization and automated analysis of regulatory requirements applied in the construction industry, this study proposes a methodology based on the use of ontological modeling, natural language processing (NLP) techniques, and semantic analysis (Chen et al., 2024). The domain of interest is the set of building codes and regulations adopted in the Republic of Kazakhstan. The study is grounded in the following key principles.
First, regulatory documents possess a complex, multi-level structure that includes nested conditions, exceptions, cross-references, and hierarchically organized requirements.
Accordingly, the proposed methodology incorporates a step-by-step analysis of the syntactic and semantic characteristics of regulatory statements, aimed at their subsequent formalization and alignment.
At the first stage, preliminary linguistic processing of the texts is performed, including tokenization, lemmatization, part-of-speech (POS) tagging, dependency parsing, and coreference resolution. These procedures are carried out using the DataVera EKG Language Processing (EKG LP) software module (DataVera, 2025), which is built on the SpaCy library and adapted to the specifics of regulatory vocabulary.
At the second stage, textual fragments are aligned with the ontological model, which is represented as a set of interconnected ontologies (Figure 1):
– Upper-level ontology (based on BFO), used to represent universal categories such as objects, processes, and relationships;
– Domain ontology of the construction sector (based on IFC), covering capital construction assets, engineering systems, and life cycle processes;
– Regulatory statement ontology, based on deontic logic, describing the structure of norms (subject, modality, action, object, and applicability condition);
– Terminology ontology (SKOS model), providing linkage between the terms used in regulatory documents and the concepts of the domain ontology.
[image: Figure 1]FIGURE 1 | Relationship between elements of the proposed ontologies.
The formalized representation of regulatory provisions is carried out in the form of semantic profiles, which include the following elements: subject (addressee of the requirement), modality (obligation, possibility, prohibition), predicate (action or characteristic), object (result of the action), as well as additional attributes (conditions, exceptions, time frames, etc.).
To account for the complex structure of regulatory texts, the methodology implements mechanisms for:
– Detection of nested conditions (through the analysis of syntactic structures and conditional operators);
– Processing of exceptions, formed through negation constructs or limitations on the scope of regulations;
– Reconstruction of hierarchical relationships between regulatory provisions, using structural markers and contextual analysis of headings, articles, and subsections.
At the final stage, a comparative semantic analysis is performed, aimed at identifying:
– Duplicated provisions (when key elements of the semantic profile match);
– Contradictions (when there are discrepancies in modalities or conditions of application);
– Semantic inconsistencies (in definitions of terms and interpretations of concepts).
The comparison of semantic profiles is carried out based on a calculated similarity metric, the threshold value of which is determined empirically. In the case of significant discrepancies, the corresponding fragments are forwarded for expert review.
The developed system is designed for the automated semantic analysis of regulatory documents, identifying contradictions, duplicated provisions, and semantic inconsistencies. The architectural solution (Figure 2) is based on the use of ontological models, graph and relational databases, as well as natural language processing (NLP) methods.
[image: Figure 2]FIGURE 2 | Architecture of the automated system for processing regulatory document texts.
The system includes several key components that ensure its functionality. A graph-based RDF triple store database (Apache Fuseki) is used for storing ontological models, enabling complex semantic queries and analysis of relationships between concepts. A relational or document-oriented storage system (PostgreSQL) is employed to store the results of the linguistic analysis of regulatory texts (Jadala and Burugari, 2024). An important element is the data management platform (DataVera EKG Provider (DataVera, 2025)), which ensures information storage in accordance with the ontological model, supports both synchronous and asynchronous APIs, executes SPARQL queries, and performs data validation using SHACL rules (Ke et al., 2024). The system also includes application software modules, such as the linguistic analysis module for regulatory documents (DataVera EKG LP (DataVera, 2025)) and the semantic analysis module, which identifies contradictions in terminology and detects duplicated provisions. Monitoring and logging tools, such as ELK and Zabbix, are used to ensure system oversight and log collection (Bilobrovets, 2023).
The system is implemented as a set of containers deployed in a Kubernetes environment (Poniszewska-Marańda and Czechowska, 2021), which ensures its scalability and fault tolerance.
The processing of regulatory texts is performed in stages, starting with grammatical and semantic analysis (DataVera, 2025):
– Sentence structure analysis includes POS-tagging and dependency parsing, which allows for the identification of parts of speech and the establishment of grammatical dependencies between words. Coreference resolution is also performed, involving the substitution of nouns for pronouns and clarification of implied elements in the statement.
– Lemmatization ensures the conversion of word forms to their base form, simplifying subsequent processing and matching.
– Semantic matching involves identifying the concepts corresponding to the words in the sentence based on ontological models. In the absence of an exact match in the existing ontology, the system automatically generates ad hoc concepts limited to the specific context of the document.
– Formation of the semantic profile involves identifying subjects, predicates, modalities, objects, circumstances, and other elements necessary for the structured representation of regulatory content.
The result of the algorithm’s operation is the formalized representation of each statement in the form of a set of semantic profiles, suitable for further analysis. Based on the obtained semantic profiles, a comparison of regulatory provisions is performed, allowing for the identification of contradictions, duplication, and semantic inconsistencies.
The identification of contradictions in terminology is carried out by analyzing statements that contain definitions of regulatory terms. The comparison of such statements allows for classifying the results into three groups (Liu et al., 2020):
– Semantic equivalence (the definitions are identical or close in meaning).
– Difference in scope (one definition is a specific case of the other).
– Semantic contradiction, when mutually exclusive interpretations of the same term are identified.
The search for duplicated regulatory provisions is performed by comparing the key elements of the semantic profile. If statements from different documents have matching predicates, objects, subjects, modalities, and additional parameters, the system calculates a numerical similarity metric. If the threshold value is exceeded, the statements are considered duplicated.
Similarly, contradictory statements are identified. If two statements refer to the same entity (matching subject, predicate, and object) but have different modalities, a logical contradiction is detected. In cases where additional elements of the semantic description differ, the inconsistency is evaluated quantitatively. If the discrepancy exceeds the established threshold, the divergences are forwarded for expert analysis.
The developed method for analyzing regulatory documents has a number of limitations related to the depth of semantic processing. First, the system evaluates the semantic profile of each statement in isolation, which excludes the possibility of analyzing situations where a single statement in one document corresponds to multiple statements in another. Second, the current implementation does not account for the temporal aspect of regulatory provisions, meaning it does not analyze to which time period a particular directive applies (past, present, or likely future). Third, the system does not generate a comprehensive semantic description of the situations to which the requirements apply, but is limited to representing the regulatory directive in a structured form. While this simplifies the development and implementation of the system, such a level of formalization is insufficient for automated compliance checking and is intended solely for identifying inconsistencies and duplications in regulatory provisions.
To address the identified limitations, it is proposed to further develop the methodology across several interrelated directions. One of the key vectors is the development of a mechanism for inter-document semantic aggregation, which would enable the establishment of relationships such as equivalence, specification, logical entailment, and subordination between regulatory statements—both within a single document and across multiple sources. This would allow for the modeling of complex regulatory dependencies and improve the accuracy of contradiction detection.
Special attention is planned to be given to incorporating the temporal aspect of regulatory requirements. This involves annotating regulatory provisions with temporal markers (such as effective date, duration, and period of applicability), followed by integration with temporal ontologies. Such an approach will enable the tracking of regulatory evolution and the assessment of the applicability of provisions at a given point in time.
Another important direction is the modeling of regulatory situations through the expansion of the ontological model by incorporating concepts that describe typical scenarios for the application of requirements. This creates a foundation for shifting from the analysis of isolated provisions to a comprehensive assessment of regulatory conditions based on the context of design or operation of built assets. Such a level of detail will enhance the practical relevance of the developed system in professional practice.
To improve the completeness and validity of the analysis, it is proposed to integrate logic-based semantic reasoning using ontological rule languages such as SHACL or SWRL. This will enable not only the interpretation of individual statements, but also the formalization of logical relationships between them, thereby allowing for deductive consistency checking of regulatory requirements.
Finally, an important element of future work is the implementation of a contextual semantic disambiguation mechanism using trainable language models (e.g., BERT or GPT) adapted to a corpus of regulatory texts. The use of such models will enable accurate interpretation of terms and constructions depending on their usage context, especially in cases where the same concept may have different meanings in different sections or documents.
The implementation of the proposed directions will eliminate current limitations and significantly expand the functional capabilities of the system. This will pave the way for the development of a full-featured intelligent platform for regulatory analysis, capable of supporting tasks related to design, expert review, auditing, and legal compliance in the context of the construction industry’s digital transformation.
The proposed architecture and methodology enable effective analysis of regulatory documents in the construction sector by providing their structured representation, identifying semantic inconsistencies, and supporting the development of a more coherent regulatory framework.
4 RESULTS
To assess the applicability of the proposed approach, the study employed the EKG LP software suite, developed to address a wide range of text processing tasks. The choice of this software is justified by its ability not only to extract key entities and relationships from text, but also to generate an ontological representation of document structure, which is critically important for analyzing complex regulatory acts. Unlike many other systems, EKG LP provides built-in tools for constructing knowledge graphs and performing semantic annotation, enabling the automation of regulatory requirement interpretation, contradiction detection, and the formalization of logical relationships between provisions.
In addition, the software suite is integrated with corporate databases and electronic document management systems, making it particularly valuable in the context of digital transformation in the construction industry. Although EKG LP has not yet achieved widespread adoption among construction professionals, its potential is actively being explored within projects aimed at the digitalization of the regulatory and technical framework, including initiatives for implementing information modeling technologies and developing digital codes and standards. The present study demonstrates the applicability of this tool specifically in the context of construction regulation tasks, confirming its relevance and effectiveness within this domain.
The first stage of text processing in EKG LP involves lemmatization and grammatical structure parsing of sentences, performed using tools from the SpaCy framework (Díaz et al., 2024). During analysis, each element of the text is assigned morphological and syntactic characteristics, and the identified grammatical dependencies are structured hierarchically. These dependencies are visualized using the displacy tool and are shown in Figure 3. The output of this processing phase, printed from the EKG LP source code, is presented in Figure 4. As an example, consider the sentence: “Joint connections of prefabricated elements and multilayer structures shall be designed to withstand temperature deformations and forces arising from uneven foundation settlement and other operational impacts.”
[image: Figure 3]FIGURE 3 | Result of lemmatization and grammatical structure parsing of the sentence.
[image: Figure 4]FIGURE 4 | Output of lemmatization and grammatical structure parsing of the sentence.
The result of this processing phase is a structured representation of the sentence, in which each word and punctuation mark is linked to its lemmatized form along with its grammatical function. On the left side of the visualized representation, the words of the original sentence are arranged according to the identified syntactic dependencies. On the right side of the table (Figure 4), each word is annotated with its part of speech (POS-tag) and the type of syntactic relation it holds with other sentence elements (Relation type), enabling further processing at the level of semantic dependencies.
Based on the data obtained, EKG LP constructs a “semantic profile” of the statement (Table 1), the structure of which is analogous to the model used in the Nòmos two framework (Mandal et al., 2015). During this process, the core semantic structure of the text is identified, including the key components of the statement: predicate, object, subject, and modality.
TABLE 1 | Comparison of «semantic portraits».
[image: Table 1]To illustrate, consider the analysis of a specific example, where in the phrase “connections are designed to withstand” the following semantic components are extracted: “connection” as the subject, “designed” as the predicate (normalized to the base form “design”), and “withstand” as the object.
In addition, dependency chains are generated for both the subject and the object, enabling a more detailed description of regulatory provisions and contributing to the precise identification of their semantic structure. The resulting semantic structures are subsequently used to detect contradictions, duplicated provisions, and semantic inconsistencies in regulatory documents.
To verify the proposed approach, the EKG LP software suite was used, developed for the automated analysis of regulatory documents. Its primary purpose in this study is to identify duplicated requirements, analyze the semantic similarity of phrases, and detect contradictions in regulatory provisions.
In its default configuration, EKG LP generates a “semantic profile” for each statement, consisting of seven key components: subject, predicate, object, modality, negation, definition, and complement/circumstance. The analysis revealed that this structure is sufficient for accurately representing simple sentences; however, regulatory documents in the construction sector are characterized by a high degree of syntactic complexity. As a result, the basic algorithm requires further refinement to enable more accurate modeling of complex statements. Nevertheless, even the current version of the algorithm demonstrates satisfactory performance in comparing phrases with similar semantic structures.
When analyzing two semantically similar statements (Martinez-Gil and Chaves-González, 2022), EKG LP generates their semantic profiles, which turn out to be nearly identical, with only minor differences in definitions. The software calculates a semantic similarity metric ranging from −1 to 1, where −1 indicates completely opposite meanings and one indicates full equivalence. In the example considered, the metric value was 0.91, indicating a high degree of similarity between the phrases. By setting a threshold for this metric, it becomes possible to identify regulatory requirements that are duplicated either within a single document or across different regulatory sources. This confirms the applicability of the proposed methodology for the automated detection of redundant regulatory information (Colla et al., 2020).
When comparing semantic profiles, statements are considered equivalent only if they share the same predicate. Otherwise, the comparison result is set to zero. Negative metric values may occur in cases where the analyzed phrases differ in modality (e.g., “may” vs. “shall”) or when one of the statements includes predicate negation (e.g., “is designed” vs. “is not designed”).
One of the limitations of the basic algorithm is that it does not account for the semantic similarity of individual lexemes. As a result, phrases that are equivalent in meaning but differ in lexical composition may receive a semantic similarity score of zero. To address this issue, two possible approaches can be considered:
– Using vector-based models (e.g., Word2Vec, BERT), which enable the assessment of term similarity based on their contextual usage. However, for domain-specific texts, such models often demonstrate limited accuracy, as construction-related terms tend to be semantically close to each other, reducing the algorithm’s discriminative capability.
– Shifting from lemmata to concepts using a SKOS-based ontological model, which makes it possible to account for hierarchical relationships between terms, such as equivalence, broader terms, and narrower terms. This approach enables more accurate computation of semantic similarity and allows for the identification of logical contradictions at a deeper level.
To demonstrate the advantages of using a conceptual model, let us consider two synthetic phrases:
– Sentence 1: “In the process of managing information about assets, it is necessary to consider the goals of their owners.”
– Sentence 2: “During asset data management, the interests of their holders must be respected.”
Despite the semantic equivalence of these statements, their lexical composition differs, which leads the lemma-based algorithm to assign them a semantic similarity score of zero (Table 2).
TABLE 2 | Semantic portraits of phrases constructed from lemmas.
[image: Table 2]To overcome this limitation, a SKOS-based conceptual model was developed, incorporating the following terminological relationships:
– “Consider” = “Respect” (equivalent terms)
– “Must” = “Necessary” (equivalent terms)
– “Holder” = “Owner” (equivalent terms)
– “Goal” < “Interest” (narrower term)
– “Information” > “Data” (broader term)
– “Asset” < “Object” (narrower term)
This ontology was deployed in the Apache Fuseki system (Figure 5), which is accessed by EKG LP. During the processing of semantic profiles, the algorithm replaces lemmata with their corresponding concepts (Table 3), allowing for a more accurate calculation of similarity.
[image: Figure 5]FIGURE 5 | Concept “Information” in the results of a SPARQL query to Apache Fuseki
TABLE 3 | Substitution of lemmas for concepts in the “semantic portrait” of the EKG LP.
[image: Table 3]As a result of recalculation, the semantic similarity metric for the considered phrases was 0.48, reflecting their partial equivalence. In this approach, terms with broader or narrower meanings are interpreted as 75% matches, which enables the adjustment of the metric calculation algorithm accordingly.
To assess the scalability of the proposed approach, a preliminary evaluation of the lexical core of regulatory documents in the construction sector was conducted. The analysis was performed using Apache Tika to extract text from 14 regulatory documents provided by the client. Only Russian-language text was processed.
The sample used for the experimental evaluation comprised 14 regulatory documents with a total length of approximately 242,000 words, which is equivalent to an average industry-level regulatory corpus. Despite the representativeness of the content (the documents cover various aspects of construction regulation—design, operation, information modeling, etc.), this volume should be considered a pilot dataset suitable for initial testing of the proposed method’s effectiveness.
From the standpoint of scalability, the evaluation conducted on this dataset made it possible to identify key characteristics of the algorithm’s performance and confirm its applicability to real regulatory data. However, to ensure a high degree of generalizability and robustness of the method against variability in phrasing, structure, and lexical patterns, further expansion of the corpus is required.
Expanding the size of the training and test document sets, including a broader range of regulations (such as international standards, technical regulations, sanitary and fire safety codes), as well as covering documents with varying structural complexity, will enhance the validity of the obtained quality metrics. An extended corpus will make it possible to more accurately calibrate the parameters of semantic similarity, test the algorithms across a wider variety of contexts, and identify potential bottlenecks in the ontological model.
Thus, the effect of scaling lies not only in improving the reliability of the evaluation, but also in enhancing the ability of the developed method to adapt to new types of regulatory texts—an aspect that is critically important for its future practical application in the context of a constantly evolving regulatory landscape.
Based on lemmatization performed using Pymorphy2, the following quantitative characteristics were obtained:
– Number of unique lemmata: 9,400
– Percentage coverage by frequent lemmata: 91% of the total document text
A significant portion of regulatory documents employs a relatively limited set of key terms, which makes the task of constructing a SKOS-based conceptual model feasible.
Additionally, an analysis of the most frequently occurring words in the examined documents was conducted (Table 4). The ten most common lemmata account for 9% of the total text volume, indicating a high degree of lexical unification in regulatory documents. This observation supports the feasibility of effective conceptualization of industry-specific terminology, including the establishment of semantic frames and dependencies.
TABLE 4 | Ten most frequently occurring words and their frequency of use (excluding prepositions).
[image: Table 4]The analysis demonstrated that the use of semantic profiles in combination with a SKOS-based ontological model enables effective identification of duplicated regulatory requirements and assessment of their semantic similarity. The developed method also supports the detection of logical contradictions at the level of terms and their relationships.
The introduction of an ontological model in place of simple lemma comparison represents a fundamentally different level of text analysis. While lemmatization provides only superficial matching of word forms, the ontological model allows for the consideration of hierarchical and associative relationships between terms, their contextual roles, and their affiliation with specific concepts. This approach enables a deeper and more contextually grounded understanding of regulatory texts, which is critically important for the automated interpretation of requirements and the identification of logical relationships between document provisions.
The results obtained in the course of the study confirm that the construction of a conceptual (ontological) model of industry-specific terminology is a labor-intensive but feasible process that can significantly enhance the accuracy and completeness of automated analysis of regulatory documents in the construction sector.
5 DISCUSSION
5.1 Analysis of identical and similar terminological definitions
To validate the proposed algorithm using practical examples, a series of experiments was conducted to identify duplicated and similar regulatory provisions in construction regulations.
The following documents were used as test materials:
– SP RK 1.02-120-2019 “Application of Information Modeling in Construction Organizations” (Zakon.kz, 2025);
– SP RK 1.02-121-2019 “Application of Information Modeling in Operating Organizations” (Zakon.kz, 2025);
These documents contain a significant number of identical or similar definitions and provisions, making them well-suited for analyzing the capabilities of the developed method.
Before conducting semantic analysis, the texts underwent preliminary processing aimed at removing elements that hinder the automated parsing of regulatory documents. At this stage, textual data were extracted from the original PDF files using the Apache Tika tool (Burgess and Mattmann, 2014), allowing them to be obtained in a structured format. Subsequently, auxiliary elements of the documents—including headers, page numbers, line breaks, titles, and other components not affecting the semantic content—were removed. After cleaning, the data were processed in the EKG LP environment, resulting in sets of semantic profiles of statements. The final processing step involved comparing the obtained semantic structures of the two documents at the lemma level, without applying the conceptual model.
The EKG LP algorithm successfully identifies matching definitions present in both documents. For example, during the analysis, it correctly detected a duplicated definition:
“Stakeholder: A person, group, or organization that can affect, be affected by, or perceives itself to be affected by decisions, activities, or outcomes of a project.”
However, due to the specifics of the SpaCy framework, variations in the grammatical structure analysis of the same phrase may occur. As a result, the similarity metric for comparable definitions does not always reach 100%. To improve accuracy, the implementation of an additional post-processing algorithm is proposed, which would take into account the sequence and set of words in the sentence. This would allow for more precise determination of textual identity.
5.2 Identification of similar statements in the text
In addition to terminological definitions, the algorithm also detects similar statements appearing in both documents. For example,: “The information management function includes monitoring compliance with standards and requirements (the organizational standard for building information modeling technology, asset information requirements), monitoring the content and updating of the asset information model (AIM), and ensuring adherence to information approval and coordination procedures.”
The developed method demonstrated high computational efficiency. The following performance indicators were obtained during the experiments:
– Document preparation and grammatical structure parsing take less than 10 s per document.
– Comparison of statements between two documents is performed in less than 1 s.
Thanks to the high processing speed, it becomes feasible to implement a method for large-scale document comparison. In particular, a database of grammatical parsing results for regulatory acts can be created, enabling pairwise comparison of each document with all others to automatically identify duplicated and contradictory provisions.
The developed method for analyzing regulatory documents enables the task of automatic contradiction detection based on the comparison of semantic profiles of statements. In particular, inconsistencies may arise from differences in numerical values, mismatches in modality, or the presence of negation.
To illustrate, consider the following regulatory provision:
“Tactile indicators serving a warning function on pedestrian pathway surfaces shall be placed no less than 0.8 m / 0.6 m from the information object or the beginning of a hazardous area, change in direction, entrance, etc.”
In this case, the semantic profiles of phrases containing numerical characteristics will be nearly identical, with the only source of discrepancy being the difference in numerical values. Since the sentence structure parser marks such values as POS = NUM and dep = nummod, their comparison does not present technical difficulties and can be implemented as a specialized application module.
Another common type of contradiction is a difference in modalities. Consider the following examples:
– “When designing the site, it is necessary to take into account the condition of natural landscape development.”
– “When designing the site, it is recommended to take into account the condition of natural landscape development.”
Despite the similarity in the overall structure of the sentences, their semantic profiles differ due to the use of different modal operators: “necessary” and “recommended.” During analysis, this results in a semantic similarity metric value of −0.98, indicating a high degree of semantic divergence between the statements. A similar result would be obtained in the case of opposing modalities (e.g., “shall”/ “shall not”).
The contradiction detection method is applicable to at least three types of discrepancies:
– Differences in numerical values within regulatory provisions;
– Mismatches in the modality of statements;
– Presence of negation that alters the meaning of the statement.
It should be noted that, despite the high level of automation, human intervention remains necessary at certain stages to improve the accuracy and reliability of the results. In particular, expert review helps to:
– Interpret the context of statements not captured by the algorithm;
– Clarify cases of terminological discrepancies related to industry-specific language;
– Determine the criticality of the identified inconsistencies.
Combining automated analysis with expert evaluation ensures more reliable and well-grounded detection of contradictions in regulatory documents. To effectively detect such inconsistencies, the algorithm uses a semantic similarity threshold calibrated on real-world data. For example, if the similarity of semantic profiles exceeds 60% but one of the listed discrepancies is detected, the statements are considered potentially contradictory and are flagged for further review.
5.3 Comparative analysis with existing methods
To assess the contribution of the developed method, a comparative analysis was conducted, evaluating its characteristics against other contemporary approaches used for automated analysis of regulatory documents. The following baseline solutions were selected:
– Text matching method based on TF-IDF and Jaccard similarity metric (Plansangket and Gan, 2015);
– Topic modeling using Latent Dirichlet allocation (LDA) (Subramanian et al., 2024);
– Sentence-BERT model, representing a modern class of transformer-based models for semantic similarity estimation (Westin, 2024);
– The proposed ontological method, which uses the formalization of statements in the form of semantic profiles and ontological relationships (Motta and Ladouceur, 2017).
The comparison was carried out using the following criteria (Table 5):
– Precision — the proportion of correctly classified duplicates and contradictions among all identified by the system;
– Recall — the proportion of actual duplicates and contradictions correctly detected by the system;
– F1-score — the harmonic mean of precision and recall;
– Interpretability — expert evaluation of the transparency of the algorithm’s logic and the interpretability of its results (on a scale from 0 to 1).
TABLE 5 | Comparative summary of methods.
[image: Table 5]The comparative analysis conducted showed that the proposed ontological method for semantic analysis of regulatory documents demonstrates high efficiency in identifying duplicated and contradictory provisions. According to standard quality metrics (precision = 0.89, recall = 0.84, F1-score = 0.86), the method is comparable to or outperforms existing solutions, including models based on Sentence-BERT, while having significantly higher interpretability (0.9 on the expert scale).
Unlike general-purpose text processing methods, the proposed methodology takes into account the specifics of regulatory documents: the presence of modal constructions, logical constraints, the subject structure of requirements, and the hierarchy of statements. The use of a semantically rich format for representing regulatory provisions in the form of “profiles” with ontological annotations not only enables the identification of semantic discrepancies but also provides a foundation for the automated logical verification of the consistency of regulatory requirements.
Thus, the developed approach can serve as the foundation for building intelligent systems for regulatory analysis support, providing both high-quality metrics and transparency in decision-making.
The comparison results confirm the relevance and practical significance of the proposed methodology in the context of the digitalization of the construction industry and the reform of the regulatory framework.
5.4 Practical recommendations for applying the developed method
To integrate the developed approach into regulatory analysis processes, project documentation expertise, and regulatory framework management in the construction industry, the following aspects of practical application should be considered:
– Use at the regulatory expertise stage. The method can be implemented as a supplementary tool in the regulatory document review process—to automatically identify duplicated and contradictory provisions between existing and proposed regulations. This is particularly relevant when developing new versions of standards, technical regulations, and departmental regulations.
– Support for the digital transformation of the regulatory framework. The proposed approach can be utilized within the digitalization of the regulatory and technical framework, including the construction of ontologically organized databases of building codes and their automated verification. This creates the foundation for transitioning from textual representation of requirements to their formalized, machine-readable structure.
– Integration into project documentation information systems (BIM). Integrating the developed method into software systems supporting building information modeling (BIM) technologies will allow for automatic verification of design decisions against current regulations at the early stages of design, helping to prevent regulatory conflicts. This is especially useful when generating automatic compliance reports for model requirements.
– Training and preparation of experts. To ensure effective implementation, it is recommended to develop training modules for specialists in technical standardization, expertise, and design, explaining the logic behind semantic profile construction, the principles of ontology formation, and the interpretation of analysis results.
– Support for the development of new regulations. The method can be applied during the regulatory drafting stage to compare draft documents with existing regulations, assess the consistency of provisions, and ensure the uniformity of terminology, particularly in cases where documents of different levels (state, industry, corporate) are functioning simultaneously.
The proposed methodology has a high degree of adaptability and can be integrated into the practices of various participants in the construction process—from regulatory bodies and expert centers to design and operational organizations. Implementing this approach will enhance the consistency of the regulatory framework, reduce the risks of regulatory contradictions, and support a more sustainable digital transformation of the construction industry.
6 CONCLUSION
This work proposes and validates a method for the automated analysis of regulatory documents in the construction industry, based on a combination of natural language processing (NLP) techniques and ontological modeling. The developed algorithm ensures the formation of semantic profiles for regulatory provisions, identification of duplicated and contradictory statements, and verification of the relevance of referenced documents.
The use of an ontocentric approach allows for the formalization of knowledge contained in regulatory documents and its integration into digital platforms for managing regulatory requirements. The developed methodology demonstrated its effectiveness through the analysis of the building codes of the Republic of Kazakhstan, showing its ability to identify logical inconsistencies, automate the classification of regulatory provisions, and compare requirements across different documents.
Experimental studies have confirmed the high computational efficiency of the developed algorithm, making it suitable for use in scalable regulatory document analysis systems. In particular, the processing speed of a single document does not exceed 10 s, and the comparison of regulatory provisions is completed in less than 1 s. This enables the implementation of a concept for large-scale comparative analysis of regulatory documents, identifying inconsistencies across large datasets of legal information.
Despite the achieved results, the algorithm requires further improvement. Key directions for future research include:
– Expanding the system’s functionality to recognize the type of regulatory statements (definitions, requirements, notes, etc.);
– Automatic extraction of document structure (sections, articles, tables) to improve the processing of complex regulatory acts;
– Implementing semantic disambiguation algorithms using large language models (LLMs) to enhance text analysis accuracy;
– Integrating the system into the BIM ecosystem to ensure automated compliance control of design decisions with regulatory requirements.
The results of the study confirm that the use of ontological modeling combined with NLP methods is a promising direction for the automated analysis of regulatory documents. The developed method could serve as the foundation for creating intelligent Automated Compliance Checking (ACC) systems, supporting the digitalization of the construction industry and enhancing the efficiency of regulatory governance.
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