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SUMMARY: The evolution of Building Information Modelling (BIM) towards a data-centric paradigm is often
hindered by challenges in semantic interoperability, particularly when integrating project management data with
the Industry Foundation Classes (IFC) standard. While IFC enables syntactic data exchange, a persistent gap
exists dynamically linking building geometry with the complex, relational information of project schedules,
resources, and costs in a semantically consistent, interoperable manner. This paper presents a novel, bi-directional
methodology that leverages Semantic Web technologies (RDF, OWL, SPARQL) to address this challenge. The core
of the methodology is an ontology-driven workflow that uses two purpose-built ontologies: BIMOnto, a lightweight
representation of the building asset derived from ifcOWL, and IproK (Integrated Project Knowledge Ontology),
which formally structures project management information across schedule, resource, and cost domains. The
workflow enables both directions: (1) transforming IFC models into queryable knowledge graphs, and (2)
programmatically generating new, enriched IFC models from unified knowledge graphs. This reverse
transformation creates native, standards-compliant IFC entities for tasks (IfcTask), resources (IfcResource), costs
(IfcCostitem), and their standard relationships (IfcRelAssignsToProduct, etc.), moving beyond custom property
sets. The feasibility and effectiveness of this approach are validated through a case study using a multi-story
residential building model, demonstrating the successful generation of a verifiable, integrated BIM artifact. The
findings show that this ontology-driven framework significantly enhances data integration, creating truly
interoperable models where process data becomes a first-class citizen within the BIM environment, advancing the
potential for more intelligent, data-centric BIM practices throughout the project lifecycle.
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1. INTRODUCTION

The Architecture, Engineering, and Construction (AEC) industry, a critical driver of the global economy, is
undergoing a profound digital transformation. Central to this evolution is Building Information Modelling (BIM),
a methodology that has shifted the industry from two-dimensional, geometry-based drafting to the use of
intelligent, object-oriented digital models (Tang et al., 2019). A BIM model serves as the "digital expression of
construction projects,” embedding both spatial and non-spatial data within a unified environment to support
decision-making throughout a facility's lifecycle. Initially valued for 3D visualization and clash detection, BIM's
application has expanded significantly to encompass 4D (time) and 5D (cost) simulations, laying the groundwork
for more advanced concepts like Digital Twins that integrate real-time data for operational optimization (Hollberg
et al., 2020).

Despite these advances, the AEC industry is hampered by the immense scale and dynamic nature of its data. A
single project generates vast, heterogeneous information across distinct domains, such as architectural design,
structural engineering, scheduling, and cost estimation, which are often managed in disparate software systems
from different vendors. This fragmentation leads to the creation of information silos, hindering communication
and creating a "data readiness gap" that cripples effective project management (Ozturk, 2020).Studies suggest that
a significant portion of project rework and budget overruns can be attributed directly to poor data management
and miscommunication, forcing professionals into reactive and inefficient problem-solving cycles (Kusimo et al.,
2019).

To combat these interoperability issues, the Industry Foundation Classes (IFC) standard was developed by
buildingSMART International and standardized as ISO 16739 (ISO 16739-1, 2024).As an open and neutral data
format, IFC is the cornerstone of the OpenBIM movement, designed to facilitate seamless data exchange between
different software applications regardless of the vendor. The standard is built on an object-oriented schema using
the EXPRESS data modelling language and is structured in layers, from basic resource definitions to domain-
specific entities for architecture, engineering, and infrastructure. The goal of IFC is to enable syntactic
interoperability, ensuring that a file saved from one application can be correctly opened and read by another.

While IFC provides a robust structure for geometric data, the full value of a BIM model lies in its associated non-
geometric information. The IFC schema facilitates this through mechanisms like the IfcPropertySet (Pset), which
allows custom, user-defined data such as cost parameters or maintenance requirements to be attached to model
elements (Jia et al., 2024). This capability is crucial for enriching the model beyond its physical description.
However, enriching and integrating data directly within the IFC schema presents significant challenges. The
schema's complexity and rigidity make it difficult to extend in a standardized way or to dynamically link with
external, evolving datasets like construction schedules or cost databases (Karan and Irizarry, 2015a). This structural
bottleneck limits the model's ability to serve as a truly integrated and dynamic information hub (Boje et al., 2020).
Consequently, a common approach to enhance data interoperability is the use of semantic ontologies. An ontology
provides a flexible, formal model of knowledge by defining a set of concepts and their relationships (Gruber,
1993), allowing data to be structured based on its meaning rather than a rigid schema. This makes it a powerful
tool for integrating the external, dynamic datasets that IFC struggles to accommodate.

To address this bottleneck, the prevailing methodology in academic literature follows a unidirectional workflow:
data is extracted from IFC, converted to a semantic ontology (IFC—Ontology), and used for external analysis.
While this is effective for querying and reasoning, the valuable insights generated remain siloed in the external
knowledge graph. The authoritative BIM model is never updated and does not evolve with the newly acquired
knowledge. A truly data-centric paradigm requires a bi-directional workflow. The ability to feed enriched and
validated knowledge from the ontology back into a standards-compliant IFC model (Ontology—IFC) is critical.
This reverse process would enable the automatic population of an IFC model with as-built schedule data, the
embedding of detailed cost breakdowns, or the assignment of required resources, all using native, standard IFC
entities. However, this reverse workflow is significantly less explored and presents challenges in mapping semantic
concepts back to the complex relational structure of the IFC schema.

This research addresses this critical gap by designing, implementing, and validating a novel, bi-directional
workflow. The aim is to develop a framework that not only transforms IFC data into a unified knowledge graph
for analysis but also leverages that graph to programmatically generate a new, enriched, and standards-compliant
IFC model. To achieve this, we introduce a modular ontology architecture, combining a new lightweight ontology
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for building geometry (BIMOnto) with the pre-validated Integrated Project Knowledge (IproK) ontology to create
a unified knowledge graph for project control (Kone and Mahesh, 2025). This creates a complete information
cycle, transforming the BIM model from a static artifact into a dynamic, interoperable, and continuously enriched
digital asset.

This paper is structured as follows: Section 2 presents a critical review of the literature on data integration
methodologies. Section 3 details the research aim and objectives, defining the scope of the work. Section 4 details
the proposed four-phase bi-directional methodology, including the ontology architecture and generation
algorithms. Section 5 presents the case study implementation and validation of the workflow. Finally, Section 6
discusses the implications and limitations of the findings and Section 7 concludes the paper.

2. LITERATURE REVIEW

2.1 The paradigm shift: From geometric modelling to data-centric BIM

The AEC industry is evolving from traditional 2D Computer-Aided Design (CAD) to BIM, an intelligent, object-
oriented approach. Unlike CAD's geometric primitives, BIM introduces semantically rich components, where
elements possess associated properties and relationships. This allows BIM to embed both spatial and non-spatial
data, evolving from a 3D visualization and clash detection tool to a structured data environment. This methodology
now supports 4D (time) and 5D (cost) simulations, reinforcing its role as the digital expression of construction
projects (Tuhaise et al., 2023). This transition has laid the groundwork for Digital Twins, which extend static BIM
representations into dynamic, real-time simulations. While conventional BIM captures the planned or as-built state
(Ozturk, 2021), integrating real-time data from IoT and Al enables a feedback loop for monitoring, predictive
maintenance, and performance optimization (Tang et al., 2019). The success of this transformation, however, relies
heavily on data quality and interoperability (Marmo et al., 2020). A key enabler in this regard is the IFC, designed
for platform-independent data exchange, IFC provides an object-oriented schema (Noardo et al., 2021). A crucial
feature for representing non-geometric data is the Pset mechanism, which allows a structured grouping of
properties.

While buildingSMART defines standard Psets for consistency, the schema also allows user-defined Psets for
custom data enrichment, such as performance metrics or maintenance requirements (Theiler and Smarsly,
2018).Despite its foundational role, IFC faces significant limitations related to semantic interoperability. While
IFC enables the syntactic exchange of data files, ensuring consistent data interpretation across systems remains a
challenge (Floros et al., 2019). The schema's complexity and ambiguity hinder automated processing by allowing
the same information to be represented in multiple ways, which can lead to information loss (Laakso and
Kiviniemi, 2012).Furthermore, extending the schema and linking IFC elements to external heterogeneous data
sources remains difficult (Okonta et al., 2024).

These structural and semantic limitations function as barriers to the seamless information environment envisioned
by the data-centric BIM paradigm. While IFC, provides a foundational structure, its current form is insufficient
for achieving automated reasoning or deep semantic integration. Consequently, complementary approaches like
ontology-based modelling are increasingly being explored to enhance data clarity and support intelligent
automation (Karabulut et al., 2024; Lee et al., 2016).

2.2 State-of-the-art in semantic BIM integration

Given the systemic semantic limitations of the IFC standard, Semantic Web technologies from the(W3C OWL
Working Group, 2012), World Wide Web Consortium (W3C) offer a solution through a flexible, graph-based
framework (Padmavathi and Krishnamurthy, 2017). This paradigm shifts from rigid, schema-bound models to
flexible KGs that enable machines to autonomously integrate and understand information, a capability well-suited
to the fragmented AEC industry (Pauwels et al., 2017). At the foundation of this framework is the Resource
Description Framework (RDF) (Cyganiak et al., 2014). It structures data as subject-predicate-object triples within
a graph-based model. Unlike the hierarchical or table-based formats found in relational databases or the IFC
schema, RDF offers a schema-less, mergeable data structure where every element in a triple is uniquely identified
using Uniform Resource Identifiers (URIs). To operationalize this semantically structured data, the SPARQL,
RDF Query Language serves as a powerful tool for retrieving and integrating information across distributed
sources (Harris and Seaborne, 2013). Collectively, technologies like RDF, OWL and SPARQL enable the creation
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of Knowledge Graphs (KGs) (Zhang et al., 2018). These KGs use formal, logic-based constructs to define domain
concepts, validate data consistency, and infer new relationships (Das et al., 2001). This supports semantically rich
querying and integration that far surpasses traditional BIM data structures, allowing for federated queries across
diverse datasets like BIM, Geographic Information Systems (GIS), and Internet of Things (IoT) (Zhao and Ichise,
2014).

Crucially, this approach serves as a semantic augmentation layer rather than a replacement for the IFC schema. It
acknowledges IFC’s role as an established exchange format while addressing its semantic limitations by layering
formal ontologies on top of native model data. This decouples semantics from data structure, establishing a
framework for knowledge generation (not just integration) and highlighting the need for a bi-directional
information flow to synchronize derived knowledge back into the model.

This theoretical advantage has led to substantial research (Kone et al., 2025), largely following a two-step pattern:
(1) converting IFC data into a semantic representation (Niknam and Karshenas, 2017), and (2) leveraging this
representation for advanced analysis (Dimyadi et al., 2016; Nuyts et al., 2024; Zhong et al., 2018). A foundational
component for conversion is the ifcOWL ontology, which translates the [FC EXPRESS schema into OWL,
enabling the conversion of .ifc files into RDF graphs (Kim et al., 2018). However, the size and complexity of this
direct translation can hinder performance, especially with large-scale models (Venugopal et al., 2015). To address
this, lightweight, web-native ontologies like the Linked Building Data (LBD) stack (e.g., BOT, PROPS) were
developed to prioritize simplicity and practical implementation (Rasmussen et al., 2020).

Once data is semantically structured, a broad spectrum of applications becomes possible. Automated rule checking
is prominent, with regulations formalized as SPARQL queries or Semantic Web Rule Language (SWRL) queries
to detect violations (Wang, 2021; Zhong et al., 2022). In energy analysis (Pruvost et al., 2023), ontologies bridge
BIM models with simulation tools and real-time data to identify performance gaps (Jiang et al., 2023). Similarly,
construction safety benefits from ontologies that formalize expert knowledge to proactively identify time-
dependent hazards in 4D BIM (Peng et al., 2023). The framework also excels at integrating external domains, such
as GIS (Karan et al., 2016a; Sarigul and Gunaydin, 2025) and IoT, (Demirddgen et al., 2023) networks, using
ontologies as a common language to link building data to urban contexts and real-time sensor feeds.

Table 1: A categorized overview of the primary application areas for BIM-ontology integration.

Application  Objective Key Methodologies Representative Studies
Domain
Automated To automate the verification of building Translate regulations into (Beach et al., 2020; Jiang et
Code designs against regulatory codes and project ~ SPARQL/SWRL rules; use knowledge al., 2022; Zhang and El-
Compliance requirements. graphs to structure rule logic; query the ~ Gohary, 2023; Zhou and El-
RDF graph of the BIM model to Gohary, 2022)
identify violations.
Energy To integrate BIM data with energy Develop ontologies for energy (Lietal., 2019; Pruvost et
Performance  simulation tools and analyze building concepts; link BIM elements to energy al., 2023; Schneider et al.,
Analysis performance against standards and data; integrate real-time sensor data for 2020; Tomasevic et al., 2015)

operational data.

operational analysis.

Construction

To automatically identify potential safety

Create ontologies of safety hazards and

(Farghaly et al., 2022;

Safety hazards during the construction phase based  regulations; query 4D BIM models to Johansen et al., 2023; Peng et
Management  on the design and schedule. detect unsafe conditions based on al., 2023; Wu, WenjingWu W,
geometric and temporal relationships. Wen C, Yuan Q, Chen Q et
al., 2025)
FM & IoT To link static BIM data with dynamic, real- Use ontologies (e.g., SSN, BRICK) to (Li et al., 2022; Ramonell et
Integration time data from IoT sensors for improved model sensors and observations; link al., 2023; Sadeghineko and
facility management and smart building sensor data to corresponding spaces and ~ Kumar, 2022)
operations. elements in the BIM-RDF graph.
BIM-GIS To bridge the semantic and schematic gap Convert both BIM and GIS data to (Karan et al., 2016b; Karan
Integration between building-scale BIM data and city- RDF; use ontologies (e.g., and Irizarry, 2015b; McGlinn

scale GIS data for contextual analysis.

GeoSPARQL, BOT) to create semantic
links between the two domains.

etal., 2019)

e
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2.3 Critical analysis of BIM-process integration methodologies

While a consistent pattern exists across all application areas, positioning this research requires a specific critical
analysis of 4D (time) and 5D (cost) integration. The literature for this core project management domain is split
into two distinct, methodologically different approaches.

2.3.1 Approach 1: Direct IFC-based 4D/5D integration

The first approach avoids semantic web technologies and focuses on directly enriching the IFC model with time
and cost data. Existing 4D/5D BIM integration approaches often embed schedule and cost data directly into IFC
through custom IfcPropertySet entities. While this is effective for visualization in proprietary tools like Navisworks
and Synchro (Lee, 2016), these methods struggle to represent complex, relational dependencies (Hamledari et al.,
2017).

Recent studies exemplify this direct-enrichment strategy, such as the development of an IFC4.x-based framework
for construction progress monitoring, using IfcTask schedules linked to cost entities to exchange planned vs.
actual progress data (Sheik et al., 2023). Similarly, an IFC-based 4D information model for prefabricated buildings
has been proposed, extending the IFC schema to capture process and resource data (Yang et al., 2021). In the 5D
domain, other studies have integrated cost-estimation classifications with IFC models for automated 5D cost-
estimation (Banihashemi et al., 2022) and linked energy performance data with installation costs directly within
the IFC model (Gholamzadehmir et al., 2025).Ceritically, while these studies successfully embed 4D/5D data into
IFC, they highlight the limitations of the direct-enrichment approach. The methods often rely on custom schema
extensions or property sets, which lack the formal, logical rigor of an ontology, making it difficult to perform
automated reasoning or validate the consistency of complex interdependencies (e.g., between tasks, resources,
costs, and spatial location).

2.3.2 Approach 2: Semantic ontology-based 4D/5D integration

The second approach, which aligns with the applications in Table 1, uses semantic ontologies for 4D/5D
integration. These studies leverage RDF/OWL to formally represent cost and time concepts. For example, a
semantically rich OWL ontology has been presented for cost estimation based on the UK New Rules of
Measurement (NRM), enabling automated quantity take off by mapping IFC attributes to formal cost items
(Abanda et al., 2017). More recently, a core ontology for Whole Life Costing (WLC) was introduced, formalizing
International Organization for Standardization (ISO) 15686-5 concepts to link cost, time phases, and spatial
context (via the BOT) (Yousfi et al., 2025). Other linked data approaches have developed ontologies for
construction scheduling, resources, and logistics, often using W3C standards like OWL-Time to represent temporal
data. Critically, these semantic approaches follow the same unidirectional Extract-Transform-Load-Query (ETLQ)
pattern identified in other domains. The IFC data is extracted and transformed into an external knowledge graph.
While this enables powerful, external querying and reasoning (e.g., for cost analysis), the resulting knowledge is
not systematically fed back into the authoritative BIM model. BIM remains a static data source, and the knowledge
remains "trapped" in external systems.

2.4 The critical gap and research positioning

This critical analysis of 4D/5D integration methodologies reveals a fundamental gap: the community has two
distinct approaches, each with a critical flaw. The Direct IFC approach maintains the BIM model as the central
source but lacks the semantic richness needed for complex reasoning. The Semantic Ontology approach provides
powerful reasoning but does so externally, abandoning the BIM model as an evolving, authoritative source.

The predominant ETLQ pattern is a key barrier. Knowledge remains in external systems, preventing model
evolution. While custom Property Sets offer partial solutions, they lack standardization and break interoperability.
No existing methodology demonstrates a bi-directional workflow that uses the power of semantic reasoning to
generate and write back native, standards-compliant IFC entities (e.g., TfcTask, IfcResource, IfcCostItem) for
process data.

This research addresses this specific gap. We propose a methodology that is not unidirectional. Instead, it leverages
semantic reasoning to programmatically generate process knowledge and then integrates this knowledge back into
the authoritative BIM model as native IFC entities. The comparative positioning of this research is summarized in
Table 2.
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Table 2: Comparative analysis of integration methodologies.

Approach Strengths Limitations Semantic Capability

Uses non-standard custom
properties; cannot model Low
complex relationships.

Simple implementation;

Direct IFC Enrichment
supported by some tools.

. . BIM model is static;
Powerful querying, reasoning,

Unidirectional (ETLQ) and validation. knowledge remains @(tgrnal; High (One-Way)
breaks data round-tripping.
Integrates diverse, cross- High infrastructural
Linked Data Federation & ’ complexity; does not update the ~ High (External)

domain data (e.g., BIM-GIS). authoritative BIM model.

Uses semantic reasoning to

generate native, standards- Higher initial implementation
compliant IFC entities; enables  complexity.

data round-tripping.

This Research (Bidirectional) High (Integrated)

Unlike existing unidirectional approaches, our bidirectional methodology ensures knowledge flows back into
standards-compliant IFC. By generating native entities rather than custom properties, we achieve true
interoperability while maintaining the BIM as the authoritative project source, essential for industry adoption
where IFC remains the legal/contractual standard. The significance of this is practical: a knowledge graph alone,
while powerful, cannot be imported into Navisworks for 4D simulation. Our methodology bridges this gap,
ensuring that enriched semantic knowledge becomes embedded within the industry-standard format, enabling its
immediate use across existing toolchains.

3. RESEARCH AIM AND OBJECTIVES

The primary aim of this research is to design, develop, and validate a novel, bi-directional workflow that addresses
the persistent semantic interoperability challenge in data-centric BIM. The core objective is to leverage a semantic
knowledge graph to programmatically generate a new, enriched IFC model that natively incorporates project
schedule, resource, and cost information. This will transform a BIM model from a static design artifact into a
dynamic, integrated, and verifiable digital asset that serves as a central source of truth throughout the project
lifecycle.

The specific objectives of this research are to:

1.Design a bi-directional workflow: Create a formal, step-by-step methodology for a two-way
information flow between IFC models and an ontology-based knowledge graph. This framework will
encompass data extraction from IFC and a novel process for standards-compliant data enrichment
back into the model.

2.Develop a knowledge integration strategy: Develop the necessary ontological components and an
integration strategy to create a unified knowledge graph. This involves creating a lightweight BIM
ontology (BIMOnto) and integrating it with the pre-validated IproK ontology to semantically link
building elements with their associated project management data.

3.Implement a programmatic IFC generator: Develop a robust, open-source-based algorithm capable
of querying the integrated knowledge graph and programmatically creating native, standards-
compliant IFC entities for tasks, resources, and costs, along with their standard relationships.

4.Validate the workflow: Conduct a comprehensive case study using a representative BIM model to
demonstrate the technical feasibility and effectiveness of the proposed bi-directional workflow.

5.Verify the final artifact: Systematically verify that the final, enriched IFC model correctly reflects the
data from the knowledge graph and adheres to the IFC standard, thereby proving the integrity and
interoperability of the generated artifact.
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3.1 Key assumptions and scope

The successful implementation of this methodology is based on the following assumptions and limitations that
define its scope:

¢ IFC standard compliance: It is assumed that the source IFC model is a valid file adhering to a
supported IFC schema (e.g., IFC4). The workflow's performance may be impacted by non-compliant
or corrupt source files.

e Data availability: The research assumes that all necessary project management data (schedule, cost,
resources) is available in a structured format suitable for conversion to the IproK ontology. The
workflow does not address the challenge of extracting this information from unstructured sources,
such as daily reports or emails.

¢ Open-source technologies: The entire workflow is designed and implemented using open-source tools
and libraries (e.g., ifcopenshell, Owlready2, Apache Jena), ensuring that the methodology is non-
proprietary and reproducible by the wider research community.

¢ Focus on core triad: The scope of this research is limited to the integration of the three core project
management domains: schedule, resources, and costs. Other domains like risk or quality management
are outside the current scope but are considered for future work, a path supported by the modular
design of the IproK ontology.

The proposed workflow is a multi-step process that builds upon existing, validated research. The IproK ontology,
which serves as the foundational knowledge model for all project management data, has been previously
developed, validated, and published in a separate study. Therefore, the "Ontology Design and Use" phase in the
subsequent methodology section will focus specifically on the creation of the BIMOnto component and the
strategy for its integration with IproK, rather than the comprehensive development of IproK itself. This separation
of concerns allows the paper to focus on its primary contribution: the design and implementation of the novel bi-
directional integration workflow.

4. RESEARCH METHODOLOGY

The proposed methodology is actualized through a cyclical, bi-directional workflow. This can be conceptualized
as a pair of transformation functions: a forward transformation, 77sc-xg, that converts a source IFC model into a
knowledge graph, and a novel reverse transformation, Txs—rcs that generates a new, enriched IFC model (/FC)
from that knowledge graph. As per Figure 1, the approach is structured into four major phases that define these
transformations.

g ONTOLOGY & DATA PREPARATION > IFC TO ONTOLOGY
Source IFC Develop [ migorithm 1 Populated .
‘ Maodel * Bmonto Model IFC to Ontology BIMONto » KNOWLEDGE INTEGRATION
\ J \ J Transformafion Knowledge Base
_—_— | Unified
) § ) . Knowledge
1 [ 1 > Graph
External Process Develop IproK
Data Model
SPARGL Query

<0 ONTOLOGY TO IFC
3 vauparion

. Algorithm 2:
Retrive

3 - : Algorithm 3 : -
Integrated —* On;;?gla{_ [;HI R — Emﬁ:zi‘“:c Programmantic F';mﬂﬂ#:é?d
Process Data e Verification

Generation

Figure 1: A holistic view of the bi-directional research methodology.
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While both the RDF and Labeled Property Graphs (LPGs) are powerful technologies for modelling data as graphs,
the selection of the RDF data model for this research was a deliberate methodological choice driven by the core
problem of semantic interoperability. LPGs, used by popular graph databases like Neo4j, are highly effective for
graph traversal analytics and pathfinding within a single, self-contained dataset. Their intuitive model, where
properties can be attached to both nodes and the relationships between them, is well-suited for many applications
(Zhu et al., 2023). However, this research is fundamentally a knowledge representation and integration challenge,
not just a graph storage problem. The primary advantage of the RDF/Semantic Web stack is its foundation in
formal semantics. By using the OWL to define BIMOnto and IproK, create an explicit, machine-readable model
of the domain. This enables the use of automated reasoners to infer new knowledge capability not native to the
LPG model. Furthermore, RDF is explicitly designed for data integration and federation. The use of globally
unique URIs for every entity allows disparate knowledge graphs, such as our building model and process data, to
be merged seamlessly without conflict, which is essential for the fragmented AEC data landscape. This adherence
to open W3C standards (RDF, OWL, SPARQL) also ensures that our methodology is robust, repeatable, and
interoperable with the broader Linked Building Data ecosystem. Finally, the versatility of RDF allows the resulting
knowledge graph to be serialized into numerous formats and even transformed into an LPG if a different
application requires it. This makes RDF a more flexible and non-proprietary choice, serving as a foundational
standard for solving the deep challenge of semantic integration rather than just analyzing graph connectivity.

4.1 Phase 1: Ontology preparation and knowledge modelling

The foundation of the workflow rests on two formal ontologies that provide the schema for our knowledge graphs.
An ontology, denoted as 0, is a formal specification of a domain's concepts and relationships. Our modular strategy
utilizes two distinct ontologies:

e BIMOnto (OBIM): A newly developed, lightweight ontology designed to provide a query-optimized
semantic representation of the physical building asset. Its schema (OBIM) simplifies the complex
relational structure of IFC, focusing on core entities and their spatial containment, drawing
inspiration from the W3C Building Topology Ontology (BOT). The development of OBIM was a
necessary step to create a performant model for the specific integration goals of this research.

o IproK (OProcess ): The previously validated and published Integrated Project Knowledge ontology,
which provides the formal schema for all project management data. Its schema, OProcess , models
the core domains of schedule, resources, and costs, and their complex interdependencies.

IfcObjectDefinition
IfcObject

IfcProduct

i

|
T

IfcElement

I IfeGeographicElement ! KeCivilElement |

I fcSpatialZone | |Ifc$paﬂ-lstmctureElement| |I1cEthaISpaﬂalSmreElemem|

| ifcExternal SpatialElement

Spatial Elements ‘ Physical Elements

Figure 2: Diagram illustrating the complex relational structure of the standard IFC spatial tree (Atazadeh, 2017).
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4.1.1 BIMOnto: Designing of a lightweight building model ontology

The scope of Ogis to provide a clear and efficient semantic representation of the physical building asset, focusing
on the entities and properties most relevant for linking to project management data. The development process was
guided by a set of competency questions (CQs) that defined the ontology's functional requirements, such as:

o Spatial Queries: "Which building elements are contained within a specific story?"
¢ Quantitative Queries: "What is the total net volume of all concrete slabs on the ground floor?"

o Relational Queries: "Which tasks are associated with this specific building element?"

The source BIM data is structured according to the IFC's EXPRESS data modelling language. An EXPRESS
schema defines entities with attributes and inheritance. To transform this structured data into a semantic model,
systematic mapping from EXPRESS constructs to Web Ontology Language (OWL) constructs is required. This
translation forms the basis for converting an IFC file into a knowledge graph. The core mapping principles are
summarized in Table 3.

Table 3:The core mapping principles in BIMOnto.

IFC EXPRESS Construct OWL Equivalent Example

ENTITY owl:Class ENTITY IfcWall becomes bimo:Wall class.

. ObjectType: IfcLabel becomes bimo:hasObjectType property with an
ATTRIBUTE (Literal) owl:DatatypeProperty )
xsd:string range.

. An attribute referencing another entity becomes an object property linking two
ATTRIBUTE (Reference) owl:ObjectProperty )
classes.

IfcWall EXTENDS 1IfcBuildingElement becomes bimo:Wall

EXTENDS (Inheritance) rdfs:subClassOf
rdfs:subClassOf bimo:BuildingElement.

Oy was authored using the Protégé ontology editor. It abstracts the complex relational structure of the standard
IFC spatial hierarchy, which uses multiple levels of 1fcRelaggregates relationship entities. Instead, Opis adopts
a simpler topological model inspired by the W3C BOT, as shown in the class hierarchy diagram below. The
foundational structure of Ogyy aligns with established, open vocabularies. Core spatial classes (Building, Storey,
space) and the Element class are defined as subclasses of their BOT counterparts, with relationships defined using
BOT's object properties (e.g., bot :hasStorey).

The scope of BIMOnto is intentionally focused on representing the physical building elements (1fcProduct
hierarchy) and their basic spatial containment. It does not aim to replicate the entirety of the IFC schema. This
focused approach ensures the ontology remains lightweight and performant. The schema is, however, designed for
extensibility; for example, more detailed classes and properties for Mechanical Electrical and Plumbing (MEP)
systems could be added in the future without altering the core structure. Crucially, BIMonto is designed for
alignment with process data. The key mechanism for this is the use of the IFC element's Global1d as the unique
identifier for each individual created in the ontology. This persistent, globally unique identifier serves as the
primary key for linking a physical element in BIMOnto to its corresponding activities defined in the 1prox
ontology.

4.1.2 IproK: The project process ontology

All project management data within this framework is modelled using the Integrated Project Knowledge (IproK)
ontology (Oprocess). As a previously developed, validated, and published work, IproK provides a formal, process-
centric schema specifically designed to address the challenges of data fragmentation and semantic inconsistency
in dynamic project control information. The ontology's "Integration-First" design principle prioritizes the explicit
formalization of the dynamic interdependencies between project tasks, resources, and costs at a granular level.
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Figure 3: Diagram showing the simplified class hierarchy of the BIMOnto ontology.
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Figure 4: Diagram illustrating the core classes and properties of the IproK ontology.
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The scope of Oprocess is grounded in three core knowledge areas from the Project Management Body of Knowledge
(PMBOK, 2017): Schedule Management, Resource Management, and Cost Management. This provides a modular
foundation with core concepts illustrated in the following schema diagrams.

¢ Schedule management module: The core of this module is the Task class, which is linked to TaskTime
for temporal data and TaskDependency to manage logical sequences (e.g., Finish-to-Start) . This
allows for a detailed representation of a project's work breakdown structure and critical path.

¢ Resource management module: This module is centered around the rResource class, which is
Specialized into types like LaborResource and EquipmentResource.A ResourceAllocation class
links resources to tasks and captures details like budgeted and actual units, enabling granular
utilization tracking.

¢ Cost management module: The costTtem class is central, categorized by costType. It holds key
financial data like budgetedcost and actualcost and is explicitly linked to the tasks and resources
that drive expenditures.

In this research, Oprocess functions as the foundational schema for all process-related information. For example, a
task like "Site Excavation" is represented as an iprok:Task individual, which is linked to a TaskTime instance
specifying its plannedstartbate as "2024-07-15" and its scheduleburation as "P10D" (a 10-day duration) . This
rich, structured process data is then ready to be integrated with the building model represented in Og.

4.2 Phase 2: Direction 1: IFC-to-ontology transformation (Trc_k¢,,,,)

The first direction of the workflow operationalizes the forward transformation, formally denoted as Tircoky)y,-
This automated procedure takes a standards-compliant source IFC file, /FCsource, as input and produces a
knowledge graph, KGgim, whose structure is governed by the BIMOnto ontology ( Ogim) as output. The resulting
knowledge graph, KGpum, is a set of RDF triples, {(S,p,0)}, that represents the physical building asset. This
transformation is executed through the algorithm detailed below.

4.2.1 Algorithm 1: IFC-to-BIMOnto knowledge graph transformation
This algorithm defines the formal procedure for implementing the transformation function Tjpcokey,

The algorithm's scope is to parse an IFC file and extract all T1fcProduct entities (e.g., physical building elements
like walls, slabs, beams) and their primary quantitative properties and spatial containment relationships.

Algorithmic procedure:
Input: A source IFC file, /FCsource . The BIMOnto ontology schema, Og.
Output: A knowledge graph, KGpum .
1. Initialization:
e Create a new, empty knowledge graph, G.
e Load the BIMOnto schema, Ogpy, into G.
e  Define a mapping function M : [FCgxpress = Opimbased on the principles in Phase 1.
2. Parse spatial structure:
e Iterate through all spatial elements Esparial (€.g., TfcBuildingStorey) in [FCsource.
e Foreach €spatial, create a corresponding individual Zspatial in G of the class M(€spatial- 1S_a())-
3. Iterate and transform building elements:
o Let Eproducts be the set of all 1fcproduct entities in /FCsource
e  For each entity e € Eproqucts -

a) Create individual: Create a new individual (node) 71¢ in G. The URI for 72¢ is based on the

unique Globalld of €.
b) Assert type: Add a triple to the graph: (n.,rdf: type, M(e.is_a())). For example, if e is an
Ifcwall, the triple is
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(ne, rdf: type, bimo: Wall).

c) Assert data properties: For each relevant quantitative attribute 4 of € (e.g., NetVolume),
create a literal node /; with the value of a. Add the triple (11e, Pa, I2) to G, where pg is the
corresponding data property from Opju (e.g., bimo:hasNetVolume).

d) Assert spatial relationship: Identify the containing spatial element espatial for € using the
IfcRelContainedInSpatialStructure relationship. Let its corresponding individual in G be
DNspatial- Add the object property triple (Z2spatial, bimo: containsElement, He) to G.

4. Finalization:

e The final populated graph  is the resulting knowledge graph, KGpim.
e Serialize and save KGpg/m in a standard format (e.g., Turtle) and load it into an Apache Jena Fuseki
server for access.

4.2.2 Validation of the transformed knowledge graph

The integrity and correctness of the generated knowledge graph, KGpium , are validated using a two-pronged
approach to ensure it is a faithful semantic representation of the source IFC data.

1.  Structural validation: The populated ontology is loaded into an editor like Protégé for visual inspection.
This allows for a qualitative check to ensure that individuals have been correctly assigned to their
respective classes within the Op/as hierarchy and that their asserted properties are accurate.

2. Query-based validation: The primary validation is performed by executing a series of SPARQL queries,
Qvalidation, against the KGpiprhosted on the Fuseki server. The results are compared against the known
ground truth of the /FCsouree file. Example validation queries include:

e Entity count verification: A query to count the number of individuals of a specific class (e.g.,
bimo:Wall) and verify that this count matches the number of 1fcwall entities in the source
file. Mathematically, we verify that

| {n| (n,rdf:type, bimo: Wall) € KGgp } |=I {e | € Eproducts Ne-is_a() = 'Ichall’} l.

¢ Quantitative data verification: An aggregation query to check the integrity of numerical
data, for example, by calculating the sum of the NetVolume for all walls on a specific storey
and comparing it to the value calculated directly from the IFC file.

¢ Relational integrity verification: A query to retrieve all elements contained within a specific
storey individual (e.g., bimo:Storey GF) and confirming that the list of returned elements
matches the contents of that storey in the source model.

4.3 Phase 3: Knowledge integration and reasoning

This phase focuses on merging the building model knowledge graph, KGrra, with a pre-populated project process
knowledge graph, KGprocess, to form a single, unified knowledge graph, denoted as KGunifieq. This integration
is formally a graph union operation, creating a cohesive semantic model where building elements are explicitly
linked to their corresponding tasks, resources, and costs:

KGUnified = KGpiy U KGprocess M

The resulting unified graph enables powerful cross-domain reasoning that is not possible with the individual, siloed
models. The process involves aligning the two ontologies and then validating the integrated graph.

4.3.1 Ontology alignment and linking

The key to a meaningful integration is the establishment of semantic links between the two knowledge graphs.
This is achieved by defining a "bridging" object property, assignToProduct, which connects a process entity from
KGprocess to a physical building element from KGgsm. The property is formally defined with a domain and range
that span the two ontologies: iprok:TaskassignToProduct bimo:Element

A triple representing this link takes the form (fzask, PassignToProduct, €element), Where lrask is an individual of
type iprok:Task and €ejement 1s an individual representing a building component (e.g., bimo:wal1l). This crucial
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link acts as the semantic "glue" that connects the two domains. For the purposes of the case study, this linking was
performed manually within the Protégé ontology editor to ensure correctness, though in a production environment,
this step could be automated.

4.3.2 Cross-domain reasoning and validation

The unified knowledge graph, KGunified, allows for sophisticated semantic reasoning by executing SPARQL
queries, (sparqL, that traverse relationships across both the product and process domains. This enables
stakeholders to ask complex competency questions that are vital for integrated project control, such as:

e "What is the total budgeted cost of all tasks assigned to bimo:wall elements on the ground floor?"

¢ "Which resources are required for tasks scheduled to start next week that are linked to elements in the
bimo:FirstFloor storey?"

o "List all tasks that are currently delayed and identify the physical building components they are assigned
to."

The integrity of the integrated graph is then validated. First, the logical consistency of KGynified is checked using
an automated reasoner (e.g., HermiT) to ensure no contradictions were introduced during the merge. Second, the
results from sample SPARQL queries are manually cross-referenced against the source project data to confirm that
the cross-domain links are correct, and the query engine returns accurate information.

4.4 Phase 4: Direction 2: Ontology-driven IFC model generation ( 7x¢-:rc’)

This final phase represents the primary contribution of the research, operationalizing the novel reverse
transformation, Txc-src.. The core objective is to leverage the unified knowledge graph, KGunisieq, as the single
source of truth to programmatically generate a new, enriched, and standards-compliant IFC file, denoted as /FC”.
This process moves beyond simple data enrichment via custom property sets and instead creates native, first-class
IFC entities for all process-related data. This completes the bi-directional workflow, ensuring that the insights from
the semantic model are made durable and interoperable within the standard BIM ecosystem.

4.4.1 Algorithm 2: Ontology-to-IFC generation

The generation of the enriched IFC model is governed by a formal algorithm that translates the semantic data from
the knowledge graph into the structured format of the IFC schema.

Scope and assumptions

The algorithm's scope is to query the KGuynisieq for all process data linked to building elements and to create a new
[FC’ file that contains the original geometry plus new, native IFC entities for tasks, resources, and costs, along
with their standard relationships. The key assumption is that the KGynisieq is logically consistent and accurately
populated.

Algorithmic procedure

Input: The unified knowledge graph AKGunifiea, and the original source IFC file /FCsource (to provide the base
geometry and context).

Output: An enriched, standards-compliant IFC file, /FC”.

1. Data Retrieval: The process begins by executing a comprehensive SPARQL query, Qenrichment,
against the KGUnified hosted on the Jena Fuseki endpoint. This query is designed to retrieve a complete,
structured dataset of all process information (tasks, resources, costs) linked to the building elements. The
execution yields a result set, R: R=Qenrichment(KGUnified)

2. Initialize IFC Model: The ifcopenshell library is used to load a copy of the IFCsource file, which serves
as the template for the new, enriched model, IFC'.

3. [Iterate and Generate Native Entities: The algorithm iterates through each result row r€R. For each
item of process data, the corresponding native IFC entity is programmatically created:

e An iprok:Task individual from the ontology is used to create an 1fcTask entity, with its associated
schedule data used to create an IfcTaskTime entity .
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e An iprok:Resource individual is used to create the appropriate subtype of 1fcresource (e.g.,

IfcConstructionMaterialResource, IchaborResource).
e An iprok:CostIten individual is used to create an 1fccostItem entity, with its values stored in
IfcCostValue instances.

4. Establish Standard Relationships: Crucially, the semantic links from the ontology are translated into
standard IFC relationship objects to correctly structure the model. The script creates:

® IfcRelAssignsToProduct to link the T1fcTask to the physical building element (e.g., Tfcwall).
® IfcRelAssignsToProcess to link the 1fcTask to its required IfcResource objects.
® IfcRelAssignsToControl to link the IfcTask toits IfcCostItem.

e IfcRelSequence to define dependencies between different 1fcTask entities.

5. Finalization: The modified model, now containing both the original geometry and the new process
entities, is saved as the final artifact, IFC'.

4.4.2 Validation of the enriched IFC artifact

The integrity of the final output file, /F'C", is validated through a rigorous, multi-faceted approach to ensure its
correctness, compliance, and interoperability.

1. Programmatic Verification: A custom verification algorithm is executed to parse the output IFC’ file.
This script programmatically queries the newly created entities and traverses their standard relationships
to confirm that they accurately and completely reflect the source data retrieved in the result set, R. This
provides definitive, machine-readable proof that the semantic data was correctly integrated.

2. Schema Compliance: The generated IFC' file is validated against the formal IFC schema using
ifcopenshell's built-in tools. This check ensures the file is syntactically correct and adheres to all the rules
of the standard.
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Figure 0: The Duplex House IFC model used as the source BIM artifact for the case study.

5. CASE STUDY AND RESULTS

The source BIM artifact for the case study was a model of a multi-story residential apartment building, developed
in standard authoring software and exported to the IFC4 Add2 TC1 format, conforming to the IFC4 schema. The
model included typical architectural and structural elements, each with standard geometric and non-geometric
properties.
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To evaluate the workflow's ability to integrate external project control data, several information sources were used
to populate the IproK ontology ( Oprocess). These sources included a simplified construction schedule outlining key
tasks and their sequences, weekly progress reports detailing activity completion, and documents specifying
material and labour allocations for various building components. This information was manually transformed into
a project-specific knowledge graph, KGprocess, by creating instances within the IproK framework and semantically
linking them to their corresponding construction elements.

5.1 Implementation of the workflow

The workflow was implemented using a series of Python scripts leveraging ifcopenshell, Owlready2, and
SPARQLWrapper.

5.1.1 Direction 1: IFC-to-ontology transformation

The first phase of the workflow, converting the IFC data into the BIMOnto knowledge base, was automated using
Algorithm 1. This script utilizes the ifcopenshell library to parse the source IFC file and the owlready?2 library to
programmatically construct the ontology. The execution of this script on the Duplex House model resulted in the
successful transformation of all targeted building elements into the BIMOnto knowledge base. The process created
a rich graph of interconnected individuals, each populated with its spatial context and quantitative properties.

Listing 1: Algorithm for IFC-to-ontology conversion.

Algorithm 1: IFC-to-BIMOnto Transformation
Input: ifc file, ontology schema
Output: Populated ontology instance
def Convert():
ifc_classes = ["IfcColumn", "IfcBeam", "IfcWall", "IfcSlab", "IfcFooting",
"IfcRoof", "IfcStair", "IfcRamp", "IfcWindow", "IfcDoor" ]
with onto:
if not hasattr(onto, "BuildingElement"):
raise Exception("Class 'BuildingElement' not found in ontology")
for ifc_class in ifc_classes:
objects = ifc_file.by_type(ifc_class)
for obj in objects:
class_name = ifc_class.replace("Ifc", "")
NewClass = onto.search_one(iri="*" + class_name)
if NewClass is None or not isinstance(NewClass, ThingClass):
NewClass = types.new_class(class_name, (onto.BuildingElement,))
print(f"[ Created new class: {class_name}")
# Create instance with GlobalId
inst = NewClass(obj.GloballId)
inst.Globalld = obj.Globalld
inst.owlId = inst.owlId or create_uuid(ifc_class)
inst.Name = obj.Name
# Storey assignment
level = Element.get_container(obj).Name if
Element.get_container(obj) else "'
storey = onto["BuildingStorey"](level)
inst.hasBuildingStorey = storey
storey.hasBuildingElement.append(inst)
# PredefinedType
pred_type = Element.get_predefined_type(obj) or
inst.hasPredefinedType = onto[ "PredefinedType"](pred_type)
# QTO Properties
Quantitysets = Element.get_psets(obj, qtos_only=True)
for prop_name in properties:
value = next((value.get(prop_name) for value in
Quantitysets.values() if prop_name in value), None)
if value is not None:
setattr(inst, prop_name, value)
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It systematically processes each relevant building element from the IFC file, creates a corresponding individual in
the BIMOnto ontology, and populates its attributes based on the source data. The integrity and correctness of the
generated knowledge graph were validated through both visual inspection and programmatic querying. Visual
validation was conducted using the Protégé ontology editor, as shown in Figure 6, which illustrates the populated
class hierarchy and the asserted properties for a selected building element, confirming that the data was structured
correctly according to the BIMOnto schema.

Further validation was performed by executing SPARQL queries against the knowledge base, which was hosted
on an Apache Jena Fuseki server. The first query, shown in Figure 7, was designed to retrieve all building elements
and their types, grouped by the building storey they belong to. The results confirmed that the spatial containment
relationships were correctly translated. A second, more complex query (Figure 8) was executed to calculate the
cumulative net volume of all walls on each storey. This query successfully performed an aggregation on the
quantitative data, demonstrating that the numeric values and their associations were correctly represented and
available for automated analysis. Together, these validation steps confirmed the successful and accurate
transformation of the source IFC data into a queryable semantic model.
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Figure 6: Screenshot of the populated BIMOnto ontology in Protégé, showing the class hierarchy and properties
of a sample element.
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Figure 7: SPARQL query and results in Jena Fuseki server showing building elements and their types per storey.
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3 <http: proK/00/BIMOnto#GF> "50.3547476467422968"" " <Nttp://ww.w3.0rg/2001 XMLSchemasdecimal>
4 <http://w3id.org/IproK/00/BIMOnto#01%20Floor> "34.,29385566022730557"" <p://venw.v3.0ra/2001/XMLS =

Figure 8: SPARQL query and results in Jena Fuseki showing the aggregated net volume of walls per storey.

5.1.2 Direction 2: Ontology-to-IFC enrichment

The second phase of the workflow leverages the populated knowledge base to generate a new, enriched IFC model,
using the ontology as the sole source of truth for all process data. The entire process for this direction, from data
retrieval to final model output, is visually summarized in Figure 9.
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Figure 9: Detailed flowchart of the ontology-driven IFC model generation process (Direction 2).

Knowledge integration: First, the BIMOnto knowledge graph is merged with the IproK ontology. The IproK
ontology was populated with extensive process data, including 120 task instances, each detailed with schedule
information, required resources, and cost breakdowns, as visualized in Protégé (Figure 10). The crucial step of
linking the physical building elements from BIMOnto to their corresponding process tasks in IproK was then
performed. Figure 11 illustrates this integration within Protégé, showing a specific Beam element from the
BIMOnto graph being linked to multiple Task instances via the assignToProcess object property. This creates a
unified knowledge graph where the building asset and its associated project management data are semantically
interconnected.
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Figure 10: Snippet from Protégé showing the populated IproK ontology with task instances and their details.
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Figure 11: Snippet from Protégé showing the unified ontology, with a Beam element linked to its assigned Tasks.

With the unified knowledge graph established and hosted on an Apache Jena Fuseki server, the required process
data is extracted using a SPARQL query. Figure 12 shows the execution of a query designed to retrieve the name
and location of the target Beam element along with its assigned tasks from the knowledge graph, demonstrating

the successful retrieval of integrated data.
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Data Retrieval, The SPARQL Endpoint: With the unified knowledge graph established and hosted on an Apache
Jena Fuseki server, the required process data is extracted using a comprehensive SPARQL query. This query is
designed to retrieve all relevant 4D (Time) and 5D (Cost) information for a given building element, identified by
its Globalld.

Data Transformation and IFC Model Population: The final and most critical stage is formalized in Algorithm 2.
This algorithm describes the procedure for transforming the flat list of SPARQL query results into a structured,
hierarchical format and then programmatically populates an IFC model. The algorithm iterates through the
structured data, creating the necessary native IFC entities. For each unique task, a corresponding IfcTask is
created. Its associated schedule data is used to create an I1fcTaskTime entity. For each resource, a specific subtype
(e.g., IfcConstructionMaterialResource) is created, and for each cost entry, an IfcCostItem with associated
IfcCostvalue entities is generated. Finally, the algorithm establishes the standard IFC relationships
(IfcRelAssignsToProduct, IfcRelAssignsToProcess, IfcRelAssignsToControl, IfcRelSequence) to
correctly link all the newly created entities together and to the original building element. The complete Python
implementation of this algorithm is provided in Appendix A.

Listing 2: Algorithm for Ontology to IFC.

Algorithm 2: Ontology-Driven IFC Model Generation

Input: source ifc file,unified kg

Output: enriched ifc_file

def create_5d_model_from_ontology(building_element_guid):

Main function to drive the entire process from query to IFC creation,
updated for the new ontology schema.
# --- 1. Get Data from Ontology ---
sparql_bindings = run_sparql_query(building_element_guid)
if not sparql_bindings:
print(“"Could not retrieve data from ontology. Aborting.")
return
task_data = process_sparql_results(sparql_bindings)

# --- 2. Load IFC Template and Target Element ---
input_ifc_path = "../Models/Duplex_House_Modified.ifc"
output_ifc_path = "../Models/Duplex_House_5D_From_Ontology.ifc"
try:

ifc_file = ifcopenshell.open(input_ifc_path)

owner_history = ifc_file.by type("IfcOwnerHistory")[0]

building_element = ifc_file.by_guid(building_element_guid)
except Exception as e:

print(f"Error loading file or finding element: {e}")

return
print(f"\nFound target element in IFC: {building_element.Name}")
# --- 3. Create IFC Entities from Processed Data ---

created_tasks = {}
for task_name, data_for_task in task_data.items():
# Create Task
task = ifc_file.create_entity("IfcTask", GlobalId=ifcopenshell.guid.new(),
Name=task_name)

created_tasks[task_name] = task

print(f"Created IfcTask: '{task_name}'")

# Create and Assign TaskTime

time_data = data_for_task.get("Time", {})

task_time = ifc_file.create_entity("IfcTaskTime", **time_data)

task.TaskTime = task_time

# Create, Add Psets to, and Assign Resources

resources_for_task = data_for_task.get("Resources", [])

created_resources = []

for res_info in resources_for_task:
# A simple mapping from ontology type to IFC resource type
ifc_resource_type = "IfcConstructionMaterialResource" # Default
if "Labor" in res_info["Type"] or "Carpenter" in res_info["Type"]:

ifc_resource_type = "IfclLaborResource"
elif "Equipment" in res_info["Type"] or "Crane" in res_info["Type"]:
ifc_resource_type = "IfcConstructionEquipmentResource”

resource = ifc_file.create_entity(ifc_resource_type,
GlobalId=ifcopenshell.guid.new(), Name=res_info["Name"])

pset = ifcopenshell.api.run("pset.add_pset", ifc_file, product=resource,
name="Pset_ResourceQuantities")
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5.2 Results and verification

The execution of the bi-directional workflow was validated at each key stage. The initial transformation of the
source IFC model into the KGpm knowledge graph (per Algorithm 1) was confirmed both visually and
programmatically. Visually, the populated BIMOnto ontology, when loaded in Protégé (Figure 6), showed that a
sample Beam element was correctly instantiated with all its data and object properties. Programmatically, the
KGpinm graph hosted on a Jena Fuseki server was successfully queried. A spatial query (Figure 7) confirmed that
containment relationships were correctly translated, and a more complex aggregation query (Figure 8) successfully
calculated the sumM(?Netvolume) of all walls per storey, proving that quantitative data was correctly parsed and
available for analysis. Together, these steps confirmed the IFC - KG transformation was successful, accurate, and
produced a valid, queryable knowledge graph.

Listing 3: Algorithm for IFC Model Verification.

Algorithm 3: Algorithm for IFC Model Verification
Input: ifc file
Output: Verification comments
def verify_5d_model(output_ifc_path, building_element_guid):
print("\n" + "="*50 + "\n--- VERIFICATION ---")
try:
ifc_file = ifcopenshell.open(output_ifc_path)
building_element = ifc_file.by guid(building_element_guid)
if not building_element:
print(f" X VERIFICATION FAILED: Could not find building element with
GUID {building_element_guid}")
return
except Exception as e:
print(f" X VERIFICATION FAILED: Could not open or read file
"{output_ifc_path}': {e}")
return
print(f"Verifying model for element: '{building_element.Name}'")
# 1. Find all tasks assigned to the building element
all_product_assignments = ifc_file.by_type("IfcRelAssignsToProduct")
assigned_tasks = [obj for rel in all_product_assignments if rel.RelatingProduct
== building_element for obj in rel.RelatedObjects if obj.is_a("IfcTask")]
if not assigned_tasks:
print(" X No tasks found assigned to this element.")
return
print(f"\nFound {len(assigned_tasks)} tasks assigned to the element.")
# 2. For each task, verify its data
all_process_assignments = ifc_file.by_type("IfcRelAssignsToProcess")
all_control_assignments = ifc_file.by_type("IfcRelAssignsToControl")
for task in assigned_tasks:
print(f"\n--- Verifying Task: '{task.Name}' ---")
# Verify TaskTime
if task.TaskTime:
print(" TaskTime data found:")
print(f" - ScheduleStart: {task.TaskTime.ScheduleStart}")
print(f" - ActualStart: {task.TaskTime.ActualStart}")
else:
print(" X TaskTime data NOT found.")
# Verify Resources
resources_for_this_task = [obj for rel in all_process_assignments if
rel.RelatingProcess == task for obj in rel.RelatedObjects]
if resources_for_this_task:
print(f" Found {len(resources_for_this_task)} assigned
resources:")
for resource in resources_for_this_task:
psets = ifcopenshell.util.element.get_psets(resource,
psets_only=True)
print(f" - Resource: '{resource.Name}', Data:
{psets.get('Pset_ResourceQuantities', 'No Pset')}")
else:
print(" X No assigned resources found.")
# Verify Costs
costs_for_this_task = [obj for rel in all_control_assignments if
rel.RelatingControl == task for obj in rel.RelatedObjects if
obj.is_a("IfcCostItem")]
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Next, the KGpim graph was merged with the KGprocess graph, which contained 120 task instances (Figure 10).
The critical linking of building elements to process tasks was validated visually in Protégé (Figure 11), which
shows a Beam individual successfully linked to multiple iprok:Task individuals via the assignToProcess object
property. This integrated link was then confirmed with a SPARQL query (Figure 12), which successfully retrieved
a specific Beam and its associated assignedTask list, demonstrating that the unified knowledge graph can be
successfully queried across domains.

Listing 4: Verification Algorithm Output.

--- VERIFICATION ---
Verifying model for element: 'Concrete-Rectangular Beam:PBEAM_230X300:367477'

Found 4 tasks assigned to the element.

--- Verifying Task: 'Slab and Beam Concrete Casting' ---
TaskTime data found:
- ScheduleStart: 04-09-2023
- ActualStart: 08-09-2023
Found 1 assigned resources:
- Resource: 'Concrete', Data: {'BudgetedUnits": 30.0, 'ActualUnits": 44.0, 'id": 22568}
Found 3 assigned cost items:
- Cost Item: 'Equipment Cost', Values: {'Budgeted': 26068.0, 'Actual': 24497.0}
- Cost Item: 'Labor Cost', Values: {'Budgeted'": 11180.0, 'Actual": 5229.0}
- Cost Item: 'Material Cost', Values: {'Budgeted': 24996.0, 'Actual': 15533.0}

--- Verifying Task: 'Slab and Beam Formwork' ---
TaskTime data found:
- ScheduleStart: 27-08-2023
- ActualStart: 29-08-2023
Found 1 assigned resources:
- Resource: 'FormWork', Data: {'BudgetedUnits': 50.0, 'ActualUnits": 62.0, 'id": 22589}
Found 3 assigned cost items:
- Cost Item: 'Labor Cost', Values: {'Budgeted’: 13481.0, 'Actual': 18542.0}
- Cost Item: 'Equipment Cost', Values: {'Budgeted": 29857.0, 'Actual': 16959.0}
- Cost Item: 'Material Cost', Values: {'Budgeted': 15509.0, 'Actual": 11179.0}

--- Verifying Task: 'Slab and Beam Steel Reinforcement' ---
TaskTime data found:
- ScheduleStart: 29-08-2023
- ActualStart: 03-09-2023
Found 1 assigned resources:
- Resource: 'BindingWire', Data: {'BudgetedUnits": 10.0, 'ActualUnits": 26.0, 'id": 22610}
Found 3 assigned cost items:
- Cost Item: 'Material Cost', Values: {'Budgeted': 9508.0, 'Actual': 13145.0}
- Cost Item: 'Labor Cost', Values: {'Budgeted’: 10215.0, 'Actual’: 9822.0}
- Cost Item: 'Equipment Cost', Values: {'Budgeted": 25795.0, 'Actual': 27144.0}

--- Verifying Task: 'Slab and Beam Curring' ---
TaskTime data found:
- ScheduleStart: 05-09-2023
- ActualStart:  10-09-2023
X No assigned resources found.

Found 3 assigned cost items:
- Cost Item: 'Material Cost', Values: {'Budgeted': 17961.0, 'Actual': 25701.0}
- Cost Item: 'Equipment Cost', Values: {'Budgeted': 26596.0, 'Actual': 24653.0}
- Cost Item: 'Labor Cost', Values: {'Budgeted’: 19449.0, 'Actual’: 8559.0}

The execution of this workflow results in a single, standards-compliant IFC file that contains the original 3D
geometry fully integrated with the 4D and 5D data from the ontology. While the enriched file can be opened in
standard viewers, these applications are often not designed to navigate and display complex graph of relationships
between a building element and its associated tasks, resources, and costs. Therefore, to validate the integrity of the
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generated model, a custom verification algorithm was developed. Algorithm 3, detailed below, defines the
procedure for programmatically parsing the output IFC file and traversing the graph of standard relationships to
confirm the presence and correctness of all generated data.

The output from the execution of this algorithm, presented in Listing 4, provides definitive proof that the semantic
data was correctly and completely integrated into the IFC model. It confirms that four distinct tasks were assigned
to the target building element and successfully details the associated schedule, resource, and cost data for each,
demonstrating the success of the bi-directional workflow.

It is important to characterize this validation. The evidence presented (Figures 6-12 and Listing 4) confirms the
functional correctness and feasibility of the bi-directional workflow. It proves that the data completed the round-
trip accurately. This validation is, by design, qualitative and demonstrative. It does not provide a quantitative
evaluation of computational efficiency or scalability, which are acknowledged as key limitations. To support
replication and future quantitative analysis, all case study materials (source model, ontologies, scripts, and queries)
have been made available in an open-access repository https://github.com/konevenkatesh/data-centric-bim.git.

6. DISCUSSION

The findings from the case study demonstrate a feasible bi-directional workflow. This discussion critically analyzes
the contribution, justifies the methodology's core premise, and explicitly outlines its implications for a new
generation of OpenBIM software.

6.1 Justification for the bidirectional approach

A critical question raised by this methodology is why it is necessary to recreate an enriched IFC model when a
semantic environment (the unified knowledge graph) already exists to consolidate and query all relevant
information. The answer lies in the practical, contractual, and toolchain realities of the AEC industry.

1. Contractual & Legal Requirements: The knowledge graph is a powerful reasoning environment, but it is
not a delivery environment. In many jurisdictions (e.g., the UK's BIM mandate), the IFC model is the
specified, often legal, format for project submission. A knowledge graph, regardless of its analytical
power, cannot fulfill these contractual requirements. Our approach ensures that semantic enrichment
enhances, rather than replaces, the legally mandated format.

2. Iterative Project Workflows: This workflow enables iterative refinement cycles. A schedule can be
integrated (/FC—-KG), analyzed for resource conflicts (KG reasoning), optimized, and then embedded
back into the model (KG—/FC"). This enriched model can be shared with a subcontractor, whose input
(using standard BIM tools) can trigger another integration cycle, mirroring real-world project workflows.

6.2 Implications for a new OpenBIM software architecture

The justification for this workflow is also a direct response to the failures of the current software market.

e Fragmentation of Commercial Tools: Advanced commercial 4D/5D tools like Navisworks and Synchro
rely on proprietary data formats to manage process data. Each module for cost, schedule, and logistics
often works in a different, siloed way. While their design principles may allow connecting all data, in
practice, they are not fully functional, integrated, or open systems.

e The OpenBIM Gap: This fragmentation leaves a critical gap. While open-source ecosystems like
BlenderBIM (Bonsai) are advancing the OpenBIM concept, they are not specifically designed for the
high-level, multi-domain (4D/5D) data management required by AEC project managers and have their
own limitations.

e The Motive for this Workflow: The movement toward OpenBIM, particularly through open-source
libraries and web-ifc viewers, allows for the development of custom, flexible applications that are not
locked into a single vendor's ecosystem. This workflow is explicitly designed to be the architectural
blueprint for such a custom OpenBIM application.
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In this proposed software system, the ontology acts as the semantic middle-layer. It manages the complex, graph-
based relationships between tasks, costs, resources, and geometry. This allows the application to handle complex
data with ease. The KG—IFC' workflow then serves as the "export" function, translating this rich, validated
knowledge back into the industry-standard format for delivery, compliance, and use in other standard tools.

6.3 Technical innovation and contribution

The primary technical innovation of this research lies in the orchestration of this full, round-trip workflow. While
IFC-to-ontology conversion is established, the reverse transformation—generating a new, standards-compliant IFC
model from a unified knowledge graph—represents a significant advancement. Our KG—IFC' algorithm
(Algorithm 2) addresses several key technical challenges:

e Relationship Preservation: The algorithm programmatically creates the complex web of IFC
relationships (e.g., IfcRelAssignsToProduct, IfcRelAssignsToProcess, IfcRelSequence). This is a
critical distinction from simpler approaches that use IfcPropertySet entities, which cannot represent
these relational semantics and thus limit downstream 4D/5D analysis.

¢ Semantic Consistency: By using the ontology as the single source of truth for all process data, the
workflow ensures semantic consistency. Changes made in the knowledge graph are systematically
propagated to the IFC model upon regeneration, preventing the "data drift" that occurs when analytical
models and the master BIM model diverge.

6.4 Limitations and implementation challenges

Despite the demonstrated success, several limitations constrain the current implementation. The most significant
challenge is the Manual Linking Requirement. In the case study, linking building elements in BIMOnto to tasks in
IproK was performed manually. While suitable for validation, this is a bottleneck for production deployment and
requires automation.

Furthermore, the Data Source Assumptions limit practical application. The workflow assumes all process data is
available in a structured format suitable for ingestion into the ontology. This does not reflect real-world scenarios
where critical information is often in unstructured PDFs, emails, or reports. Finally, as with all data integration
workflows, Scalability presents a potential challenge, though the specific performance boundaries were not
quantitatively tested in this study.

7. CONCLUSION

This research successfully addressed the persistent challenge of semantic interoperability in data-centric BIM by
proposing and validating a novel, bi-directional workflow that bridges the gap between semantic reasoning
capabilities and industry-standard formats. The methodology demonstrates that domain-specific ontologies can
serve as a formal semantic layer to drive the programmatic generation of fully integrated, standards-compliant IFC
models containing native project management data. The primary contributions of this work are: (1) the design and
validation of the complete round-trip transformation (/FC—KG—IFC?; (2) the proposal of a modular ontology
architecture (BIMOnto + IproK) that balances performance with expressiveness; (3) the development of a native
entity generation algorithm that preserves critical IFC relationships; and (4) the publication of an open-source
implementation to ensure reproducibility.

While the research achieves its primary objectives, several explicit limitations define the current boundaries of
applicability. Technical limitations include potential scalability issues, as performance was not benchmarked and
is expected to degrade on models exceeding SO0MB or 50,000 elements. Scope limitations include domain
coverage limited to schedule, resources, and cost; a reliance on structured data inputs; and testing performed only
on the IFC4 schema. Implementation limitations include the critical bottleneck of manual element-to-task linking,
limited error handling for non-compliant data, and a command-line-only interface. Finally, generalizability
constraints exist, as the validation was limited to a building project, and applicability to infrastructure projects is
unverified.

Building directly upon these limitations, future research directions are clear. The highest priority is the
investigation of automated ontology alignment using machine learning to eliminate the manual linking bottleneck.
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Second, performance optimization and scalability must be addressed by benchmarking the workflow and exploring
graph database indexing, distributed SPARQL processing, and incremental update mechanisms. Further work
should also focus on domain extensions to include quality, risk, and sustainability, as well as unstructured data
integration using NLP. Finally, large-scale validation studies on diverse, real-world projects are required to provide
empirical evidence of benefits. This research provides a pragmatic technical solution and a conceptual framework
for achieving a more intelligent and connected practice in the built environment.

This research successfully addressed the persistent challenge of semantic interoperability in data-centric BIM by
proposing and validating a novel, bi-directional workflow. The methodology demonstrates that by using domain-
specific ontologies as a formal semantic layer, it is possible to drive the programmatic generation of a fully
integrated and standards-compliant IFC model containing native project management data. The primary
contributions of this work are the design of this ontology-driven bi-directional workflow; the development of the
modular BIMOnto and IproK ontologies that facilitate it; and a systematic method for mapping semantic process
data to the standard IFC schema for tasks, resources, and costs.

The significance of this research for advancing BIM practices lies in its ability to create a more dynamic and truly
interoperable digital representation of the built asset. By enabling a verifiable link between a semantic knowledge
base and the IFC schema, this framework enhances the value of the BIM model as a central information repository
throughout the project lifecycle. This supports more sophisticated applications, including advanced analytics,
automated reasoning, and more informed decision-making. Future research should build upon this foundation by
expanding the scope of the ontologies to additional domains, investigating more automated ontology alignment
techniques, and developing optimized algorithms to improve the scalability and performance of the workflow for
large-scale, real-world projects. By pursuing these directions, the potential of this ontology-driven approach can
be further realized, paving the way for more intelligent and connected practices in the built environment.
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APPENDIX A: IFC POPULATION SCRIPT

import ifcopenshell
import ifcopenshell.api
import requests

import json

from collections import defaultdict

# --- Configuration ---

FUSEKI_ENDPOINT = "http://localhost:3030/IproK/spargl"
SOURCE_IFC_PATH
OUTPUT IFC PATH "../Models/Duplex_House_5D_Generated.ifc"

TARGET ELEMENT GUID = "2FUQJJjpV]j9wBkoUxY59XRk" # GUID of the target building element

"../Models/Duplex_ House.ifc"

def run_sparqgl query(building element guid):
Executes a comprehensive SPARQL query against the Fuseki endpoint
to retrieve all process data for a given building element.
query = frmn
PREFIX rdf: <http://www.w3.0rg/1999/02/22-rdf-syntax-ns#>
PREFIX bimonto: <http://w3id.org/IproK/00/BIMOnto#>
PREFIX iprok: <http://w3id.org/IproK#>

SELECT * WHERE {{
?building_element bimonto:Globalld "{building element_guid}"
bimonto:AssignToProcess ?task
?task iprok:Name ?TaskName
OPTIONAL {{
?task iprok:hasTaskTime ?task time
?task_time iprok:ScheduleStart ?ScheduleStart ;
iprok:ActualStart ?ActualStart
1}
OPTIONAL {{
?task iprok:requiresResource ?resource
?resource rdf:type ?ResourceType ;
iprok:Name ?ResourceName ;
iprok:BudgetedUnits ?BudgetedUnits ;
iprok:ActualUnits ?ActualUnits
1}
OPTIONAL {{
?task iprok:hasCostItem ?cost_item
?cost item iprok:hasCostType ?CostType ;
iprok:ActualCost ?ActualCost ;
iprok:BudgetedCost ?BudgetedCost

try:
response = requests.get (FUSEKI ENDPOINT, params={'query': query, 'output': 'json'})
response.raise for status()
return response.json() ["results"] ["bindings"]

except requests.exceptions.RequestException as e:
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print (£"SPARQL Query Failed: {e}")

return None

def process_spargl results(bindings) :
mwmoan
Processes the flat list of SPARQL query results into a structured,
nested dictionary, grouping resources and costs by their parent task.
mwmoan
tasks = defaultdict (lambda: {"resources": {}, "costs": {}})

for row in bindings:

task uri = row['task']['value']

tasks[task uri]['TaskName'] = row.get ('TaskName', {}).get('value')
tasks[task uri]['ScheduleStart'] = row.get ('ScheduleStart', {}).get('value')
tasks[task uri] ['ActualStart'] = row.get ('ActualStart', {}).get('value')

if 'resource' in row:

resource uri = row['resource']['value']

tasks[task uri] ['resources'] [resource uri] = {
'Name': row.get ('ResourceName', {}).get('value'),
'Type': row.get ('ResourceType', {}).get('value'),

'BudgetedUnits': float (row.get ('BudgetedUnits', {}).get('value', 0)),
'ActualUnits': float (row.get ('ActualUnits', {}).get('value', 0))

if 'cost item' in row:
cost uri = row['cost item']['value']
tasks[task uri] ['costs'] [cost uri] = {
'Type': row.get ('CostType', {}).get('value'),
'BudgetedCost': float (row.get ('BudgetedCost', {}).get('value', 0)),
'ActualCost': float(row.get ('ActualCost', {}).get('value', 0))
}

return tasks

def create 5d ifc model (source path, output path, building element guid, task data):

nun

Generates an enriched IFC model with native 4D/5D entities.
ifc file = ifcopenshell.open (source path)

owner history = ifc file.by type ("IfcOwnerHistory") [0]
building element = ifc file.by guid(building element guid)

if not building element:
print (f"Target element {building element guid} not found in source IFC.")

return

with ifc_file.transaction():
for task uri, data in task data.items():

# 1. Create IfcTask and IfcTaskTime

ifc task = ifc file.create entity("IfcTask", Name=datal'TaskName'])

ifc task time = ifc file.create entity("IfcTaskTime",
ScheduleStart=data['ScheduleStart'],
ActualStart=data['ActualStart']

)

ifc task.TaskTime = ifc task time

@ ITcon Vol. 30 (2025), Kone & Mahesh, appx. 2



# 2.

ifc

# 3.

for

Link Task to Building Element (IfcRelAssignsToProduct)
file.create entity("IfcRelAssignsToProduct",
Globalld=ifcopenshell.guid.new (),

OwnerHistory=owner history,
RelatedObjects=[ifc_task],
RelatingProduct=building element

Create and Link Resources (IfcRelAssignsToProcess)

res uri, res data in data['resources'].items():

res _type map = {
"http://w3id.org/IproK#Material": "IfcConstructionMaterialResource",
"http://w3id.org/IproK#Labor": "IfcLaborResource",
"http://w3id.org/IproK#Equipment": "IfcConstructionEquipmentResource"

}

ifc res class = res type map.get(res_data['Type'], "IfcConstructionResource")

ifc resource = ifc file.create entity(ifc res class, Name=res data['Name'])

# Create a Pset for resource quantities

pset = ifcopenshell.api.run("pset.add pset", ifc file, product=ifc resource,

name="Pset ResourceQuantities")

# 4.
for

ifcopenshell.api.run("pset.edit pset", ifc file, pset=pset, properties={
"BudgetedUnits": res data['BudgetedUnits'],
"ActualUnits": res data['ActualUnits']

})

ifc_file.create_entity("IfcRelAssignsToProcess",
GloballId=ifcopenshell.guid.new(),
OwnerHistory=owner history,
RelatedObjects=[ifc resource],
RelatingProcess=ifc task

Create and Link Costs (IfcRelAssignsToControl)
cost uri, cost data in data['costs'].items():
ifc cost item = ifc file.create entity("IfcCostItem", Name=cost data['Type'])

# Create budgeted and actual cost values
ifc file.create entity("IfcCostValue",
Name="Budgeted",
AppliedvValue=ifc file.create entity("IfcMonetaryMeasure",

cost datal['BudgetedCost']),

CostType="FIXED",
DefiningCostItem=ifc cost item

)

ifc file.create entity("IfcCostValue",
Name="Actual",

AppliedvValue=ifc file.create entity("IfcMonetaryMeasure",

cost data['ActualCost']),

CostType="FIXED",

DefiningCostItem=ifc cost item

O
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ifc file.create entity("IfcRelAssignsToControl",
GlobalIld=ifcopenshell.guid.new(),
OwnerHistory=owner history,
RelatedObjects=[ifc cost item],
RelatingControl=ifc task

ifc file.write (output path)
print(f"\n Enriched 5D IFC model saved to: {output path}")
if name == " main ":

print ("--- Starting Ontology-Driven IFC Generation ---")

# Step 1: Get data from the ontology
print (f"Querying ontology for element: {TARGET ELEMENT GUID}...")
spargl bindings = run_sparqgl query (TARGET ELEMENT GUID)

if spargl bindings:
# Step 2: Process the flat results into a structured format
print ("Processing SPARQL results...")

processed tasks = process sparqgl results(spargl bindings)

# Step 3: Generate the enriched IFC model
print ("Generating 5D IFC model...")
create 5d_ifc model (SOURCE_IFC PATH,  OUTPUT_ IFC_PATH, TARGET ELEMENT GUID,
processed tasks)
else:
print ("Aborting model generation due to query failure.")
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	RelatingProduct=building_element
	)
	# 3. Create and Link Resources (IfcRelAssignsToProcess)
	for res_uri, res_data in data['resources'].items():
	res_type_map = {
	"http://w3id.org/IproK#Material": "IfcConstructionMaterialResource",
	"http://w3id.org/IproK#Labor": "IfcLaborResource",
	"http://w3id.org/IproK#Equipment": "IfcConstructionEquipmentResource"
	}
	ifc_res_class = res_type_map.get(res_data['Type'], "IfcConstructionResource")
	ifc_resource = ifc_file.create_entity(ifc_res_class, Name=res_data['Name'])
	# Create a Pset for resource quantities
	pset = ifcopenshell.api.run("pset.add_pset", ifc_file, product=ifc_resource, name="Pset_ResourceQuantities")
	ifcopenshell.api.run("pset.edit_pset", ifc_file, pset=pset, properties={
	"BudgetedUnits": res_data['BudgetedUnits'],
	"ActualUnits": res_data['ActualUnits']
	})
	ifc_file.create_entity("IfcRelAssignsToProcess",
	GlobalId=ifcopenshell.guid.new(),
	OwnerHistory=owner_history,
	RelatedObjects=[ifc_resource],
	RelatingProcess=ifc_task
	)
	# 4. Create and Link Costs (IfcRelAssignsToControl)
	for cost_uri, cost_data in data['costs'].items():
	ifc_cost_item = ifc_file.create_entity("IfcCostItem", Name=cost_data['Type'])
	# Create budgeted and actual cost values
	ifc_file.create_entity("IfcCostValue",
	Name="Budgeted",
	AppliedValue=ifc_file.create_entity("IfcMonetaryMeasure", cost_data['BudgetedCost']),
	CostType="FIXED",
	DefiningCostItem=ifc_cost_item
	)
	ifc_file.create_entity("IfcCostValue",
	Name="Actual",
	AppliedValue=ifc_file.create_entity("IfcMonetaryMeasure", cost_data['ActualCost']),
	CostType="FIXED",
	DefiningCostItem=ifc_cost_item
	)
	ifc_file.create_entity("IfcRelAssignsToControl",
	GlobalId=ifcopenshell.guid.new(),
	OwnerHistory=owner_history,
	RelatedObjects=[ifc_cost_item],
	RelatingControl=ifc_task
	)
	ifc_file.write(output_path)
	print(f"\n✅ Enriched 5D IFC model saved to: {output_path}")
	if __name__ == "__main__":
	print("--- Starting Ontology-Driven IFC Generation ---")
	# Step 1: Get data from the ontology
	print(f"Querying ontology for element: {TARGET_ELEMENT_GUID}...")
	sparql_bindings = run_sparql_query(TARGET_ELEMENT_GUID)
	if sparql_bindings:
	# Step 2: Process the flat results into a structured format
	print("Processing SPARQL results...")
	processed_tasks = process_sparql_results(sparql_bindings)
	# Step 3: Generate the enriched IFC model
	print("Generating 5D IFC model...")
	create_5d_ifc_model(SOURCE_IFC_PATH, OUTPUT_IFC_PATH, TARGET_ELEMENT_GUID, processed_tasks)
	else:
	print("Aborting model generation due to query failure.")



