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Abstract 

Building Information Modeling (BIM) represents a building as a static snapshot of the model’s state. 

The IFC standard does not define a formal mechanism that would link the same physical element 

across successive phases of a building’s life cycle. Design, construction, and operation are recorded 

in separate IFC files, and the same element is assigned different GUIDs in each. The result is 

fragmentation of the element’s identity, loss of the history of property changes, and the inability to 

formulate cross-phase queries. This paper proposes the BIM-Phase ontology, based on the 

fundamental DOLCE ontology, which solves this problem by introducing a distinction between a 

building element as an endurant and its life cycle phases as perdurants. The ontology comprises nine 

classes, six object relations, and six axioms expressed in OWL 2 DL. Phase properties and relations 

are represented using a reification pattern, which maintains full compatibility with the 

expressiveness of OWL 2 DL. The ontology was validated using the example of a single-family 

residential building developed in Autodesk Revit. Three structural elements (external wall, floor slab, 

column) were tracked across three phases of the life cycle. Eight competency questions covering 

scalar, constitutional, and mereological changes were defined and mapped to ontology constructs, 

confirming that BIM-Phase enables the recording of changes and the formulation of cross-phase 

queries that are impossible in classic IFC. 

Keywords: BIM (Building Information Modeling); IFC (Industry Foundation Classes); ontology; 

DOLCE; building lifecycle; temporal modeling; phase-based modeling; semantic interoperability; 

change tracking; identity preservation; reification; event-based modeling; digital twin 

 

1. Introduction 

1.1. Research Problem 

Building Information Modeling (BIM) assumes that a digital model of a building provides a 

reliable representation of reality at every stage of its life cycle—from design concept through 

construction to operation and demolition [1]. In practice, the IFC (Industry Foundation Classes) data 

schema—which serves as the fundamental open standard for information exchange in the openBIM 

approach—treats a building element as a static snapshot of a given state. An entity (physical or 

conceptual object) such as IfcWall stores a set of properties, geometry, material, and classification, all 

referring to a single, unspecified moment in time, without a formal mechanism to express that the 

same wall existed previously in a different configuration and will exist in yet another in the future 

[2]. The consequences of this limitation may be significant for design and construction practice. First, 

at the level of object identity, since in a typical BIM project separate IFC files are created for individual 
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phases (design model, as-built model, operational model), in which the same physical element may 

have different GUIDs (Globally Unique Identifiers), differ in geometry or attributes (Figure 1), and 

yet there is no formal relationship establishing that they refer to the same entity. Second, at the level 

of change tracking, i.e., when an element’s property is modified (e.g., the thickness of thermal 

insulation is changed during construction), the new value overwrites the previous one, and the 

change history is lost or, at best, stored in external document management systems (e.g., in an 

Electronic Document Management System – EDMS), outside the semantic scope of the model. Third, 

at the level of cross-phase inference, because it is not possible to formulate a semantic query such as, 

for example: “which structural elements changed their constituent material between the design and 

as-built phases?”, since the IFC schema lacks a conceptual framework linking the states of the same 

object at different points in time. 

 

Figure 1. Current IFC-based approach to building element lifecycle representation: identity fragmentation across 

project phases. Source: own elaboration. 

This problem is not merely a technical inconvenience in data exchange. It reflects a deeper 

ontological deficiency, as the IFC does not formally distinguish between an object and its state at a 

given phase, between the duration of an entity and the sequence of its configurations, or between 

identity and change [3]. In the terminology of formal ontology, this means that the IFC schema treats 

building elements as so-called endurants (entities fully present at every moment of their existence), 

but offers no axiomatics allowing for the modeling of their temporal phases, time-varying relations, 

or temporally qualified part-whole relations. The DOLCE (Descriptive Ontology for Linguistic and 

Cognitive Engineering) ontology formalizes these distinctions through the apparatus of temporary 

parthood (a temporally indexed part-whole relation) and constitution as a relation between 

endurants that are spatially and temporally co-located (Figure 2), but distinguishable in terms of the 

conditions of their duration [3]. Existing semantic extensions of IFC, such as ifcOWL or the ontologies 

of the Linked Building Data stack (in particular the Building Topology Ontology) , inherit the 

temporal limitation of the source schema, focusing on a faithful translation of the EXPRESS structure 

into OWL without introducing an additional layer of change modeling [2,4]. 
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Figure 2. Proposed DOLCE-based ontological approach. Source: own elaboration. 

Thus, this article posits that effective management of information about a building object 

throughout its full life cycle requires a formal theory of change—one that allows a building element 

to be treated as an entity that remains identical to itself over time, while simultaneously passing 

through distinct, ontologically characterized phases, each of which may be associated with different 

properties, a different material structure, and different meronomic relations. 

1.2. Research Gap 

The integration of the IFC schema with formal ontologies has been the subject of intensive 

research for at least a decade. In a bibliometric review covering 122 publications from 2011–2023, Jia 

et al. identified four mature application areas for the integration of IFC with ontologies: (i) regulatory 

compliance, (ii) design knowledge management, (iii) interoperability support, and (iv) semantic 

enrichment of models [5]. At the same time, the authors noted that the vast majority of studies focus 

on individual life cycle phases, most often the design phase, while only a few address the issue of 

semantic continuity between phases. None of the analyzed publications proposed a formal 

axiomatics of a building object’s identity over time based on a fundamental ontology. Concurrently, 

research is being conducted on the semantic enrichment of BIM models [6], aimed at supplementing 

missing information in IFC models using rule-based or machine learning methods. In a systematic 

review of this research trend, Bloch pointed out that existing approaches to semantic enrichment 

operate exclusively within a single state of the model, classify objects, and supplement attributes; 

detect topological relationships, but do not account for the temporal dimension—that is, they do not 

model the fact that the same object passes through successive states in a building’s life cycle [7]. In 

other words, semantic enrichment enriches a snapshot of a given state, but does not link snapshots 

into a coherent narrative of existence unfolding over time. 

An analysis of the current state of knowledge and technology thus allows us to identify a 

research gap at the intersection of three areas. First, fundamental ontologies, particularly DOLCE, 

offer a mature framework for formalizing change, temporary parthood relations, temporally indexed 

constitution, and the phasicity of endurants; however, this framework has not yet been applied in the 

BIM domain. Second, existing construction ontologies (ifcOWL, BOT, PROPS) faithfully map the 

structure of the IFC schema, but inherit its phase limitation by treating relationships between objects 

as atemporal. Third, work on semantic enrichment and on the integration of IFC with ontologies does 

not address the problem of object identity over time, focusing instead on enriching individual model 

states without a mechanism for linking them. 

Thus, this work attempts to fill the identified research gap by proposing a so-called phase 

ontology (BIM-Phase), which formalizes temporally qualified relationships between building 

elements and their states in specific phases of the life cycle, embedding them within the conceptual 

framework of the DOLCE ontology. 

1.3. Research Objectives and Contributions 

The main objective of this work is to develop an ontological framework that enables a coherent 

representation of building elements throughout the full life cycle of a structure. This representation 

should preserve the identity of the element while explicitly modeling changes in its properties over 

time. 

To achieve this goal, the work adopts the conceptual foundation of the DOLCE ontology and 

proposes a phase-based approach. In this approach, building elements are treated as endurants 

associated with life cycle phases. These phases are temporal states. This approach allows for 

separating the object’s identity from its phase-dependent properties and relationships. Thus, this 

work addresses the limitations of the IFC schema regarding temporal continuity, which were 

described in Sections 1.1 and 1.2. 

The proposed approach is operationalized through the following research questions: 
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RQ1. How can the identity of a building element persisting over time be formally represented 

in such a way as to distinguish the object itself from its state in a given phase of the life cycle? 

RQ2. How can scalar properties, material composition, and meronomic relations be modeled in 

OWL 2 DL as phase-dependent without violating logical decidability? 

RQ3. How can transitions between life cycle phases be represented to enable reasoning about 

change as a process, rather than merely as a difference between states? 

In response to these questions, the article makes the following five original contributions. 

(1) Formalization of phase-dependent identity. Building elements are modeled as endurants, 

and the phases of their life cycle as state-based perdurants. This allows for a clear separation of an 

object’s identity from its temporal states. This contribution answers RQ1 and addresses the first 

component of the research gap identified in Section 1.2. 

(2) Reification of phase-qualified relations. The BIM-Phase ontology uses a reification pattern to 

represent properties, material constitution, and meronomic relations as phase-dependent constructs. 

This solution is compliant with OWL 2 DL and enables semantic querying using SPARQL. This 

contribution answers RQ2 and addresses the second component of the research gap. 

(3) A mechanism for change tracking and cross-phase reasoning. Linking properties to specific 

life cycle phases enables explicit recording of changes. It also allows for queries comparing the states 

of the same object across different phases. This contribution addresses the third component of the 

research gap, namely the lack of a mechanism for combining model states into a coherent 

representation of a time-extending entity. 

(4) Event-based extension of the phase model. The work proposes an event layer in which 

transitions between life cycle phases are modeled as perdurants (PhaseTransitionEvent). This layer 

is a first-class, modular extension of the proposed framework rather than a peripheral add-on, kept 

separate from the base ontology to preserve applicability to scenarios that require only phase-state 

representation (see Section 3.4). It allows change to be interpreted not only as a difference between 

states, but as a process with a specific causal structure. This contribution addresses RQ3. 

(5) Validation via a case study. The framework was verified on a model of a single-family 

residential building developed in Autodesk Revit 2026.2. The study covers three representative types 

of phase changes: changes in scalar properties, changes in material composition, and changes in 

meronomic relations. This contribution provides proof of the feasibility of the proposed approach 

and highlights its applications in areas such as digital twins and life cycle analytics. 

The remainder of the article is organized as follows. Section 2 presents the theoretical 

background, with particular emphasis on the conceptual framework of the DOLCE ontology. Section 

3 describes the structure of the BIM-Phase ontology and the design decisions made. Section 4 

discusses the implementation, a case study, and competency questions. Section 5 contains an 

evaluation, a discussion of limitations, and directions for further work. 

2. Theoretical Background 

2.1. Formal Ontology: Endurants, Perdurants, and Temporal Qualification in DOLCE 

DOLCE (Descriptive Ontology for Linguistic and Cognitive Engineering) is a fundamental 

ontology whose central distinction is the division of entities into endurants and perdurants [3]. 

Endurants are physical objects or persons that are fully present at every moment of their existence; 

for example, a wall exists in its entirety both during the design phase and the operational phase, 

regardless of changes over time (e.g., changes in insulation). Perdurants, on the other hand, are 

events, processes, or states that extend over time and possess temporal parts: the design phase of a 

wall is a temporal part of its history, not a part of the wall itself. This distinction has fundamental 

consequences for modeling changes: an endurant can change its properties over time (changes in 

thickness, material, meronomic relations) while remaining the same entity, whereas each 

configuration of properties at a given moment constitutes a separate perdurant, i.e., a state 

(DOLCE:State) of that endurant. DOLCE formalizes the relations between endurants and their states 
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using three mechanisms. First, the constitution relation links the endurant to the matter of which it is 

composed at a given moment, since the same wall may be constituted by aerated concrete at time t₁ 

and by insulated concrete at time t₂, without losing its identity. Second, temporal qualification assigns 

properties not directly to the endurant, but to the pair ⟨endurant, time⟩, which eliminates 

contradictions arising from changes in the value of the same property. Third, temporal parthood 

allows for the modeling of variable meronic composition, meaning an element can gain or lose parts 

over time, and each configuration is temporally indexed [3,8]. 

Porello et al. [8] proposed a serialization of the DOLCE core in OWL 2 (DOLCEbasicOWL), using 

a reification pattern—that is, temporally qualified relations are represented as instances of 

intermediate classes, linked by binary relations to the endurant, perdurant, and value. This pattern, 

consistent with the W3C recommendation on n-ary relations, forms the direct basis for the BIM-Phase 

architecture presented in Chapter 3. 

2.2. BIM Data Ecosystem: IFC, ifcOWL, and Linked Building Data 

The independent IFC format is an open data exchange standard for the construction industry, 

defining an object schema in the EXPRESS language. The IFC4x3 schema describes nearly nine 

hundred entity classes, ranging from structural elements (IfcWall, IfcSlab, IfcColumn) through spatial 

and functional relationships to property sets (PropertySets), but treats each IFC file as an independent 

snapshot of a given model state. There is no formal mechanism linking the same physical element 

represented in two IFC files created at different phases of the life cycle, as each instance receives its 

own GUID, and the specification does not define cross-file identity relationships [1]. 

The transfer of the IFC schema to the Semantic Web environment has resulted in several 

complementary ontologies. ifcOWL [2] is a faithful translation of the EXPRESS schema into OWL, 

preserving the full structure of IFC classes and relations, and thus inheriting its temporal limitation. 

In response to the complexity of ifcOWL (tens of thousands of axioms), the W3C Linked Building 

Data Community developed lightweight modular ontologies: BOT (Building Topology Ontology) [4] 

models building topology (zones, spaces, elements), and PROPS (Properties Ontology) provides 

representation patterns for properties. These ontologies form the Linked Building Data ecosystem, in 

which the building knowledge graph is created by integrating modules using OWL imports and 

shared URIs (Uniform Resource Identifiers) [9]. 

A key observation is that none of the ontologies mentioned—neither ifcOWL, nor BOT, nor 

PROPS—introduces a temporal dimension at the element identity level. BOT declares compatibility 

with DOLCE Ultralite but does not implement a mechanism for phases or constitutions. PROPS 

allows property values to be assigned to an element, but without temporal indexing; thus, a new 

value replaces the old one, and the history is lost. The Linked Building Data ecosystem therefore 

provides a rich infrastructure for representing a building at a single point in time, but does not offer 

a formal mechanism for tracking the same element across multiple phases of its lifecycle. Filling this 

gap is the goal of the BIM-Phase ontology. 

2.3. State of the Art: Temporal and Lifecycle Modeling in AEC Ontologies 

Existing approaches to modeling the temporal dimension in AEC ontologies can be divided into 

three groups. The first consists of IFC extensions with a 4D (time) dimension, focusing on 

construction scheduling, which link model elements to tasks in the schedule and model execution 

time, but do not track changes in an element’s identity or properties between phases. The second 

group consists of BIM model versioning systems that record successive states of the IFC file at the 

documentation management level, without ontological formalization—that is, differences between 

versions are detected algorithmically but not represented as entities in a knowledge graph. The third 

group consists of work on product lifecycle ontologies in mechanical engineering and product 

lifecycle management (PLM), which apply temporal formalisms to track product configurations but 

have not been adapted to the specific nature of construction—namely, the multi-phase nature of the 

investment process, distributed model authorship, and the lack of continuous digital updates [10]. 
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A common limitation of all three groups is the lack of a formal mechanism linking the identity 

of a building element to its changing properties across successive life cycle phases at the ontology 

level. None of the existing proposals utilizes the apparatus of fundamental ontology 

(endurant/perdurant, constitution, temporal qualification) to address this problem in the context of 

Linked Building Data. 

2.4. Temporal Qualification of Building Elements 

Temporal qualification is the principle that governs how building elements are represented in 

the BIM-Phase ontology. It works such that an element’s properties, material structure, and 

relationships are not assigned directly to the object itself. Instead, they are assigned to a pair 

consisting of the object and a life cycle phase. Each property therefore has two dimensions: the object 

dimension and the phase dimension. 

In the BIM-Phase ontology, temporal qualification is implemented through a relation reification 

pattern. For each scalar property, for each material constitution relation, and for each meronomic 

relation, a reifying class is created. This class links the endurant representing the building element to 

the perdurant representing the life cycle phase and to a specific property value or a specific relation 

partner. This pattern preserves the logical decidability required in OWL 2 DL and allows for the 

flexible extension of the phase qualifier with additional dimensions. The detailed structure of these 

classes and their axiomatization are presented in Section 3.2. 

Thus, temporal qualification is not merely a technical representational procedure. It constitutes 

an ontological design commitment, according to which a building element is treated as an entity 

existing over time, and its states in individual phases are derivatives of this identity. This approach 

is consistent with the conceptual framework of the DOLCE ontology discussed in Section 2.1 and 

distinguishes BIM-Phase from existing construction ontologies described in Section 2.2. 

3. Proposed Ontology: BIM-Phase 

3.1. Ontological Commitments and Design Decisions 

The first design decision was the selection of DOLCE as the foundational ontology. Among the 

three most widely used top-level ontologies—namely BFO (Basic Formal Ontology), DOLCE, and 

UFO (Unified Foundational Ontology), DOLCE offers the most mature and best-documented 

apparatus for modeling the temporality of endurants, in particular the constitution relation and the 

phasicity mechanism—that is, the ability to treat temporal segments of an endurant’s life as distinct 

ontological entities [3]. Importantly, DOLCE was implemented in OWL 2 (DOLCEbasicOWL) in 2024, 

enabling direct integration with building ontologies operating within the same formalism [8]. 

Furthermore, the Building Topology Ontology (BOT) explicitly declares compatibility with DOLCE 

Ultralite, which facilitates alignment at the class and relation levels [4]. BFO, although widely used 

in bioinformatics, formalizes temporality in a less flexible manner but is based on the 

continuant/occurrent distinction without a mechanism for the phasicity of endurants. UFO offers a 

comparable apparatus (phases, roles, relators), but its implementation in OWL is less mature than 

DOLCEbasicOWL. 

The second decision was to adopt a simple, three-level ontological model. At the highest level is 

the endurant, i.e., a building element identical to itself over time, corresponding to a physical object 

in a building. At the middle level are phases, i.e., perdurants representing the states of this endurant 

at various stages of its life cycle (design, as-built, FM – facility management). At the lowest level are 

phase properties, i.e., reified attributes and relations assigned to a specific phase rather than directly 

to the endurant. This model deliberately forgoes the full DOLCE axiomatics (qualities, quality spaces, 

qualia) in favor of a lightweight structure that can be implemented in OWL 2 DL without the need 

for higher-order reasoners. 

The third decision was to reify phase relations rather than use temporal indexing. In the full 

DOLCE formalization, relations such as parthood or constitution are indexed by a temporal 
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argument, which requires n-ary relations (n > 2) and consequently exceeds the expressive power of 

OWL 2 DL. Instead, BIM-Phase employs a reification pattern, meaning that each phase relation (e.g., 

material constitution in the as-built phase) is represented as a separate instance of an intermediary 

class, linked to the endurant, the phase, and the relation value via simple binary relations. This 

approach is consistent with the W3C recommendation on modeling n-ary relations in OWL and with 

the Temporally Qualified Continuants pattern used in DOLCEbasicOWL. 

The fourth decision was to limit the temporal model to discrete phases. The BIM-Phase ontology 

does not model continuous time or changes occurring within a phase. Each phase is treated as an 

indivisible state, and the transition between phases is represented by a succession relation. This 

limitation corresponds to BIM practice, in which information is organized around life cycle 

milestones (handover of design documentation, as-built acceptance, operational review) rather than 

around a continuous stream of changes. An extension to a continuous model using OWL-Time is 

possible but is beyond the scope of this work. 

In summary, the BIM-Phase ontology was designed as a lightweight, modular extension of the 

Linked Building Data stack, embedded within the DOLCE conceptual framework, but reduced to a 

minimal set of constructs necessary to preserve the identity of a building element over time, track 

changes in its properties and relationships, and enable cross-phase queries in SPARQL. 

3.2. Classes, Relations, and Axioms 

The BIM-Phase ontology consists of nine classes, six object properties, and one data property. 

The specification of each element (Figure 3) is presented below, along with a justification of their role 

in the model. 

 

Figure 3. Class hierarchy of the BIM-Phase ontology. Dashed boxes denote DOLCE superclasses; solid boxes 

denote BIM-Phase classes. Open-headed arrows represent subsumption (rdfs:subClassOf); dashed arrows 

represent object properties linking the three class groups. Source: own elaboration. 

3.2.1. Classes 
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The central class of the ontology is BuildingElement, which is a subclass of 

DOLCE:PhysicalEndurant. It represents a physical building element—a wall, floor, column, 

window—understood as an entity that remains identical throughout the building’s entire life cycle. 

Each instance of this class corresponds to a single physical object, regardless of how many times it 

has changed its properties, material, or relationships with other elements. In the IFC context, an 

instance of the BuildingElement refers to a single physical element that may be represented in 

multiple IFC files under different GUIDs. 

The LifecyclePhase class denotes a subclass of DOLCE:State, i.e., a stative perdurant that is a 

state. It represents a temporal segment of an endurant’s life corresponding to a single phase of the 

life cycle. The ontology predefines three subclasses: DesignPhase, AsBuiltPhase, and 

FacilityManagementPhase, but this taxonomy is extensible—the user can add phases such as 

DemolitionPhase or RenovationPhase without modifying the core axioms. 

3.2.2. Object Relations 

The hasPhase relation links a BuildingElement to a LifecyclePhase and forms the core of the 

ontology. It is a one-to-many relation—a single endurant can have multiple phases (Figure 4). The 

inverse relation isPhaseOf allows navigation from a phase to an element. 

The precedes relation links two instances of LifecyclePhase and expresses temporal succession. 

It is transitive (if phase A precedes B and B precedes C, then A precedes C). This relation allows for 

the reconstruction of the complete chronology of phases for a given element. 

There are three relations linking reification classes to their context: appliesToElement (indicates 

which endurant a given phase relation applies to), holdsAtPhase (indicates in which phase a given 

relation applies), and hasValue (indicates the value of the relation—material, dimension, 

component). Each instance of a reification class is associated with exactly one appliesToElement 

relation, exactly one holdsAtPhase relation, and at least one hasValue relation. 

 

Figure 4. Instance-level example of the reification pattern. The endurant wall-W01 has two lifecycle phases 

linked by precedes. Source: own elaboration. 

Additionally, the ontology defines the hasPropertyName relation as a data property of type 

xsd:string, assigned to an instance of PhaseQualifiedRelation, which identifies the name of a property 

or relation (e.g., "thickness", "constitutiveMaterial", "hasPart"). This solution avoids the proliferation 
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of classes for each property type—instead of creating separate classes such as ThicknessAtPhase, 

MaterialAtPhase, etc., we use a single reification class with a name attribute. 

3.2.3. Axioms 

The axiomatics of the BIM-Phase ontology are intentionally minimal and limited to six axioms 

expressible in OWL 2 DL. 

First axiom: every instance of BuildingElement must have at least one hasPhase relation 

(minimum cardinality constraint: BuildingElement ⊑ ∃hasPhase.LifecyclePhase). A building element 

without any phase is ontologically empty. 

Axiom 2: Every instance of PhaseQualifiedRelation must be associated with exactly one element 

(PhaseQualifiedRelation ⊑ =1 appliesToElement.BuildingElement) and with exactly one phase 

(PhaseQualifiedRelation ⊑ =1 holdsAtPhase.LifecyclePhase). A phase relation without a context is 

undefined. 

Axiom 3: The classes `BuildingElement` and `LifecyclePhase` are disjoint (BuildingElement ⊓ 

LifecyclePhase ⊑ ⊥). An `Endurant` cannot simultaneously be its own phase. 

Axiom 4: The precedes relation is transitive. This allows us to infer a complete chronological 

closure of phases, including pairs of phases not directly connected. Transitivity alone does not imply 

acyclicity of the phase order. Acyclicity is guaranteed at the IFC translation layer described in Section 

3.3, where phases are ordered according to the chronology of the source files. 

Axiom 5: The subclasses of LifecyclePhase—DesignPhase, AsBuiltPhase, and 

FacilityManagementPhase—are disjoint pairs. An element may have at most one instance of each 

phase type. 

Axiom 6: The hasPhase relation is the inverse of the isPhaseOf relation (hasPhase ≡ isPhaseOf⁻). 

3.2.4. Complete Schema 

The schema comprises nine classes connected by six object relations and one data relation 

(Figure 5). BuildingElement and LifecyclePhase are linked by the pair of inverse relations hasPhase / 

isPhaseOf. The precedes relation orders the phases temporally and is declared transitive. 

PhaseQualifiedRelation serves as a reification node: each instance points to exactly one element 

(appliesToElement), exactly one phase (holdsAtPhase), and at least one value (hasValue), while 

hasPropertyName identifies the relation type as xsd:string. Three specific subclasses—

PhaseQualifiedProperty, PhaseQualifiedConstitution, and PhaseQualifiedParthood—specialize the 

reification pattern for attributes, material constitution, and meronomic composition, respectively. 

DesignPhase, AsBuiltPhase, and FacilityManagementPhase are mutually exclusive subclasses of 

LifecyclePhase, and the axiom BuildingElement ⊓ LifecyclePhase ⊑ ⊥ guarantees that no individual 

can be both an endurant and its temporal phase (in other words, simply put: nothing exists that is 

simultaneously a building element and a life cycle phase). 
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Figure 5. Complete schema of the BIM-Phase ontology. Solid arrows denote object and data properties; light 

arrows denote subsumption (rdfs:subClassOf). Rounded boxes represent datatypes. Source: own elaboration. 

3.3. IFC Translation Rules 

The BIM-Phase ontology operates at the level of a knowledge graph, while the source data comes 

from IFC files exported from authoring tools (in this work, from Autodesk Revit 2026.2). To transition 

from a set of IFC files to an ontology instance, it is necessary to define translation rules. These rules 

do not constitute an automatic pipeline, but rather a formal description of the mapping between IFC 

structures and BIM-Phase constructs, which can be implemented manually, via scripting (e.g., in 

Python using the IfcOpenShell library), or using SPARQL CONSTRUCT rules. The starting point is 

the assumption that for a single building object, there are at least two IFC files corresponding to 

different phases of the life cycle, typically: the design model, the as-built model, and the operational 

model. Each file represents an independent snapshot of a given state, in which the same physical 

element may have a different GUID, different property values, and different geometry. 

Rule one concerns the identification of the endurant. For each physical element to be tracked 

across phases, a single instance of the BuildingElement class is created with its own URI identifier 

(e.g., bph:wall-W01). This identifier is independent of IFC GUIDs and serves as a persistent identifier 

for the entity in the knowledge graph. The association with specific IFC instances in individual files 

is stored as a phase attribute (e.g., hasIFCGuid "2O2Fr$t4X7Zf8NOew3FNr2"), which enables 

backtracking to the source file. In practice, identifying the same element across different IFC files 

requires expert knowledge or heuristics (approximate matching methods) based on geometric 

location and element type, as IFC does not guarantee GUID preservation across exports. 

Rule two concerns the creation of phases. Each IFC file corresponds to a single instance of the 

LifecyclePhase subclass. The design model file generates a DesignPhase instance, the as-built file an 

AsBuiltPhase instance, and the operational file a FacilityManagementPhase instance. The instances 

of the phases are linked to the endurant via the hasPhase relationship and to each other via the 

precedes relationship, in accordance with the chronology of file creation. 

Rule three concerns the extraction of phase properties. For each property of an IFC element that 

is relevant for change tracking, an instance of the appropriate PhaseQualifiedRelation subclass is 

created. Scalar properties from IFC PropertySets (e.g., thickness, height, technical condition) are 

mapped as instances of PhaseQualifiedProperty. The material assigned to an element 

(IfcMaterialLayerSetUsage or IfcMaterial) is mapped as an instance of PhaseQualifiedConstitution. 

Meronomic relationships (IfcRelAggregates, IfcRelContainedInSpatialStructure) are mapped as 
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instances of PhaseQualifiedParthood. Each instance of a reification class is associated with an 

endurant (appliesToElement), a specific phase (holdsAtPhase), a property name (hasPropertyName), 

and a value (hasValue). 

The fourth and final rule concerns the scope of the translation. Not all properties and relations 

from the IFC file are transferred to the knowledge graph, as the translation covers only those 

attributes that are the subject of competency questions defined in Section 4.3. This restriction stems 

from the principle of ontological minimalism adopted in Section 3.1 and avoids a large number of 

reification instances for properties that are irrelevant from the perspective of tracking inter-phase 

changes. 

3.4. Event-Based Extension of BIM-Phase 

In its basic form, the BIM-Phase ontology represents the states of building elements in the 

various phases of their life cycle. However, it does not introduce an explicit mechanism for describing 

the transitions between these states. Change is present in it indirectly, that is, as the difference 

between property values in two consecutive phases. This approach is sufficient for tracking the fact 

of change, but does not allow it to be treated as a separate entity in the knowledge graph. 

This paper proposes an event-based extension of the BIM-Phase ontology, which introduces a 

layer of transitions as separate model instances. The central element of the extension is the 

PhaseTransitionEvent class, defined as a subclass of DOLCE:Perdurant. Each instance of this class is 

associated with exactly one source phase via the transitionsFrom relation, with exactly one target 

phase via the transitionsTo relation, and with exactly one building element via the affectsElement 

relation. All three relations are functional in nature, which ensures unambiguous interpretation of 

the event in the knowledge graph. 

A PhaseTransitionEvent instance is additionally associated with a pair of instances of the 

reifying classes introduced in Section 3.2. One of them represents the state of the element in the source 

phase, the other represents its state in the target phase. Thanks to this, the event is not a detached 

entity, but serves as a bridge between two explicitly reified states of the same endurant. The detailed 

cardinality axioms and the domain and codomain restrictions of relations are consistent with the 

logical decidability of OWL 2 DL. 

This layer is a first-class extension of the proposed framework, not a peripheral add-on, though 

it is kept modular to preserve flexibility (see Section 3.4). Some applications of the BIM-Phase 

ontology require only the representation of phase states, for example, in tasks involving the 

verification of model compliance with information requirements. Other applications, such as life 

cycle analytics or digital twins of buildings, utilize the full event layer. Separating these two levels 

allows the ontology to be applied flexibly, depending on the needs of a specific scenario. 

The introduction of the event layer opens up the possibility of treating a change as a process 

with its own temporal structure, rather than merely as a difference between states. The application 

of the event extension in a case study is presented in Section 4.2, which demonstrates how successive 

phases of the W-01 exterior wall’s life cycle are linked by instances of PhaseTransitionEvent. 

4. Implementation and Case Study 

4.1. Technical Architecture and Toolchain 

The validation of the BIM-Phase ontology was conducted using the example of a single-family 

residential building developed in Autodesk Revit 2026.2 [11]. The goal of the case study is not to 

build an automated translation pipeline, but to demonstrate that the ontological constructs defined 

in Chapter 3—i.e., endurants, temporal phases, and reified properties—find a direct mapping in BIM 

model data created in a typical authoring tool. 

The model was prepared in three separate Revit project files (.rvt), corresponding respectively 

to the design phase, the as-built phase, and the facility management phase. Each file was exported to 

IFC format using the built-in exporter. Since the three Revit files were created independently, the 
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GUIDs of IFC elements are not preserved across files. The same exterior wall W-01 has three different 

GUIDs in the design, as-built, and facility management phases, even though ontologically it 

represents one and the same physical entity. This situation reflects a typical investment scenario and 

provides a direct motivation for introducing a separate endurant identifier in the BIM-Phase 

ontology, independent of the GUIDs in the source files. 

The BIM-Phase ontology was implemented in the Protégé 5.6 editor [12] in OWL 2 DL format 

(Turtle serialization) and validated using the built-in HermiT reasoner for logical consistency and 

compliance with the cardinality constraints defined in Section 3.2.3. Case study instances—i.e., 

endurants, phases, and reified properties corresponding to data from the Revit model—were 

manually entered into the knowledge graph and queried using SPARQL 1.1 queries in the SPARQL 

Query interface built into Protégé. The full ontology, knowledge graph with instances, and SPARQL 

queries are available as supplementary material in the open research data repository of the Warsaw 

University of Technology. 

4.2. Case Study: The Three-Phase Lifecycle of a Residential Building 

The subject of this case study is a single-family residential building with a usable area of 

approximately 120 m², designed using masonry construction with a gable roof. The model was 

developed in Autodesk Revit 2026.2 and includes typical structural elements: exterior and interior 

walls, floors, columns, foundations, and window and door frames. From among these elements, three 

representative objects were selected for detailed ontological analysis: exterior wall W-01, ground floor 

slab S-01, and structural column C-01. This selection ensures coverage of the three types of phase 

changes modeled by the BIM-Phase ontology: changes in scalar properties (PhaseQualifiedProperty), 

changes in material constitution (PhaseQualifiedConstitution), and meronomic changes 

(PhaseQualifiedParthood). 

For each of the three elements, three model variants were prepared corresponding to successive 

phases of the life cycle. In the design phase, the model reflects the designer’s intentions in accordance 

with the technical documentation. In the as-built phase, the model accounts for changes introduced 

during construction, documented in the as-built documentation. In the facility management phase, 

the model records the current state of the facility, including damage, material replacements, and 

changes in the status of elements resulting from technical inspections [13]. 

The W-01 exterior wall serves as the main demonstration object, as it undergoes changes across 

all three ontological dimensions. In the design phase (Figure 6), the wall is designed as a single-layer 

structure of 300 mm thick aerated concrete, without an insulation layer and without internal 

installations. 
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Figure 6. Design phase of the case-study wall W-01: 300 mm aerated concrete, no insulation layer, no internal 

installations. Source: own elaboration. 

In the as-built phase (Figure 7), the thickness of the structural layer is reduced to 250 mm, and a 

50 mm layer of expanded polystyrene (EPS) insulation is added to the exterior—this constitutes a 

change in material constitution (PhaseQualifiedConstitution). At the same time, electrical wiring is 

installed inside the wall, constituting a mereological change (PhaseQualifiedParthood)—an element 

that had no subparts in the design phase now gains a subcomponent. 

 

Figure 7. As-built phase of wall W-01: thickness changed to 250 mm structural layer + 50 mm EPS insulation; 

electrical installation added inside the wall (mereological change). Source: own elaboration. 

In the operational phase (Figure 8), the EPS insulation is replaced with mineral wool (another 

constitutional change), a crack is recorded in the structural layer, and the element’s status changes 

from “constructed” to “requires repair” (PhaseQualifiedProperty change). 
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Figure 8. Facility management phase of wall W-01: insulation replaced with mineral wool (constitution change), 

crack damage recorded, status changed from "constructed" to "requires repair". Source: own elaboration. 

The ground floor slab S-01 illustrates a simpler scenario—a change in a scalar property without 

a change in material. In the design phase, the slab is 200 mm thick (reinforced concrete C25/30). 

During construction, the thickness is increased to 220 mm as a result of a contractor’s decision. The 

material composition and meronomy remain unchanged across all three phases, while only the 

thickness and the lifecycle status are updated, demonstrating that the ontology correctly records both 

changes and continuity. 

Structural column C-01 demonstrates a change in material composition during the service life. 

In the design and as-built phases, the column is identical—C30/37 reinforced concrete with a cross-

section of 300×300 mm. In the FM phase, following a technical inspection, the column is reinforced 

with carbon fiber-reinforced polymer (CFRP) [14] overlays, which constitutes a change in material 

composition without altering the geometry. Table 1 summarizes the phase-qualified changes for the 

three analyzed elements. 

Table 1. Summary of phase-qualified changes across three lifecycle phases for the case-study elements. Cells 

marked with Δ indicate a change relative to the preceding phase. Source: own elaboration. 

Element Property Design As-built FM 

Wall W-01 

thickness 300 mm Δ 250+50 mm 250+50 mm 

constituent 

material 
aerated concrete Δ aerated concrete + EPS 

Δ aerated concrete + 

MW 

hasPart none Δ electrical inst. electrical inst. 

status designed constructed Δ requires repair 

Slab S-01 

thickness 200 mm Δ 220 mm 220 mm 

constitutive 

material 
RC C25/30 RC C25/30 RC C25/30 

status designed constructed good condition 

Column C-01 

cross-section 300x300 mm 300x300 mm 300x300 mm 

constitutiveMateria

l 
RC C30/37 RC C30/37 Δ RC C30/37 + CFRP 

status designed constructed Δ reinforced 

Legend: Δ = change relative to the preceding phase highlighted cells  

Each row of the table marked with the symbol Δ corresponds to a single instance of a reification 

class in the knowledge graph whose value (hasValue) differs from the value in the previous phase. 

In total, the case study generates 3 endurants, 9 phases, and 27 instances of reification classes, 7 of 

which record an inter-phase change. The complete knowledge graph in Turtle format is available in 

the supplementary materials. 

Within the proposed event-based extension, transitions between lifecycle phases of wall W-01 

can be represented as distinct events. The transition between the Design and As-built phases can be 

interpreted as a construction event (ConstructionEvent), responsible for changes in material 

composition (addition of the insulation layer) and the introduction of new mereological components 

(electrical installation). Similarly, the transition between the As-built and Facility Management 

phases can be modeled as a maintenance event (MaintenanceEvent), involving the replacement of 

insulation material and a change in the element’s status. Consequently, each change marked with Δ 

in Table 1 can be associated with a corresponding transition event, providing a causal interpretation 

of the element’s evolution. 

4.3. Competency Questions and Ontology-Driven Validation 
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The validation of a domain ontology is not limited to checking logical consistency using a 

reasoner. It also requires demonstrating that the proposed conceptual framework actually answers 

the questions for which it was designed. In the NeOn methodology and in the classical Uschold–King 

approach, the tool used for this purpose is the so-called competency questions (CQ). These are queries 

formulated in natural language to which the ontology should enable a response [15,16]. Competency 

questions serve a dual purpose. First, they constitute a criterion for the model’s scope. This has 

already been utilized in the fourth rule of IFC translation (Section 3.3), which limits the translation to 

those properties that are the subject of CQs. Second, they provide a criterion for a posteriori 

validation. For each CQ, one must identify the ontology constructs (classes, relations, axioms) that 

collectively enable the formulation of an answer in the knowledge graph. 

Eight competency questions have been defined for the BIM-Phase ontology. They have been 

grouped into three categories corresponding to the three types of phase changes modeled by the 

ontology. These are changes in scalar properties, changes in material constitution, and meronomic 

changes. The set was supplemented with questions regarding the identity of an element over time 

and the order of phases. This set reflects the design intentions of the ontology formulated in Section 

1.3 and is directly linked to the case study scenarios discussed in Section 4.2. 

The competency questions for the BIM-Phase ontology are as follows. CQ1: Which building 

elements changed the value of a given scalar property between two specified life cycle phases? CQ2: 

What was the value of a specific property of a given element in a particular phase? CQ3: Which 

elements changed their constituent material between the design phase and the as-built phase? CQ4: 

What materials constituted a given element in the successive phases of its life cycle? CQ5: Which 

elements gained or lost subparts (meronomic relation) between the two phases? CQ6: What subparts 

did a given element have in a specific phase? CQ7: Does a given endurant occur in all three phases 

of the life cycle, or only in selected ones? CQ8: What is the temporal order of a given element’s phases 

according to the precedes relation? 

Table 2 presents the mapping of competency questions to constructs of the BIM-Phase ontology. 

For each question, the classes, relations, and axioms are indicated whose co-occurrence in the 

knowledge graph enables the formulation of an answer. This mapping constitutes a validation trace 

linking functional requirements to the structural elements of the model. 

Table 2. Mapping of competency questions to BIM-Phase ontology constructs. Source: own elaboration. 

CQ Category Classes Relations Axioms 

CQ1 scalar change 

BuildingElement, 

LifecyclePhase, 

PhaseQualifiedProperty 

hasPhase, appliesToElement, 

holdsAtPhase, hasValue, 

hasPropertyName 

A1, A2 

CQ2 scalar state 

BuildingElement, 

LifecyclePhase, 

PhaseQualifiedProperty 

appliesToElement, holdsAtPhase, 

hasValue 
A2 

CQ3 
constitution 

change 

BuildingElement, 

DesignPhase, AsBuiltPhase, 

PhaseQualifiedConstitution 

appliesToElement, holdsAtPhase, 

hasValue 
A2, A5 

CQ4 
constitution 

state 

BuildingElement, 

LifecyclePhase, 

PhaseQualifiedConstitution 

hasPhase, appliesToElement, 

holdsAtPhase, hasValue 
A2 

CQ5 
mereological 

change 

BuildingElement, 

LifecyclePhase, 

PhaseQualifiedParthood 

appliesToElement, holdsAtPhase, 

hasValue 
A2 

CQ6 
mereological 

state 

BuildingElement, 

LifecyclePhase, 

PhaseQualifiedParthood 

appliesToElement, holdsAtPhase, 

hasValue 
A2 

CQ7 
identity 

continuity 

BuildingElement, 

LifecyclePhase 
hasPhase, isPhaseOf 

A1, A3, 

A6 
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CQ8 phase ordering 

LifecyclePhase, 

DesignPhase, AsBuiltPhase, 

FacilityManagementPhase 

precedes A4, A5 

An analysis of the table yields three observations relevant to the evaluation of the ontology. First, 

each of the six axioms defined in Section 3.2.3 is required by at least one competence query. This 

confirms that the axiomatics is minimal in the sense of necessity. Removing any axiom leads to the loss 

of the ability to answer at least one CQ. Second, the reification class PhaseQualifiedRelation, together 

with its three subclasses, covers all questions concerning inter-phase changes (CQ1, CQ3, CQ5). This 

provides empirical confirmation of the validity of choosing the reification pattern as the primary 

mechanism for modeling changes. Third, CQ7 and CQ8 regarding identity and temporal order are 

handled exclusively by relations between BuildingElement and LifecyclePhase, without the 

involvement of reification classes. This confirms that the endurant/perdurant distinction carried over 

from DOLCE is a real criterion for the division of responsibility in the model, and not merely a 

declarative theoretical embellishment. 

The logical consistency of the BIM-Phase ontology, along with a knowledge graph containing 3 

endurants, 9 phases, and 27 instances of reification classes (Section 4.2), was verified using the 

HermiT reasoner. The reasoner detected no contradictions, correctly classified the hierarchy, and 

deduced the transitive closure of the precedes relation for pairs of phases not directly connected. The 

full ontology in OWL 2 DL (Turtle) format, a knowledge graph with case study instances, and sample 

SPARQL queries implementing all eight CQs are available as supplementary material in the open 

research data repository of the Warsaw University of Technology. This enables independent 

reproduction of the validation results. 

5. Discussion 

5.1. Evaluation 

The evaluation of the BIM-Phase ontology covers three complementary aspects: formal 

correctness, functional completeness, and substantive meaning. In terms of formal correctness, the 

ontology was validated using the HermiT reasoner in the Protégé 5.6 environment. The reasoner 

detected no contradictions in the class hierarchy or in the knowledge graph containing the case study 

instances, and all cardinality constraints defined in Section 3.2.3 were satisfied. The third axiom 

(disjointness of the BuildingElement and LifecyclePhase classes) was tested by intentionally 

introducing an individual with dual classification. The reasoner reported an inconsistent ontology, 

which confirms the validity of the disjointness axiom. In terms of functional completeness, each of 

the eight competency questions (Table 2) is fully covered by the ontology constructs. Each of the six 

axioms is utilized by at least one CQ, which demonstrates the minimalism of the axiomatics in the 

sense of necessity. The three reification classes cover the three dimensions of phase changes and find 

natural application in a real-world design-construction-operation scenario. 

In terms of substantive meaning, BIM-Phase introduces a conceptual layer into the BIM domain 

that was previously missing. The classic IFC schema treats a building element as a snapshot of a 

single state, and existing ontologies from the Linked Building Data ecosystem (ifcOWL, BOT) inherit 

this limitation. This gap, though not explicitly named as such, is also recognized by broader critiques 

of the direction of BIM development, which point out that current paradigms based on proprietary 

tools and file-based data exchange limit interoperability, scalability, and data access, and that the 

future lies in data granularity [17]. The BIM-Phase ontology addresses this criticism from a semantic 

perspective by extending the concept of granularity to include temporal and identification 

dimensions—that is, the ability to consistently track the same object despite changes in its states 

throughout its lifecycle. 

5.2. Limitations 
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The BIM-Phase ontology in its current form has several limitations resulting from both the 

adopted design assumptions and the scope of the case study. First, the validation was based on a 

single, single-family residential building with a limited number of structural elements. This scale is 

sufficient to demonstrate the feasibility of the proposed approach, but does not allow for an 

assessment of the ontology’s behavior with large BIM models comprising thousands of element 

instances and their phases. Second, the knowledge graph instances were entered manually based on 

the Revit model rather than generated automatically from an IFC file. The translation rules described 

in Section 3.3 are conceptual in nature and require further operationalization in the form of a full 

converter. Third, the event extension introduced in Section 3.4 was demonstrated on a limited 

number of phase transitions and does not cover scenarios in which a single event affects multiple 

building elements simultaneously. 

The second set of limitations consists of ontological assumptions. The number of life cycle phases 

has been narrowed down to three key stages: the design phase, the as-built phase, and the operational 

phase. Applications involving the pre-design phase, the demolition phase, or intermediate phases 

require an extension of the set of instances of the LifecyclePhase class. The ontology also does not 

model uncertainty or competing model versions within the same phase, which may be relevant in 

scenarios involving multiple design teams working in parallel. These limitations do not undermine 

the proposed conceptual framework but rather point the way for further work, as outlined in Section 

5.3. 

5.3. Future Work 

The first direction for future work concerns the operationalization of the BIM-Phase ontology in 

design practice tools. The key task is to develop an automatic converter from IFC files to a knowledge 

graph compliant with the proposed ontology, which will implement the conceptual translation rules 

described in Section 3.3. Such a converter should be integrated with the IfcOpenShell library and 

should support the sequential loading of multiple IFC files corresponding to successive phases of the 

same object’s life cycle. Concurrently, we plan to develop a plugin for the Autodesk Revit editor and 

the BlenderBIM environment, which will enable direct export of the model along with phase 

metadata. The result of this work is to be a complete toolchain leading from the author’s model to 

SPARQL queries on the knowledge graph. 

The second direction concerns expanding the conceptual scope of the ontology itself. It is 

planned to extend the set of instances of the LifecyclePhase class to include a pre-design phase, a 

demolition phase, and intermediate phases related to modernization and renovation. The event 

extension introduced in Section 3.4 requires supplementation with a class of multi-element events, in 

which a single phase transition affects multiple building elements simultaneously. Further work will 

also include ontology validation on larger BIM models and integration with applications in the areas 

of digital twins and lifecycle analytics. In particular, it is planned to integrate the semantic layer with 

machine learning systems, in which the BIM-Phase ontology will serve as a conceptual layer for 

classification and prediction tasks based on building operation data. 

6. Conclusions 

This paper presents the BIM-Phase ontology, which formalizes temporally qualified 

relationships between building elements and their states in the various phases of a building’s life 

cycle. The ontology is embedded within the conceptual framework of the DOLCE fundamental 

ontology, which provided the apparatus for distinguishing between endurants and perdurants, as 

well as mechanisms for the temporal qualification of properties and relations. Building elements are 

treated as endurants, and life cycle phases as perdurants. Scalar properties, material constitution, and 

meronomic relations are represented as phase-dependent constructs using a reification pattern. This 

approach allows for the separation of an object’s identity from its temporal states and enables the 

consistent tracking of changes in an element throughout its entire life cycle. 
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The ontology was implemented in the Protégé 5.6 editor in OWL 2 DL format and validated for 

logical consistency using the HermiT reasoner. The ontology’s functionality was demonstrated using 

a case study of a single-family residential building developed in the Autodesk Revit environment, 

encompassing three representative types of phase changes. Eight competency questions confirmed 

the ontology’s functional completeness and the minimalism of its axioms. The work was 

supplemented with an event extension in which transitions between life cycle phases are modeled as 

separate instances of the PhaseTransitionEvent class. This extension allows a change to be treated not 

only as a difference between states, but as a process with its own temporal structure. 

The proposed conceptual framework introduces a semantic layer to the BIM domain that has 

been missing in existing construction ontologies. Its significance extends beyond a technical 

representational exercise and addresses the broader need for a granular, persistent, and interoperable 

description of building objects throughout their full life cycle. The BIM-Phase ontology provides a 

foundation for further work on digital twins, life cycle analytics, and the integration of the semantic 

layer with machine learning methods. Thus, this work contributes to the development of the semantic 

foundations of construction engineering, in which a design object is understood as an entity existing 

over time, rather than as a single moment in time. 
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