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ABSTRACT
The digital transformation of the construction industry increasingly relies on semantically linked data to support lifecycle information management. Emerging initiatives such as Digital Product Passports and the “Golden Thread of Information” highlight the need for consistent and traceable information across the lifecycle of built assets. However, current approaches do not provide persistent, instance-level identifier architectures capable of linking object representations across lifecycle stages.
This paper investigates how identifier architectures can support lifecycle-consistent traceability in knowledge graph-based construction information systems. The study is grounded in Systems Engineering lifecycle logic and structured through the Semantic Modelling and Linking framework, distinguishing between Planned Functional (PF), Planned Technical (PT), Realized Technical (RT), and Realized Functional (RF) states. A qualitative, design-oriented approach informed by Design Science Research is applied.
The analysis indicates that separating identifier roles across lifecycle states improves traceability between requirements, technical solutions, realised objects, and operational performance. A key finding is the trade-off between semantic expressiveness and identifier persistence. The proposed architecture addresses this by anchoring each lifecycle role to a persistent identifier, while semantic meaning is represented through associated properties.

1. INTRODUCTION
The construction industry is rapidly adopting Building Information Modelling (BIM), digital twins, and data-driven lifecycle management to improve information continuity, automation, and circular economy practices (Zhu and Wu, 2022; Sacks et al., 2025; König et al., 2018). At the same time, initiatives such as the “Golden Thread of Information” emphasise consistent, accessible, and traceable information throughout the lifecycle of built assets (Hackitt, 2018; UK Government, 2024).
Yet construction information remains fragmented across requirements, BIM models, product databases, construction records, and facility management systems, often using different structures and identifiers for the same physical object (Chen and Jupp, 2018; Pauwels et al., 2017). As objects evolve from requirements to solutions, realised products, and operational assets, these relationships are rarely maintained explicitly, limiting traceability, verification, and lifecycle decision-making (Davari et al., 2023; Corallo et al., 2020). This limitation becomes particularly critical in lifecycle scenarios involving design changes, product substitution, and long-term asset management, where maintaining consistent object identity across system boundaries is essential.
Classification systems such as OmniClass, Uniclass, MasterFormat, and CoClass support type-level categorisation, while ISO 19650 defines information management processes (CEN, 2019). However, these approaches do not provide persistent, instance-level identifiers capable of maintaining links between individual object representations across lifecycle stages (Rogage and Greenwood, 2020). They are therefore insufficient for lifecycle-consistent traceability required by the Golden Thread (Hackitt, 2018; UK Government, 2024).
Semantic Web technologies and knowledge graphs offer machine-interpretable representations of entities and relationships across heterogeneous data sources (Pauwels et al., 2017; Rasmussen et al., 2019). Persistent and globally unique identifiers are central to such environments, but identifier architectures that support lifecycle traceability while remaining both semantically meaningful and persistent remain underexplored.
The paper makes three contributions: it conceptualises lifecycle-aligned identifier roles for a physical object across its different lifecycle states; analyses how these roles support traceability across heterogeneous representations; and identifies the trade-off between semantic expressiveness and identifier persistence as a key implementation challenge.
The central argument is that lifecycle traceability cannot be achieved by assigning a single identifier to a physical object alone. Instead, traceability requires explicit links between the functional intention, the planned technical solution, the realised technical instance, and the observed functional performance of the same lifecycle object.
This argument is developed by first reviewing related work on lifecycle traceability, classification and identification approaches, Semantic Modelling and Linking (SML), and knowledge graph technologies.

2. BACKGROUND AND RELATED WORK
This section reviews lifecycle traceability, classification and identification approaches, Systems Engineering, SML, and Semantic Web technologies to position the need for lifecycle-oriented identifier architectures.
2.1 Lifecycle information and traceability
Lifecycle information management in construction is challenged by fragmented data environments across BIM models, product databases, and facility management systems, which limits interoperability and traceability between requirements, design decisions, and realised assets (Kebede et al., 2022; Chen and Jupp, 2018).
Traceability, understood as the ability to establish and follow relationships between requirements, design elements, and realised systems, is central in Systems Engineering (Gotel and Finkelstein, 1994). In construction, it supports requirement verification, change management, lifecycle decision-making, and circular economy applications where material and component information must be preserved (Corallo et al., 2020; Davari et al., 2023).
2.2 Classification systems, standards and identification approaches
Classification systems such as OmniClass, Uniclass, MasterFormat, and CoClass structure construction information through standardised taxonomies and support BIM workflows and lifecycle-oriented requirement management (Royano et al., 2023; Tang et al., 2025; Sadrinooshabadi et al., 2021). However, together with ISO 19650, they primarily operate at class level and do not maintain persistent identification of individual object instances across lifecycle stages.
Global identification frameworks such as GS1 provide identifiers including GTIN, GLN, and GS1 Digital Link for products, locations, and supply chain information (GS1, 2026a; GS1, 2026b). Digital Product Passport initiatives similarly emphasise the linking of product and lifecycle information (Kebede et al., 2023; Kebede et al., 2024). Yet these approaches are not directly aligned with lifecycle modelling of construction objects across design, realisation, and operation.
2.3 Systems Engineering and Semantic Modelling and Linking (SML)
Systems Engineering provides lifecycle logic for linking requirements, design solutions, and realised systems through forward and backward traceability (Chen and Jupp, 2018; Gotel and Finkelstein, 1994).
In construction, SML structures object information into four lifecycle states: Planned Functional (PF), representing functional requirements; Planned Technical (PT), representing design solutions; Realized Technical (RT), representing realised objects; and Realized Functional (RF), representing operational performance (CEN, 2022; CEN, 2024).
Although SE and SML define lifecycle logic and semantic relationships, they do not prescribe how object identity should be maintained across these states in a machine-interpretable way.
2.4 Knowledge graphs and Semantic Web technologies
Semantic Web technologies and knowledge graphs support machine-interpretable integration of heterogeneous construction information (W3C, 2026; Pauwels et al., 2017; Rasmussen et al., 2019; Kebede et al., 2022). They have been applied to link BIM data, product information, DPP data, and lifecycle analysis in the built environment (Kebede et al., 2024).
A key principle is the use of globally unique and persistent IRIs to identify entities across systems (Hogan et al., 2021). However, existing work has focused more on integration and interoperability than on systematic identifier architectures aligned with lifecycle modelling.
2.5 Research gap
The literature shows progress in lifecycle modelling, information structuring, semantic data integration, global identification, and DPP-related lifecycle information. However, these developments remain disconnected and do not provide a unified identifier design for lifecycle-consistent traceability of construction objects.
The gap is therefore the absence of identifier architectures that maintain persistent, semantically interpretable links between functional requirements, technical solutions, realised assets, and operational performance across lifecycle stages.

3. RESEARCH APPROACH AND METHODOLOGY
This study adopts a qualitative, design-oriented approach informed by Design Science Research to develop and analyse a conceptual identifier architecture for lifecycle traceability in knowledge graph-based construction information systems (Hevner et al., 2004; Peffers et al., 2007). The approach is appropriate because the study addresses a design problem, how persistent identifiers should be structured and related, rather than testing an existing implementation. Formal evaluation in an operational setting is left for future work.
The analysis is structured by the lifecycle object-state framework defined in EN 17632 (SML) and grounded in Systems Engineering lifecycle logic (Chen and Jupp, 2018; CEN, 2022; CEN, 2024). The framework distinguishes four lifecycle object states (PF, PT, RT, RF) based on lifecycle stage and level of abstraction (Figure 1). The relations defined in SML link these states and enable traceability across the lifecycle.
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Figure 1. The four lifecycle object states (PF, PT, RT and RF), formed by the lifecycle stage (Planned or Realized) and the level of abstraction (Functional or Technical). The blue arrows show the typical process flow, from intended function (PF) to planned solution (PT), realized object (RT) and observed performance (RF), which is then verified against the original function. Adapted from EN 17632-1:2022, Figure 6 (CEN, 2022).
The study draws on expert-informed material from a collaborative research project, including a technical report on Semantic Web-based object identification (Eckerberg, 2026), conceptual modelling notes and a Turtle-based knowledge graph example (Wikström, 2026), and an industry-oriented report on lifecycle-oriented identifier structures (Jansson et al., 2026).
The materials are treated as conceptual and technical input rather than primary empirical data. The analysis extracts concepts related to lifecycle modelling, identifier persistence, and semantic representation, maps them to the four lifecycle object states, and assesses the resulting architecture in terms of traceability, semantic clarity, and long-term persistence. Particular attention is given to whether identifiers remain stable when object properties, classifications, locations, or system contexts change over time.
The resulting architecture is presented in the following section as a set of identifier roles and relations aligned with the four SML lifecycle states (PF, PT, RT and RF).

4. IDENTIFIER ARCHITECTURE
The proposed identifier architecture follows the lifecycle object states introduced in Section 3, assigning distinct identifier roles to PF, PT, RT, and RF representations across the lifecycle (Chen and Jupp, 2018; CEN, 2022; CEN, 2024).
Conceptually, the identifier architecture can be understood as a four-node lifecycle structure in which each construction object is represented by distinct but explicitly linked identifiers corresponding to the PF, PT, RT, and RF states. Rather than assigning a single identifier to an object, the architecture defines a set of coordinated identifier roles and relations, enabling traceability across transformations from functional requirements to technical solutions, realised instances, and observed performance. The relationships between these identifier roles follow the lifecycle transitions defined in SML, including realisation, refinement, and verification links between states. These relations include refinement from PF to PT, realisation from PT to RT, and verification from RF to PF, together forming a closed lifecycle traceability loop.
Each lifecycle state has a complementary identifier role: PF represents the intended requirement, PT the selected design solution, RT the realised object instance, and RF the measured performance. This separation enables explicit traceability between requirements, design decisions, realised assets, and operational outcomes (Gotel and Finkelstein, 1994; CEN, 2022; CEN, 2024). It also makes it possible to preserve relationships when a requirement is revised, a design alternative is replaced, or a realised object is substituted during construction or operation.
The primary identifier in the knowledge graph should be globally unique and persistent, and URI-based identification is therefore adopted as the canonical mechanism in line with Linked Data principles that emphasise globally unique, persistent, and dereferenceable identifiers (Hogan et al., 2021). Existing identifiers, such as classification codes, reference designations, IFC GlobalIds, product identifiers, and system-specific IDs, are not replaced but explicitly linked to the persistent URI (Kebede et al., 2022). This approach enables the integration of established industry identification schemes while preserving interoperability and avoiding dependency on any single modelling tool, classification system, or product data platform.
The architecture separates persistent identity from semantic description. Identifiers that encode meaning, such as IEC 81346-1 reference designations, can improve readability but may become unstable when objects change function, location, or configuration. Representing meaning through properties instead supports more robust lifecycle traceability (Hogan et al., 2021; IEC, 2022). For example, the same realised component may be reclassified, moved, or assigned to another system without requiring its persistent URI to change.
Figure 2 illustrates the architecture through an example of an office room lighting system. At the PF level, the identifier denotes the lighting requirement. At the PT level, it denotes the selected design solution. At the RT level, it denotes the installed components, to which existing identifiers such as IFC GlobalIds, GTINs, and serial numbers are linked. At the RF level, it denotes measured performance, enabling verification against the original requirement.
The example illustrates that identifiers at different lifecycle states should not be treated as duplicates. Rather, they identify different but related information objects: a requirement, a design solution, an installed technical instance, and a measured functional outcome. The value of the architecture lies in maintaining explicit links between these objects so that verification, replacement, and performance follow-up can be traced over time.
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Figure 2. The identifier architecture applied to an illustrative office room lighting example, showing the four persistent URIs (PF, PT, RT, RF), their SML relations, and the legacy identifiers linked to the realised object. Structure based on EN 17632-1:2022 (CEN, 2022).
 Each lifecycle role (PF, PT, RT, RF) carries its own globally unique, persistent URI. The URIs are linked through the SML relations, providing explicit traceability from requirement to performance. Existing identifiers and semantic meaning are represented as properties of the URI rather than encoded in the identifier string, which keeps the identifier stable when objects are relocated, replaced, or reclassified.
This structuring introduces a fundamental trade-off between semantic expressiveness and identifier persistence. While semantically rich identifiers may improve interpretability, they risk becoming unstable as objects evolve across lifecycle stages. The proposed architecture resolves this by prioritising identifier persistence, assigning stable URIs to each lifecycle role while expressing semantic meaning through associated properties and relations rather than within the identifier itself.

5. DISCUSSION
The proposed architecture addresses the lack of lifecycle-aligned identification by linking PF, PT, RT, and RF states in a machine-interpretable way, consistent with Systems Engineering traceability logic (Chen and Jupp, 2018; Gotel and Finkelstein, 1994). Compared with classification-based approaches, it maintains identity at instance level, allowing realised objects to remain traceable even when classification, configuration, or location changes. The main implication is that lifecycle traceability depends not only on persistent identifiers, but also on the explicit relations that connect different lifecycle representations of the same object.
For example, in a construction project, a lighting requirement defined at the PF level may initially be linked to a planned luminaire type at the PT level. If the selected product is later replaced during procurement or installation, the RT identifier changes, while the PF and PT identifiers remain unchanged. By maintaining explicit links between these identifiers, the architecture enables traceability of requirement fulfilment despite changes in technical solutions. This illustrates how lifecycle-aligned identifier roles enable not only traceability, but also systematic handling of change and verification across lifecycle stages.
A key insight is the tension between semantic expressiveness and identifier persistence. Meaningful identifiers can improve human readability but risk instability when objects evolve. By separating persistent identity from semantic description, the proposed architecture allows meaning to be expressed through properties and relationships, supporting both semantic clarity and robust lifecycle traceability.
The architecture also has implications for Digital Product Passports and the Golden Thread, both of which depend on reliable links between product data, requirements, design information, realised assets, and operational performance (Kebede et al., 2024). In practice, it must accommodate multiple existing identification systems, including classification codes, product identifiers, RFID-based tracking, and system-specific IDs, by linking rather than replacing them (Pyke and Madan, 2013; Huo et al., 2023). This linking strategy is especially important in construction, where information is typically produced and maintained by many actors over long periods.
From an implementation perspective, the architecture implies that governance is as important as technical modelling. Organisations need rules for URI minting, ownership, versioning, deprecation, and maintenance of links between lifecycle states. Without such governance, persistent identifiers may exist technically but fail to support reliable traceability in practice.
The study remains conceptual, and the architecture must be evaluated in real-world implementations involving large-scale data integration, organisational boundaries, lifecycle change management, and long-term information continuity. Such evaluations should examine not only technical feasibility, but also usability for project actors, compatibility with existing information management processes, and the cost of maintaining identifier links over time.

6. CONCLUSION
This paper examined how identifier architectures can support lifecycle-consistent traceability in knowledge graph-based construction information systems. Building on Systems Engineering and SML, it addressed the lack of persistent, instance-level identification strategies for linking requirements, technical solutions, realised objects, and operational performance across lifecycle stages.
The main contribution is a lifecycle-aligned identifier architecture distinguishing PF, PT, RT, and RF states. By separating these identifier roles, the architecture enables explicit, machine-interpretable traceability across heterogeneous data sources while preserving object identity over time.
The study is conceptual and based on expert-informed material, but it clarifies an important design principle: persistent identity should be separated from semantic description while explicit relations maintain lifecycle meaning. Future research should validate the architecture in large-scale implementations involving BIM models, Digital Product Passports, operational systems, versioning, change management, governance models, and real-time data integration.
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