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Abstract

:

The construction sector is in continuous evolution due to the digitalisation and integration into daily activities of the building information modelling approach and methods that impact on the overall life cycle. This study investigates the topic of BIM/GIS integration with the adoption of ontologies and metamodels, providing a critical analysis of the existing literature. Ontologies and metamodels share several similarities and could be combined for potential solutions to address BIM/GIS integration for complex tasks, such as asset management, where heterogeneous sources of data are involved. The research adopts a systematic literature review (SLR), providing a formal approach to retrieve scientific papers from dedicated online databases. The results found are then analysed, in order to describe the state of the art and suggest future research paths, which is useful for both researchers and practitioners. From the SLR, it emerged that several studies address ontologies as a promising way to overcome the semantic barriers of the BIM/GIS integration. On the other hand, metamodels (and MDE and MDA approaches, in general) are rarely found in relation to the integration topic. Moreover, the joint application of ontologies and metamodels for BIM/GIS applications is an unexplored field. The novelty of this work is the proposal of the joint application of ontologies and metamodels to perform BIM/GIS integration, for the development of software and systems for asset management.
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1. Introduction


Buildings, cities and infrastructure are becoming increasingly complex systems [1], which bring together technical, economic and social aspects. For instance, infrastructure plays a crucial role in the development and sustainability of society [2] and, along with large buildings and cities, they are challenging projects for the AECO/FM sector (architecture, engineering, construction, operation and facility management). The construction life cycle is composed of several phases (e.g., design, operation, and management) and these are involved in constant evolution, due to process innovation [3]. Therefore, several research studies have investigated ways to overcome these challenges in the AECO/FM sector, by means of new methodologies and technologies, such as building information modelling (BIM) and GIS (geographic information systems). BIM is a widespread methodology which allows the AECO/FM sector to enhance its management of the information and its interoperability [4]. BIM should cover all the phases of a construction’s life cycle but at the moment, it is mainly focused on the design phase [5]. The construction sector is calling for new skills, performance standards, interoperability, training and an IT system that covers the whole lifecycle of complex products or buildings. Furthermore, the use of innovative technologies and methodologies in AEC industry is now steadily expanding, since it has reached a high level of awareness [6]. Geographic information systems (GIS) refer, instead, to information systems which can handle and analyse data associated with a location on earth [7]. BIM and GIS are commonly adopted to support the AECO/FM sector, which is information intensive [8] and involves several stakeholders with different backgrounds and expertise. Regarding this, BIM and GIS aim to develop a common and shareable ground of data at the building and territorial scale, respectively. Their respective open formats, namely IFC and CityGML (an XML-based data format, the most used for 3D-GIS applications), allow the interchange of datasets between several software families. The digital model of the construction can be modelled or imported in order to get the required information for specific analysis of the construction (e.g., structural, thermal or energy analysis) or its interaction with the environment (e.g., environmental impact analysis, feasibility, policies). Moreover, the digital model can be integrated with other valuable sources of data.



BIM and GIS, along with other tools such as IoT sensors (Internet of Things) can provide a way to develop smart environments. Cesconetto et al. [9] defines smart environments as “pervasive computing systems that provide higher comfort levels on daily routines throughout interactions among smart sensors and embedded computers.” With this upcoming and trending topic, including the concept of “Smart cities”, the last decade has seen efforts from both the academic and professional world to implement integrated applications of BIM, GIS and other sources. However, in order to realise these solutions, high-level knowledge from both civil engineers and information technology (IT) engineers is required.



BIM allows construction components to be modelled in a 3D visual space, directly creating an instance of a class (named a “family”), such as walls, ceiling, slabs, etc., instead of drawing CAD lines which represent the element. This reflects the nature of the data model itself, which BIM and GIS software present in different modelling languages: EXPRESS and CityGML, respectively [10]. Additionally, GIS has its own data models and standards, namely the ISO 19100 family defined by the ISO/TC 211 (Technical Committee), which is based on model-driven architecture (MDA). MDA and model-driven engineering (MDE) are software design and development approaches which lead to the definition of metamodels. While these standards and specifications allow each methodology to grant internal interoperability, their well-defined structures proved to be a limitation in interoperability attempts between them. The matter known as BIM/GIS integration is still an open topic, as shown by several literature reviews about the argument, and is affected by a vagueness which led to a fragmented and disorienting scenario. In this article, metamodels are intended as described in the international Standard “Meta-Object Facility” (MOF) [11]. Compared to an instance-based approach, BIM/GIS integration at metamodel level is used to harmonise, map or converge concepts from these two elements.



The main objective of this paper is to discover and analyse BIM/GIS-based metamodels and ontologies, addressing two research questions:




	
What is the state of the art of BIM/GIS integration based on metamodels and ontologies?



	
Does a BIM/GIS digital system exist that is based on a metamodel and ontologies for the representation and management of assets?








Indeed, due to a scarcity of results on the ”BIM/GIS metamodel” topic, this work also investigates ontologies, which share analogies with metamodels (i.e., formalisation of a knowledge domain). Furthermore, a joined-up adoption of ontologies and metamodels could provide support to the development of BIM/GIS applications and digital systems for the representation and management of assets. Although the potential of both metamodels and ontologies for software development and semantic interoperability is recognised, there is a gap in literature about their joint adoption in the BIM/GIS context.



To define the scope of this paper, a necessary literature background is provided about BIM/GIS integration in Section 2.1., MDA and MDE in Section 2.2 and ontologies in Section 2.3. After that, the research methodology of the systematic literature review (SLR) performed is described in Section 3, and the results are reported in Section 4. Finally, discussion about the gaps found, opportunities and conclusions are reported in Section 5 and Section 6, respectively.




2. Background


2.1. BIM/GIS Integration


The BIM/GIS integration is a broad and trending topic in AECO/FM-related research. This can be observed in the annual number of documents found on Scopus with the following query: “BIM“, “GIS” and “Integration” (e.g., 196 in the 2015–2020 period). As stated by Beck et al. [12], the BIM/GIS Integration is an umbrella term that does not refer to a precise methodology or subject area. As can be seen from literature reviews investigating the BIM/GIS integration [12], studies developed several methods, such as model conversion [13,14] extension [15], interlinking [16] or merging [17]. In their literature review, Liu et al. [18] evaluated integration solutions by means of “EEEF” criteria, namely effectiveness, extensibility, effort and flexibility. Moreover, [18] classified BIM/GIS applications, grouping them into thematic categories, such as 3D cadastre [19], location-based services and navigation [20], asset management [21] and so on.



Therefore, the BIM/GIS integration topic includes several approaches and several applications, without a clear pathway and with a heterogeneous understanding of the term “integration”. However, one of the most relevant approaches is based on a semantic web by means of linked data and ontologies (e.g., [22,23]) which will be further explained in Section 2.3. This approach involves the convergence of several data sources, maintaining them consistently and distinctly, and it can overcome problems due to the different nature of the native data models of IFC and CityGML, as observed by [24] in the definition of a city information model (CIM). Moreover, in their literature review, Zhu et al. [25] identified the two main levels of the BIM and GIS integration: geometric and semantic, with the latter being the most complex to resolve. Therefore, the BIM/GIS integration topic is still an open argument that continuously expands with further exploration and research, due to the variety of approaches which can be adopted and the countless specialised applications which, altogether, constitute the whole AECO/FM sector.




2.2. Model Driven Architecture and Engineering


Model-driven architecture (MDA) was first described in 2000, by the Object Management Group (OMG), and it is an approach for software design and development that relies on linking models in order to build a complete system [26]. MDA links the abstract work of developing a model with its concretisation in code in order to automate this process. MDA provides a set of standards and guidelines, and it can be considered as a part of the broader model-driven engineering (MDE) [27], which follows the principle of “everything is a model”. MDE introduces the concepts of model and metamodel, relating them with the system of which they are an abstraction. The abstraction presents a layered structure, standardised in the “Meta-Object Facility” standard by the OMG; it is subdivided into four layers, called “metalevels”:




	
M3: is the meta-object facility, the most abstract layer, and is also called the meta-meta-model. In the IFC case, the model language EXPRESS itself can be considered to be the M3 layer, according to [28];



	
M2: also referred to as the metamodel, describes the schema used to instantiate M1 models. The IFC structure itself can be placed at this level, as well as related entities such as IfcWall or IfcDoor;



	
M1: is the model itself, for example the package of UML schemas which are used to describe a real-world domain. As a BIM analogy, the IFC model of a construction, designed by an expert in BIM software, is a construct belonging to the M1 metalevel;



	
M0: is the real-world object. In software engineering it can refer to code, in the AECO/FM sector it is the real-world building or infrastructure.








In this paper, M2 and M1 will be addressed, in particular. M2 and M1 are two levels of abstraction directly linked in a class-instance kind of relationship.



MDE and MDA are approaches for software design with the aim to facilitate and handle the whole life cycle of information and to improve software re-usability through the abstract layer subdivision. This concept is also applicable to the BIM vision, which inherits these traits from the object-oriented programming and modelling (OOM) of IT technologies. M2 metamodels for BIM/GIS integration can be achieved through UML profiles, being packages that can be applied to the core UML to extend and specialise the metamodel for a specific domain. The development of a BIM/GIS metamodel provides a formal structure for software development, which can be adapted, transformed and extended according to stakeholders’ needs.




2.3. Ontology and RDF/OWL Ontology Language


The term ontology, in computer science, refers to a special kind of information object or artefact [29]. Studer et al. [30] defined ontologies based on former ontology definitions as “a formal and explicit specification of a shared conceptualization”.



In practice, ontologies can be developed using the resource description framework (RDF), a standard data model for data interchange on the web [31]. However, ontologies commonly require more expressive elements to properly describe a domain and, thus, on top of RDF the Web Ontology Language (OWL) is provided. OWL language allows more complex RDF statements and it is a formal semantic developed by the W3C consortium. The adoption of ontologies leads to the creation of formal knowledge bases from which information can be retrieved unambiguously, both from humans and other agents.



Ontologies suit large knowledge bases well and they allow for the provision of a whole overview which could not be achieved from the simple sum of the underlying clusters. For example, ontologies are used in medical science, such as the Ontology for General Medical Science [32] or the Foundational Model of Anatomy (FMA) [33].



Foundation (or top-level) ontologies are ontologies that provide the very general terms which are common across domains. They act as a common basis for domain-specific ontologies. In the AECO/FM sector, a minimal ontology is the Building Topology Ontology (BOT), which describes the core topological concepts of a building [34], and it can be combined with other general or domain-specific ontologies, such as sensor observations (e.g., SOSA ontology [35]) or IoT devices (IoT-Stream [36]).





3. Materials and Methods


The aim of the paper was to gather knowledge about BIM/GIS metamodels and their state of the art, by means of a systematic literature review (SLR), in order to answer the two research questions of the paper (i.e., What is the state of the art of BIM/GIS integration based on metamodels and ontologies? Does a BIM/GIS digital system exist that is based on a metamodel and ontologies for the representation and management of assets?).



The research approach followed a workflow which required several steps, inspired by former methodologies found in literature [37,38], which subdivided the whole process into sections. In this work, the review methodology was composed of three components, i.e., data collection, data analysis and conclusion. An overview of the methodology is reported in Figure 1. For the data collection phase, SLR provides an evaluation and synthesis of the existing body of knowledge about a field of research, investigated with a comprehensive and reproducible method [39]. For this purpose, the research was carried out on the online database Scopus (www.scopus.com, accessed on 30 November 2020) with a preliminary choice and combination of keywords, chosen based on the knowledge acquired by reading previous studies from several sources (e.g., Scopus, Google scholar). The list of chosen keyword is shown in Table 1. Scopus database allow to search terms with the wild card character “*”, representing zero or more characters. For instance, using “ontolog*” as a keyword the database will retrieve every term that starts with “ontolog” and ends in different ways, such as ontology, ontologies or ontological.



Besides this, a set of inclusion criteria was considered in order to select only pertinent papers. The inclusion criteria required a paper to be in the English language, published in the 2014–2020 period, related to the AECO/FM sector, and retrievable. The six-year period was chosen because both BIM and GIS are trend topics in constant evolution and, for discussion purposes, articles published before 2014 would have provided outdated knowledge. In this research, both conference papers and journal articles were considered. “BIM” and “GIS” were the core of each query performed, and they were coupled with several keywords, namely “meta-model”, “MDE”, “MDA” and “model driven”. However, only one paper was found [40]. Hence, the “GIS” keyword was removed since BIM is a more recent topic which is still in development and, for the scope of this paper, it was considered the key technology to investigate, with GIS being a complementary tool. The query typed was, according to Scopus syntax: “BIM” and “model driven”, “MDA”, “MDE” or “meta-model”. The query retrieved 142 documents but 74 of them were related to a non-pertinent research field (e.g., pharmacology). Thus, after the exclusion of these articles and the restriction to the 2014–2020 period, 34 papers were retrieved. After this, an overview and abstract checking process was carried out to filter repeated or out-of-scope articles, in which the word “meta-model” was used to refer to previous specifications, such as ISO Standards [41], for example. After this last filter, only 13 papers properly addressed the M2 metamodel as defined by MOF, and they are only BIM-related, except one [40].



From the results of these queries and from the knowledge gained by the pre-study about the BIM/GIS integration background, it was found that several studies investigated the BIM/GIS integration by means of “ontology”, “semantic web” and “linked data”, thus these terms were used as keywords for another query including “BIM” and “GIS”. This query retrieved 36 papers in the 2014–2020 period. The first filtering by title and type led to 30 articles, which were preserved even after the selection by criteria and analysis. The research took place until the 30 November 2020.



After the retrieval of pertinent papers, the next phase was to categorize and analyse the results in the data analysis phase and the discussion section. This included tables to resume papers, reporting the focus of the content, the scope in the AECO/FM sector (if any) and the main highlights found. The conclusion phase at the end provides a summary of the whole methodology, including contributions and main conclusions derived from the study.




4. Results


4.1. BIM, GIS and Metamodelling


As previously specified, the first query (i.e., “BIM” and “GIS” and “model driv*” and “MDA” and “MDE” or “metamodel”) retrieved only 1 article [40]. This result shows that model-driven software approaches for BIM/GIS were not explicitly found at M2 metalevel, namely the metamodel. However, as can be observed in the BIM/GIS integration background section, several authors actually developed a metamodel [13] or artefacts that can be considered metamodels but they are not clearly proposed with this term by the authors [15,42]. The results of the first query results are summarised in Table 2.



Regarding the selected studies, [28] carried out a broader literature review, extending to the whole MDSE in the construction industry (according to [43] this was intended as a synonym of MDE). In their literature review, Götz et al. proposed a taxonomy of the current state of the art, and from this one the authors stated that 18 out of 97 papers directly referred to technologies from MDSE, with UML as the most common one (11). Moreover, papers were also classified on the basis of the metalevel at which they were working, [28] observed that 46 papers were dealing with the M2 metalevel, which is within the scope of this article. Authors also illustrated how they considered the IFC in the four-level hierarchy of the MOF. The EXPRESS data modelling language is at the M3 metal level, and it describes the grammar used for the model product data at M2. The M1 model is given by the instances of these entities, while the M0 level is a runtime object. This structure is also found in the work conducted by [44], which adopted the MDA approach for integrating BIM into FM systems. The authors of [44] also stated that MDA, despite being utilised in such industries as health care and management, was rarely applied in the construction industry. The authors of [45] presented a different structure of the metalevel hierarchy, in which an M3 meta-meta-model was used not for EXPRESS specification but for describing basic components of buildings. The author of [40] proposed a structure of UML profiles for integration of BIM, GIS and an ITS (intelligent transport system), with the aim of establishing a harmonised approach for the use of MDA and UML. Abualdenien and Borrmann ([46,47]) adopted MDA principles to develop a multi-LOD metamodel, which is used in several applications: vagueness visualisation, LEAC (life cycle energy assessment), structural design evaluation and a formalised communication protocol. These papers refer to the same case study, namely the Ferdinand Tausendpfund GmbH & Co. office building (Regensburg, Germany). Perisic et al. [48], although they do not develop a metamodel they expose foundation concepts for a common ontology to support the synergy of architectural design, urban planning and construction engineering. Instead, [49] performed a model transformation, from a source model in SimModel to a target model in Modelica Library.
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Table 2. Articles found for the BIM and metamodel query.
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	Number
	Reference
	Focus of The Paper
	AECO/FM Scope
	Highlights





	1
	[50]
	Metamodel for SATBIM framework
	Mechanised tunnelling
	ANN trained metamodel for real-time design assessment in mechanised tunnelling. The data exchange workflow is automated and established between a multilevel information model and the FE framework KRATTOS as a simulation engine.



	2
	[40]
	UML profiles for modelling of geospatial information in GIS, ITS and BIM
	Transport systems
	MDA approaches to develop a structure of formalised UML profiles. BIM, GIS and ITS profiles are all rooted to the Core Geospatial Profile (GCP) based on ISO 19103 and ISO 19109



	3
	[46]
	Multi-LOD metamodel
	Vagueness visualisation in building models
	Uncertainties about information during building design is addressed with the adoption of a multi-LOD metamodel which assigns a “vagueness definition” to each individual property (such as material, thickness, position)



	4
	[51]
	Multi-LOD metamodel
	Management and evaluation of buildings in early design stages
	The Multi-LOD metamodel gives explicit description of LOD requirements for each building component type, along with the assigned possible uncertainties (which can be numerical or categorical). The model evaluation focused on structural and LEAC design.



	5
	[28]
	MDSE taxonomy for construction engineering
	Review
	An overview on the current state of the art, in the form of a taxonomy of MDSE techniques for construction engineering,



	6
	[44]
	Customised BIM services and plug-ins
	Facility management
	Development of a semi-automated FM system factory, named EncapsulatingBIM4FM, in order to achieve software interoperability with the possibility of each component to evolve independently



	7
	[47]
	Multi-LOD metamodel
	
	Previous work of n. 3 and 4



	8
	[52]
	Multi-LOD metamodel
	
	Previous work of n. 3 and 4



	9
	[53]
	Multi-LOD metamodel
	
	Previous work of n. 3 and 4



	10
	[54]
	Multi-LOD metamodel
	BIM-based Communication protocol
	The multi-LOD metamodel is adopted to formalise LOD requirements, allowing to establish a minimised communication protocol. The communication benefit of the metamodel to define exchange requirements, with the aim to ease and improve collaboration in early phases of design.



	11
	[55]
	Multi-LOD metamodel
	
	Previous work of n. 3 and 4



	12
	[48]
	SOA for civil engineering cooperation
	MDSE approach for a Service oriented architecture (SOA) based on a common ontology
	Foundation of a common domain ontology for data repository design



	13
	[49]
	Building Energy Performance simulation
	Model transformation
	Development of a model transformation system to link BIM with Modelica libraries to support Building Energy Performance Simulations (BEPS)









4.2. BIM, GIS and Ontologies


Ontologies can be adopted in any field of the AECO/FM sector, providing a semantic BIM/GIS integration which uplifts data on a new interoperability dimension. Widely adopted in the general AECO/FM sector, ontologies are one of the promising paths for consistent integration of BIM/GIS-based systems [18]. The results of the SLR for BIM, GIS and ontologies are summarised in Table 3. As can be seen, a particular field of the AECO/FM sector cannot be defined. The papers found addressed several disconnected topics, such as cultural heritage, transport systems, sustainability, safety, etc. Instead, on the applied approach, trends can be defined. The main one is the storing of BIM, GIS and other sources in the RDF/OWL format, which allows the conversion of data into machine-readable knowledge. This knowledge can store RDF triplestores, which can be queried by SPARQL endpoints [56] or, if stored in a graphic database, by NoSQL language [57,58]. The implementation of the conversion of IFC and GIS data to RDF/OWL requires dedicated tools, such as RDFlib and ifcOpenShell ([59,60]). Once the BIM and GIS data are converted into ontologies, namely RDF graphs, graph matching for ontologies algorithms are applied to compare the two semantic structures and quantify the degree of similarity between them [16].



McGlinn et al. [56] generated the OSi ontology for publishing authoritative geospatial data in Ireland, starting from the analysis of an existing data set, in order to assess the appropriate mapping and possibility of adopting other available ontologies. In fact, one of the strong points of ontologies is that they can be joined to extend the mapped domain and express other concepts. One unique paper [40] can be found in the metamodel and ontology query performed in this SLR. The work of Jetlund is focused on the study of UML profiles for harmonisation with the MDA approach in GIS, BIM and ITS (intelligent transport system). UML profiles are specifications of the UML language and they belong to the M2 metamodel level. Mirarchi et al. [62] points out that although semantic web technologies are an emerging trend in the AECO/FM sector, even if some notable works have been carried out ([82,83]), they are still not considered to be standard methods for information exchange in the sector. Therefore, in the BIM4EEB project, [62] proposed a standardisation and harmonisation for ontologies in the AECO industry.



Usmani et al. [60] proposed a python-based solution prototype, named OGGD (ontology generation for geospatial data), for the automatic transformation of XSD schemas to OWL models for BIM and GIS (with ifcXML and CityGML files). The authors of [63], instead, developed the UDSA (urban district ontology assessment) from a reconciliation work of 61 frameworks and ontologies reviewed, with the aim of highlighting the lack of consensus and the absence of a high-level conceptual ontology in this domain. The authors of [84] adopted a linked data approach to map explicit semantic links common to GIS and BIM concepts. Linked data allows humans and also machines to read and relate data ([85]. Correlated to linked data is the concept of the semantic web, which is an effort to turn the Web into the Web of Data, where information is stored in RDF and OWL languages and can be processed by inference rules and queried by appropriate query languages such as SPARQL [86]. Malinverni et al. [57] adopted a NoSQL graph database, where models from sources such as 3D GIS (in CityGML or IndoorGML) or BIM can be stored and each model can be connected thanks to the ontological relationship developed in a semantic web environment. It is worth noting that these graph databases (ArangoDB was adopted in this study) do not support CityGML and IndoorGML, so a GeoJSON conversion was needed. Graphic databases and ontological models were also investigated for intelligent and real-time applications, such as intelligent urban mobility web application [58]. Ontologies can also provide support for Historic-BIM (HBIM), which frequently lacks properly defined elements in the data model of regular BIM. Regarding this, several studies ([61,65,77]) investigated the adoption of BIM for built cultural heritage and the role of ontologies as multipurpose tools. In fact, ontologies for BIM-based built heritage applications allow us to query and model knowledge for this domain.



Application of ontologies, linked data or semantic web technologies in a BIM/GIS domain are also investigated in the infrastructure domain, for instance, for optimisation purposes in the design phase [66] or to support the life-cycle data of the asset [67]. Uplifting data, converting them from a data format to RDF and OWL, allows BIM and GIS information to be queried using SPARQL language, and to link them with other domains such as IoT sensors or smart appliances [87], or to develop a unified RDF graph, such as the integrated geospatial information model (IGIM) [16]. Among the previous literature reviews, Liu et al. [18] pointed out semantic web technologies as a promising integration solution. The authors of [72] carried out an extensive literature review of semantic web technologies over the whole AEC industry and the results were in accordance with the previous review about the effectiveness of this approach. For the BIM/GIS integration, Deng et al. [74] define their ontology as a “reference ontology”, since it deals with knowledge from multiple domains and acts as a medium to facilitate interoperability. This reference ontology is called “Semantic City Model” and, with an instance-based method, it defines five levels of detail (LOD) in a mediation between CityGML’s and IFC’s LOD.



A common workflow which can convert BIM and GIS files in RDF store, is the adoption of ETL (extract, transform and load) tools such as FME software. Bai et al. [88] adopted FME to convert data in RDF triples and then to TFL for energy modelling with UMI software. This workflow was also found in BIM/GIS integration pre-studies of this paper for the conversion of IFC to CityGML files. Still on energy performance, O’Donovan et al. [68] converted ifcOWL files into GeoSPARQL, a standard for representation and querying of geospatially linked data. The resulting output can be ifcOWL or BOT files. These files extract a 2D footprint from 3D ifc files and can be aligned with other data sets in GIS representing the same building, allowing the interlinking of different datasets related to it. Ontologies were also adopted, along with BIM and GIS for indoor routing [59] and walkability routes [75]. Karan et al. conducted several studies on the BIM/GIS integration with semantic web technology [76], with the employment of ontologies in preconstruction operations [79] and facility management supply chain [21]. Compared to the metamodelling technique, ontologies, along with a linked data approach and semantic web, aim to prefer data linking rather than data merging and transformation. In the case of a BIM and GIS integration approach, this is a clear advantage, as stated by several authors ([70,74]), due to the nature of the two data models (IFC and CityGML), which cannot be comprehensively mapped in a unique standard without data loss.





5. Discussion


5.1. Lack of a Bridge between AEC and MDE Communities


Regarding the first research question, the state of the art of BIM/GIS ontologies and BIM/GIS metamodels show two different scenarios. While BIM/GIS ontologies have already been investigated for several AECO/FM applications, on the other hand, from the state of art review of BIM, GIS and MDA/MDE (thus metamodel), it emerged that the topic has scarcely been investigated or addressed. This gap found in literature could be exploited as a future work direction, since it can be related to the widespread effort of organisations such as buildingSMART, regarding data interoperability and harmonisation. Addressing the issue of BIM/GIS integration at the metamodel level can provide a high level of abstraction strategy that at the model level cannot be evaluated. The work of Jetlund et al. [40] is a recent effort in this direction. From the literature analysis it was found that the assignment of the abstraction level of a model can be ambiguous, with different authors referring to the same conceptual construct both as a model or metamodel. In fact, Götz et al. [28] carried out research in which they assessed and classified AECO/FM-related articles dealing with MDE techniques, highlighting how several proposals made by the AECO/FM community could have been implemented and misconceptions about modelling could have been avoided.



Regarding articles found in the BIM/GIS integration topic and related literature review [12,25], it can be seen that the topic is mainly addressed by members of the AEC/FM community, and there is a slight lack of awareness about MDE-modelling tools. However, the BIM/GIS integration topic actually adopts MDE approaches, such as model conversions, transformation, mapping and extensions. Moreover, with the incoming replacement of the IFC EXPRESS data model with the IFC UML [89], a convergence between AECO/FM and software engineering members could be strengthened. Adoption of UML for both BIM and GIS, along with most national and international standards, can ease metamodel approaches. Since standardisation is a main issue found in the BIM/GIS integration, it is important to understand what the added value is of metamodels, compared to models. For instance, the multi-LOD metamodel [47] was developed to provide a means for defining a project-specific data model, incorporating formal LOD definitions for component types. The metamodel itself can be used, transformed and adapted subsequently, constituting a reference point for underlying models. Otherwise, the risk is to provide still effective data models which could result in being isolated and hard to formalize or standardize. A stronger link between MDE and AECO/FM communities is also needed to clarify terminological ambiguities which can lead to misconceptions. For example, in the first part of the literature review, the term “model driven” referred to MDA and MDE concepts, but also to the concept of an application driven by the 3D model developed with BIM tools. This issue extends to the broader topic of the BIM/GIS integration, in which Beck et al. [12] noted a lack of expert knowledge as being one of the challenges that need to be addressed. In fact, the vast knowledge required from both AECO/FM and IT domains is rarely possessed by individual developers and this lack of awareness leads to insufficient solutions and intensive training.



In addition to the intrinsic complexity of the matter, the terminological ambiguity contributes to hindering a mutual and smooth learning of concepts. For example, [19] unified building model (UBM) is referred to as a metamodel but [12] addressed it as a shared model, in order to differentiate it from the metalevel M2, known as “metamodel” according to MOF specifications. This observation is fundamental to not confuse the schema and instance integration approach, which are at the lower metalevel M1 and M0 of the MDA hierarchy. The metamodel approach is referred as the “unification approach”, according to the ISO 11354 classification. The authors of [90], in their analytic review of previous BIM/GIS integration approaches, classified the works done by [74] and [81] as a “unification approach”, therefore implying the adoption of metamodels.



However, the first query performed in this paper could not manage to retrieve these articles by means of “metamodel”, “MDA” or “MDE” keywords, and they were found from previous, more general, literature investigations on the broad BIM/GIS integration topic. This shows how the matter can be easily misunderstood or missed, especially when investigated by users from the AECO/FM community who may not possess advanced IT knowledge. Therefore, the current state of the art about BIM-based metamodels is a relatively unexplored topic and suffers from a lack in the literature. Compared to previous literature works, this study proposes a novel overview and approach for the BIM/GIS integration, relying on the potential of the joint use and synergies between metamodels and ontologies, as discussed in the next section.




5.2. Metamodels and Ontology Synergies for Digital Systems


In the AECO/FM sector, BIM and GIS integration empowers data management and analysis capabilities, due to highly detailed and geo-located models of the assets. Acquiring, collecting and representing heterogeneous information in an interconnected environment allows the observation of elements of the assets as a collaborative and symbiotic ecosystem, allowing the construction of a new knowledge base, capable of supporting complex decision-making processes. As shown by the literature review, a digital system based on ontologies and metamodels was not found, and this answers the second research question. The definition of a BIM/GIS integrated metamodel, powered by metamodels and ontology synergies, can be used as a common environment of representation for complex infrastructure applications. A metamodel can be sided by a common ontology, enabling a transformation of information from heterogeneous sources into uniformly represented homogeneous elements. This approach allows us to achieve the following objectives:




	
Seamless data integration between BIM and GIS with minimised data loss;



	
Definition of methodologies for the creation and joint adoption of ontologies and metamodels for BIM/GIS integration;



	
Definition of a conceptual framework to enable artificial intelligence (AI) and machine learning applications.








The creation of reference ontologies allows the harmonization of data coming from different sources, to define standards, vocabularies and the problem domain. Upon this common ground, the BIM/GIS metamodel can define the solution domain and, therefore, the functionality of the system that needs to be developed. A simple conceptual overview is shown in Figure 2.



Ontologies allow SPARQL queries because of the storage of BIM and GIS models in semantic web data formats, but they still operate in the problem domain. They give a representation of the problem, defining its classes and relationships, but to allow integration with operative applications, by means of AI and machine learning, there is a need to reach the solution domain. This is the purpose of metamodels: to define how a system operates and identify its applications. Ontologies serve as a common ground which can be modularised and queried, in order to develop clusters of knowledge bases that are understandable by every component of the integrated system while its applications can be instantiated from the metamodel, acting as a design compass for software adaptation and re-usability. These aspects need to be taken into account since each component of the system has its own standards and formats. Moreover, constant updates and changes need to be managed in order to avoid obsolescence and costly refactoring of the whole system every time. It is also worth noting that from the review, no relevant trend about a specific AECO/FM scope was found, besides the four occurrences of “sustainability” in Table 3. However, this scope, along with “Cultural Heritage” is expected to be predominant in the future. This consideration is inferred by the fact that they are both heavily semantic-based domains upon which a shared conceptualisation by means of ontologies and metamodels can be strategic to develop an effective knowledge base.




5.3. Implications of a BIM/GIS Integration Based upon Metamodels and Ontologies


To better understand the value and contribution of this paper, a comparison of the main activities which metamodels and ontologies can affect is described here. Companies involved in the AECO/FM industry or municipalities need to extract the highest value from data, processing and turning them into information, knowledge and wisdom. The sharing of information is crucial, along with the capability to integrate existing BIM and GIS data models with other sources (e.g., IoT sensors on buildings and infrastructures). From this perspective, a metamodel (e.g., in UML) integrating BIM- and GIS-data models allows a formalised and stored structure for software development of the company or agency to be defined, improving the re-using of software and potential expansions and contributions to new standards. At the same time, shifting BIM and GIS data to RDF or OWL allows them to be put on the same level for queries and knowledge extraction.



The adoption of this approach, involving metamodels and ontologies, can provide benefits to several users. For instance, the Research and Development division of a company can adopt metamodels to better understand how to develop software and data models linked to already existing BIM and GIS software. Ontology can be adopted to provide data in a machine-readable and interpretable way, which other stakeholders can receive and employ for their tasks (e.g., an energy expert who requires data from scenario simulations for building renovation.). Metamodels and ontologies address the domain of the discourse, from two different perspectives (i.e., solution and problem domain), and in particular, ontologies may constitute a knowledge base compliant with the specified formalisation defined in the metamodel. An overview of the comparison of the main activities, with and without the employment of BIM/GIS metamodels, and ontologies is provided in Table 4.



The perspective of a BIM/GIS integration based upon metamodels and ontologies has implications for both the academic and professional context. In fact, from the review, ontologies and metamodels are discussed separately, but for a topic in which standardisation of data is a key concept, it may be an interesting topic to investigate in future studies. An assessment of the level of knowledge about IT and knowledge management concepts (and therefore metamodels and ontology) in the AECO/FM sector may provide a starting point to address the matter. In the professional context, the issue is relevant because companies and agencies commonly deal with unharmonised and heterogenous data. Their knowledge bases need to satisfy both business needs and external standards, and the introduction of a metamodel could provide a horizontal continuum between past and future data models and a vertical continuum between international, national and company standards.





6. Conclusions


From this literature review, the lack of BIM-GIS metamodels is highlighted and therefore also its joint adoption with ontologies. It can be deduced that the main cause is the complexity of the matter, which involves highly specialised skills from civil, knowledge, and ICT engineering. It is also worth noting that in literature, there are some inconsistencies about what is a metamodel for the authors, leading to increasing confusion about the matter. Moreover, the BIM-GIS integration was required to overcome two intertwined challenges: solve the geometric level and the semantic one. While the first can be considered to be solved, the semantic level is still an open topic because several solutions were one-directional (mainly from BIM to GIS) or restricted to a specific application without the possibility of generalisation. The most effective BIM/GIS integration solution heavily relies on the adoption of several commercial softwares. Among the approaches for BIM/GIS integration, the adoption of linked data and ontologies were mainly investigated, because they allow effective integration without the development of a massively embracing data model. Ontologies allow us to perform SPARQL queries and they can be easily linked to each other. In this work, future research about the joint adoption of metamodels and ontologies for BIM/GIS applications is suggested because of their synergies and potential, addressing a gap in the literature. The described results may impact several phases of the construction life cycle, mainly the operation, maintenance and management ones. In fact, the formal definition of a system by means of the metamodel and its relationship with dedicated ontologies allows semantic interoperability to be performed and, thus, formal exchange of data and requirements between the involved stakeholders. In this way, BIM and GIS can provide data and models in a system related to the life cycle of built assets.



A limitation of this SLR is that only the Scopus database was investigated for the retrieval of articles. Moreover, the time period could be extended, although the chosen period was considered adequate by the authors, for the retrieval of the latest and most-relevant results. The keywords for the metamodel topic were chosen to precisely address metamodels as intended by the MOF specification of the OMG. A suggestion for future works and research is to investigate the synergic adoption of ontologies and metamodels for BIM/GIS applications, since they can be considered as complementary elements. The joint synergies given by common ontologies upon which a metamodel is built are an unexplored matter in the literature. This study wants to contribute to the body of knowledge providing insights and recommendations from different perspectives. First, it wants to raise awareness about the MDA/MDE approaches for upcoming BIM/GIS-integration approaches, highlighting the link with ontologies, which are more investigated in the literature and share several analogies and potential with metamodels. Moreover, it points to the difficulties of the AECO/FM sector to become familiar with IT- and knowledge-engineering concepts. BIM introduces a brand new paradigm in the sector and it is crucial to understand its structure and standards, both in the academic and the professional context. Lately, it provides an overview about the state of the art in the literature and addresses the gap of the joint adoption of metamodels and ontologies. Their synergies have the potential to be applied to BIM/GIS digital systems for asset representation and management with a high degree of integration with other existing softwares and technologies, such as sensors and machine learning solutions. This kind of system can provide innovative features supported by both human and machine-readable data, with the aim to overcome challenges related to the management of complex assets such as infrastructures, buildings and cities.
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Figure 1. Research methodology for the SLR. 






Figure 1. Research methodology for the SLR.



[image: Sustainability 14 00766 g001]







[image: Sustainability 14 00766 g002 550] 





Figure 2. BIM/GIS digital system for asset representation and management. 
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Table 1. Keywords used in the research.
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First query:

	
BIM, GIS, meta-model, model-driven, MDA, MDE.




	
Second query:

	
BIM, GIS, ontolog*, semantic web, linked data.
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Table 3. SLR results for the BIM, GIS and ontology query.
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	Number
	Reference
	Focus of The Paper
	AECO/FM Scope
	Highlights





	1
	[56]
	Data interoperability and Ontology Development
	General
	Development of the OSi ontology to interlink building data with the geospatial data set Prime2 of the Ordnance Survey Ireland agency. The approach involves the adoption of the R2RML mapping, which converts relational databases in RDF triples.



	2
	[61]
	Review
	Cultural Heritage
	Review for H-BIM, ontologies are considered traditional ways for dealing with built heritage and can be adopted for BIM query and integration with GIS



	3
	[40]
	Data interoperability
	Transport systems
	Integration of information models based on MDA and UML profiles, to improve interoperability between BIM, GIS and intelligent transport systems (ITS)



	4
	[60]
	Ontology development
	N/A
	Proposal of a method for automatic ontology generation (OGGD) from XSD documents by means of transformation patterns.



	5
	[62]
	Data interoperability
	Sustainability
	Proposal of a perspective for standardisation of ontologies for AECO industries. Investigation in the field of building renovation.



	6
	[63]
	Ontology development
	Sustainability
	Development of a high-level ontology for urban district sustainability (UDSA).



	7
	[64]
	Data interoperability
	N/A
	Presentation of mappings of explicit semantic links between GIS and BIM concepts, taken from the respective ISO 191XX and ISO 16739:2018 standards.



	8
	[57]
	Data interoperability
	Urban Area
	Integration of CityGML and IndoorGML models and conversion to JSON format for storage in graphic database in a semantic web environment.



	9
	[59]
	Data interoperability
	Indoor routing
	Integration of BIM and GIS for indoor routing by means of integrated ontology model. The process adopted the IFCOpenShell and RDFLib libraries to generate the RDF/OWL entities



	10
	[65]
	Ontology Development
	Built Heritage
	Proposal of a model for built cultural heritage data by use of semantic web technologies and standards.



	11
	[66]
	Data interoperability and Ontology Development
	Infrastructure
	BIM and GIS integrated environment for highway alignment, semantic web technologies were adopted in a BIM/GIS interface



	12
	[67]
	Data interoperability
	Asset Management
	Adoption of linked data approach for the connection of BIM/GIS standards with European road object type library (OTL).



	13
	[68]
	Data interoperability
	N/A
	Proposal of a method for conversion of IC geometries in ifcOWL with additional GeoSPARQL, allowing the overlay of IFC model with its GIS correspondent and vice versa.



	14
	[58]
	Data interoperability
	Urban Mobility
	BIM/GIS integration in an RDF graph database. The process adopted RDFlib and IFC to RDF Apache API, and the GMO algorithm for graphic ontology matching.



	15
	[69]
	Data interoperability
	N/A
	Translation of GIS data into RDF for interlinking of building data.



	16
	[18]
	Review
	General
	Review of BIM/GIS integration. Semantic web technologies are pointed out as promising solutions when compared to others.



	17
	[70]
	Data interoperability and Ontology Development
	Infrastructure (tunnel)
	Generation of an OWL ontology similar to the ifcOWL, but with the addition of tunnel and infrastructure elements. The EXPRESS schema is parsed by Bison and converted to an intermediate representation called metamodel.



	18
	[71]
	Data interoperability
	Asset Management
	A hybrid linked data approach involving BIM, GIS for asset management.



	19
	[72]
	Review
	General
	Investigation about the state of the art of semantic web technologies in AEC industry.



	20
	[73]
	Data interoperability
	Sustainability
	Urban energy modeling by semantic integration of BIM and GIS, by means of ETL tool FME to convert data in RDF triples and then TLF (Template Library File) on energy modelling software UMI.



	21
	[74]
	Schema mapping
	N/A
	Development of reference ontology (semantic city model) for BIM/GIS mapping by means of instance-based method.



	22
	[75]
	Ontology Development
	Safety
	Ontology for walkability in safe routes to school (SRTS) based on GIS and IFC adapted files.



	23
	[16]
	Data interoperability
	Safety
	Development of an integrated geospatial information model (IGIM) by means of GMO for matching BIM and GIS ontologies. The solution was applied to evacuation planning.



	24
	[76]
	Data interoperability and Ontology Development
	N/A
	Highlighting semantic web technologies as key enablers for BIM-GIS integration, by means of ontology construction from IFC schema.



	25
	[77]
	Ontology development
	Cultural Heritage
	INCEPTION project for the development of an H-BIM ontology for cultural heritage objects.



	26
	[78]
	Data interoperability
	Sustainability
	Definition of the district data model (DDM) for integration of BIM, GIS and energy simulation tools. The DDM was part of the OptEEmAAL project and involves RDF conversion of IFC and CityGML file.



	27
	[79]
	Data interoperability
	General
	Integration of BIM and GIS on the semantic level rather than syntactic (current practice). Case study in pre-construction applications.



	28
	[80]
	Review and Data interoperability
	Earthwork
	Technical review of BIM and GIS and proposal of semantic web approach by means of RDF format.



	29
	[81]
	Data interoperability and Ontology Development
	Urban Area
	Creation of the urban information model (UIM), in which information regarding urban context is modelled in an ontology.



	30
	[21]
	Ontology Development
	Facility management
	Facility management ontology for supply chains integrated with BIM and GIS data. BIM provided detailed building and asset data.
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Table 4. Comparison of main activity differences between a with and without BIM/GIS metamodel and ontology scenario.
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	Activity
	without BIM/GIS Metamodel and Ontology
	with BIM/GIS Metamodel and Ontology





	Code generation
	Hindered potential in formalising, re-using and integrating code-generation activities.
	Metamodels provide a formal set of concepts and relationships to which BIM and GIS data models conform.



	Information processing
	The majority of information needs to be interpreted by human agents.
	Software agents can interpret information and make inferences, thanks to ontologies.



	Knowledge management and extraction
	Knowledge is spread about data models, documentation and other resources managed in databases or data lakes.
	A formal knowledge base is defined and can be linked or integrated with other ontologies, thanks to a common language.



	Query potential
	BIM and GIS stay as separate systems or integrated, human-readable information systems only.
	Machine can understand the whole knowledge base provided by BIM and GIS and queries can be performed employing data from the two domains.



	Integration of other data models
	Complex and without a high-level construct for shared compliance (i.e., metamodel).
	New concepts and relationships can be formally linked and are easier to conform.



	Complex solution development
	Hard to design and to implement.
	Metamodels provide the high-level structure and ontologies can allow communication bridges between data (e.g., sensors data linked to BIM models).



	Standardisation
	Difficult to contribute to the standardisation of new data models
	Since metamodels and ontologies heavily rely upon shared consensus, their development may lay the foundations for new standards.
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