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Abstract 

In the architecture, engineering and construction industry, building information modeling (BIM) has emerged as 
a viable means to support information exchange and interoperability through open standards. As a technical 
basis, the Industry Foundation Classes (IFC), an open, platform-independent ISO standard, are commonly used 
as a collaboration format for building information modeling. With recent advances in BIM technologies, 
substantial research efforts have been devoted to the development of formal IFC-based query languages 
supporting the retrieval of building information (such as parametric information, structural information, or 
management information). However, existing approaches towards IFC-based BIM query languages are usually 
based on model structures requiring predefined queries or schema-based filters, which imply a profound 
knowledge about the IFC object model. This paper presents a generic approach towards information retrieval 
using the IFC object model based on graph theory. Specifically, the internal relations of the IFC object model are 
used to generate directed graphs that serve as semantic data pools facilitating generic queries. Using a prototype 
software framework, the results of several queries are checked for their correctness, proving the proposed 
approach. Without requiring a high level of user-side knowledge about the IFC model on the user side, the 
proposed approach may serve as a basis to BIM query languages becoming more user-friendly and efficient, as 
compared to existing solutions. 
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1. INTRODUCTION 

Building information models include a vast amount of information and serve as a technical basis for the 
participants in the building information modeling (BIM) process, such as specialized engineers, decision makers, 
or operators. The information is used throughout the whole life cycle of a building, from building design 
(Eastman et al., 2011) to maintenance and monitoring (Smarsly and Tauscher, 2015, 2016). In the past several 
years, different programming tools have been introduced (Tauscher et al., 2015a), supporting, e.g., structural 
simulation (Kirschke and Smarsly, 2014) or automated generation of construction schedules (Tauscher et al., 
2014). For interoperability, building information must be accessible in an open and standardized way, which can 
be ensured by the Industry Foundation Classes (IFC). The IFC, standardized in ISO 16739:2013, provide a 
semantic object-oriented model as an open standard to store and exchange building information. The IFC object 
model schema is formally defined based on the EXPRESS language (ISO 10303-11:2014). Corresponding to the 
IFC object model schema, IFC object model schema instances are provided as STEP files (ISO 10303-21:2002). 
Alternatively, the IFC object model schema as well as instances of the IFC object model schema can be 
expressed using the Extensible Markup Language (XML) according to (ISO 10303-28:2007). However, it is not 
a straightforward, user-friendly process to retrieve information from an IFC object model. To give an example, it 
is assumed that all wall objects are to be retrieved that are located in the third floor and made of plasterboard. 
Even this apparently simple query, which represents a common question in construction scheduling, is difficult 
to realize using currently available tools and methods that operate directly on the IFC object model. The main 
reason is the nature of the underlying IFC object model itself, which impedes a systematic extraction of 
information, since a deep understanding of the IFC object model is required. Motivated by the necessity of 
providing tools for the efficient extraction of information, several approaches towards semantic queries for the 
IFC object model have been developed.  

An early approach towards BIM query languages, which has however not been specifically developed for 
querying the IFC object model, is the EXPRESS-X language (Bailey et al., 1996). This approach can be 
classified as schema-driven, i.e. entities of an EXPRESS schema are mapped to entities of another EXPRESS 
schema or to other applications. Although the EXPRESS-X language does not provide query-like functionality, 
it can be used to filter information and to create partial models from a given IFC object model. Partial models are 



subsets of IFC objects contained in an IFC object model. To utilize EXPRESS-X, a mapping schema must be 
implemented, which requires certain programming knowledge. Furthermore, the mapping schema is hard-coded 
and therefore not flexible. 

Another approach towards IFC-based BIM query languages, which has not specifically been developed for the 
IFC object model either, is the Express Query Language (EQL) (Koonce et al., 1998). EQL is a generic SQL-like 
language that allows performing queries on data available in STEP format. As the IFC have been developed 
based on STEP and EXPRESS, EQL is applicable to the IFC object model. EQL supports selecting, inserting, 
updating and deleting objects within the queried model as well as accessing object attributes. A SELECT query, 
for example, consists of three clauses – SELECT, FROM, and WHERE. The SELECT clause defines the list of 
objects and attributes to be returned, the FROM clause defines the exact search path within the model, and the 
WHERE clause defines Boolean conditions that specify the criteria for selecting objects. The level of knowledge 
a user must possess to efficiently handle EQL queries can be compared to the level of knowledge needed when 
working with relational database systems.  

The Partial Model Query Language (PMQL), proposed by Adachi (2002), has specifically been developed for 
querying the IFC object model. PMQL provides an XML-based language that is used for accessing an IFC 
model server to create partial models from an IFC object model. It also provides functionality needed for typical 
client-server communication, such as selecting, updating, and deleting IFC objects. However, creating IFC 
objects is not supported in PMQL. PMQL expressions are cascadable, thus allowing recursive expressions, 
which reduces the complexity of queries. However, writing PMQL queries, based on XML, is not user-friendly 
and requires additional software tools if queries become more complex. 

Another schema-driven approach, the Generalized Model Subset Definition (GMSD), also supports creating 
partial models (Weise et al., 2003). GMSD is EXPRESS-based, and it offers the use of different filters, which 
must be predefined, for selecting objects. The GMSD concept is similar to the buildingSMART Model View 
Definition (MVD) standard that defines also partial models but, unlike the GMSD, it uses XML rather than 
EXPRESS. Both, GMSD and MVD, require predefinitions and a deep understanding of the IFC object model schema. 

BimQL is one of the most recent, ongoing research efforts (Mazairac and Beetz, 2013), aiming to support 
selecting, updating, and deleting IFC objects. BimQL is a domain-specific language that has been designed and 
implemented to be used within the open source model server platform BiMserver (BimServer, 2015). Not yet 
fully defined, BimQL provides a grammar in Backus-Naur form that supports selecting and updating IFC 
objects. Influenced by PMQL, BimQL also supports cascading in order to enable recursive expressions. 
Compared to the previously mentioned approaches towards IFC-based BIM query languages, BimQL is 
syntactically well-designed and clearly readable. However, BimQL also requires a high level of knowledge 
about the IFC object model schema and about the IFC-specific data mapping mechanisms. The authors introduce 
so called shortcuts to simplify queries, but if a specific shortcut is not predefined by BimQL, the language 
grammar, the language parser as well as its logic must be extended. 

Daum and Borrmann (2015) have introduced QL4BIM, a BIM query language applicable to the IFC object 
model. QL4BIM is domain-specific language addressing engineers with limited programming experience. 
QL4BIM allows querying spatial building information based on geometric interpretations. For example, a spatial 
operator “Touch” is defined that checks if geometric objects are touching each other. QL4BIM, introducing two 
language notations, also offers a formal and general method for retrieving building information: The first 
notation, tQL4BIM, facilitates textual queries based on a simple grammar. The tQL4BIM notation is 
straightforward and defines only a few formal patterns, such as “TypeFilter” (to filter objects based on their 
types) or “AttributeFilter” (to filter objects based on a specific attribute value). More complex queries are 
supported by successively binding statements. The second notation, vQL4BIM, is a visual notation of the 
language. As a visual programming language, vQL4BIM is more suitable for users with limited programming 
experience, but it requires considerable knowledge about the IFC object model schema on the user side. 

In summary, all approaches described above require expert knowledge in one or more of the following areas: 
IFC object model schema, programming languages, or object oriented modeling. In any case, BIM queries must 
be defined in accordance with the underlying IFC object model schema. Although a set of predefined queries 
reduces the required knowledge level of the user, this approach may fail if the respective query (or domain-
specific operators) and filters have not been predefined. This paper presents a generic approach towards BIM 
queries that operate directly on top of the IFC object model. This research builds upon a previous study 
conducted by Tauscher et al. (2015b), representing a first step towards the development of a user-friendly BIM 
query language, based on graph theory. The paper is organized as follows. First, the basic concept of the 
proposed BIM query approach is presented. Then, a software framework is introduced that implements the 
proposed concept. Based on the software framework, the validation of the generic BIM query approach is shown, 
followed by a concise summary and concluding remarks. 



2. A GENERIC, GRAPH-BASED BIM QUERY APPROACH 

This section first elucidates the difficulties that emerge when retrieving building information from the IFC object 
model. Thereupon, the generic, graph-based BIM query approach is presented. 

2.2 Problem statement 

Figure 1 shows two simple examples on the relationships among objects in the IFC object model schema to 
represent and to retrieve building information. In the first example, all windows associated with a specific wall 
are to be retrieved; in the second example, all walls made of a specific material are to be retrieved. In Figure 1a, 
the relations between an IfcWall object and the corresponding IfcWindow objects are shown. As can be seen, if a 
query is defined to return all windows (or, more precisely, all IfCWindow objects) that are associated with the 
the wall, a certain degree of expert knowledge is required about how to navigate through the IFC object model, 
since navigation through the IFC object model is necessary to retrieve the information. In IFC, the wall of 
interest is specified by an identifier, the Globally Unique Identifier (GUID), which is an object attribute the IFC 
provides. Here, the GUID of the example wall object is defined as ”2jYJSbWib9pvYhkmU6CMY5”. Listing 1 
shows a corresponding query in tQL4BIM. 
 
 

1 model = getModel (“C: Institute.ifc”) 
2 allWalls = TypeFilter (model, “IfcWall”) 
3 wall = AttributeFilter (allWalls.GlobalId = “2jYJSbWib9pvYhkmU6CMY5”) 
4 r1[wall, window] = Touch (wall, windows) 

 
Listing 1. Example query in tQL4BIM to retrieve all windows that belong to a specific wall 

 
In the example query shown in Listing 1, the spatial operator “Touch” is used to simplify the query. The query 
assumes that the geometric representation of a window touches the geometric representation of the wall, in 
which the window is placed. Therefore, the “Touch” operator internally triggers a geometric analysis. The 
geometric analysis examines all geometric IfcWindow representations contained in the IFC object model against 
the geometric representation of the specified IfcWall object in order to make a decision whether the window 
touches the wall. If defining a query without the “Touch” operator, e.g. following the IFC concept of objectified 
relations, the query would include considerably more statements, because all object relations between the 
IfcWall object and the corresponding IfcWindow objects must be considered successively. However, the IFC 
concept of objectified relations is commonly used to handle relationships among objects within the IFC object 
model (buildingSMART, 2015). According to the IFC concept of objectified relations, the IfcWall object is not 
associated with IfcWindow objects directly; it is rather associated with the IfcWindow objects through 
objectified relations, in Figure 1 highlighted with yellow color. As can be seen from Figure 1, objectified 
relations, such as IfcRelFillsElement and IfcRelVoidsElement, serve as connecting links between a wall, its 
openings, and the windows placed in the openings. So called inverse attributes can be used to navigate directly to 
the connecting links, i.e. to the corresponding objectified relation. Clearly, when using inverse attributes, the 
attributes must first be retrieved by querying the IFC object model, because STEP data does not provide 
information on inverse attributes, and IFC-XML is supporting inverse attributes not at all. 
 

 
 

(a) Assignment of IfcWindow objects to an 
IfcWall object 

 

(b) Assignment of IfcMaterial objects to an 
IfcWall object 

Figure 1. Relationships among objects based on the IFC object model schema 



In the second example, illustrated in Figure 1b, the assignment of IfcMaterial objects to an IfcWall object is 
shown. All such walls are of interest, which are made of plasterboard. In other words, a query is to be defined 
that retrieves all IfcWall objects that entirely or partially consist of plasterboard. As compared to the first 
example, this query is more complex. Here, the spatial “Touch” operator used in example 1 cannot be applied to 
simplify the query, because IfcMaterial objects are usually not characterized by geometric representations. 
Furthermore, the IFC object model provides five valid options to link one or more materials to IfcWall objects, 
as can be seen from Figure 1b, and all options must be considered when defining the query. 

2.2 A generic, graph-based BIM query approach 

Although the examples shown above are relatively simple, it is obvious that, due to the complexity of IFC-based 
BIM queries, a relatively high level of user-side knowledge about the IFC object model is required to define 
appropriate queries. In this subsection, the generic, graph-based BIM query approach is introduced. One goal is 
to provide a method to simplify the definition of BIM queries, thus reducing the level of knowledge on the user 
side and increasing the user friendliness of BIM queries. 

The basic concept of the graph-based BIM query approach is to transform the IFC object model into a directed 
graph G(V, E), which is defined as set of vertices V and a set of edges E ⊆ V	 	V (ordered pairs of vertices). 
When transforming the IFC object model into a directed graph, the set of IFC objects o ∈ OIFC is mapped to 
vertices v ∈ V, and the relations between the objects are mapped to edges e ∈ E. Further, a graph-based query 
concept is introduced to determine the associations between objects automatically, using a shortest path 
algorithm. Recalling the second example of the problem statement (Figure 1b), it is assumed that the shortest 
paths between a specific IfcWall object and IfcMaterial objects determine the correct IfcMaterial objects to be 
retrieved. Generally, a path P can be expressed as an ordered list of vertices P = (v1, v2, v3, ..., vn) ∈ V from v1 to 
vn, the sequence of edges connecting the vertices v ∈ P pointing into the same direction. The length of a path n is 
given by the number of vertices v a path P consists of. Thus, the shortest path between two distinct vertices is 
defined as that path with the shortest length of all existing paths between the vertices. Determining the shortest 
path can be implemented using well-known graph algorithms. In this study, Dijkstra’s algorithm is adopted, 
which has been widely used in many engineering disciplines, e.g. in civil engineering (Wiggenbrock et al., 
2015). For further information on graph algebra, the interested reader is referred to Pahl and Damrath (2001). 

Figure 2, reflecting the first example of the problem statement, exemplarily illustrates the transformation of the 
IFC object model into a directed graph. When transforming the model into the graph, a distinction must be made 
between direct relations v ∈ V and the set of objectified relations RO, with rO	∈ OIFC | rO of type IfcRelation, 
stemming from the IFC concept mentioned earlier. Direct relations are stemming from object attributes that point 
directly to another object within the IFC object model. Thus, these attribute-object relations can be mapped to 
edges directly. By contrast, in addition to the edges in the directed graph that originate from the objectified 
relations RO, further edges must be defined to provide bidirectional path navigation within the directed graph. 
Bidirectional navigation is necessary to prevent the path search algorithm from stopping at those vertices, which 
originate from the objectified relations RO. The additional edges for bidirectional navigation, applied to the 
objectified relations, are inserted by reversely directed edges, as shown in Figure 2. 
 

 
 

Figure 2. Transformation of the IFC object model into a directed graph 
 



Furthermore, it must be considered that mapping the objectified relations into the directed graph could lead to 
incorrect results when traversing the graph using shortest path algorithms; Figure 3 illustrates the problem. 
Assuming the material is to be retrieved, which is attached to an IfcWall object labeled “wal#1”. As shown in 
Figure 3, the shortest path approach fails when calculating the shortest path between the IfcWall object wal#1 
and the IfcMaterial object of interest. The shortest path SP is determined as SP = (wal#1, relc#1, wal#2, relm#2, 
mat#3) with a path length of 5, but SP, although having the shortest path length, is not the correct path. The 
semantically correct path is P = (wal#1, relm#1, mlsu#1, matls#1, matl#1, mat#2), which, with a length of 6, is 
not the shortest path and would therefore not be considered as the correct result.  
 

 
 

Figure 3. Example of paths in the directed graph 
 

To further elucidate the concept of the proposed graph-based approach by means of example, the situation 
illustrated in Figure 3 is considered in more detail, revealing that the objectified relation IfcRelContainedInSp-
atialStructure, reflecting the spatial structure of the building, is the cause of the problem. To prevent semantically 
incorrect results, a set of new graph types is introduced, including a main graph GM, relation sub graphs GR, and 
model search graphs GS. 

 The main graph serves as the basis for the BIM queries. A main graph GM(VM, EM), with 
vM ∈ VM | vM ∈ {V ∖	RO} ∧ EM	∈ VM	  VM, consists of all such vertices vM that represent IFC objects 
(except objectified relations RO) and relations between the IFC objects eM ∈ EM. 

 Relation sub graphs are introduced to avoid incorrect query results. A relation sub graph GR consists of 
all such vertices vsub,i that are objectified relations, their direct successors vSub,j and the relations between 
vSub,i and vSub,j. Relation sub graphs are defined as GR{GSub,1(VSub,1, ESub,1)…GSub,n(VSub,n, ESub,n)} with vSub 
∈VSub and eSub(vSub,i, ySub,j) ∈ ESub | vSub,i ∈ RO ∧	vSub,j ∈ V ∧ ESub ∈ {VSub	  VSub}∪{eSub(vSub,j, ySub,i)}. 

 Model search graphs are proposed for the actual queries. A model search graph GS(VS, ES) = GM ∪ CS | CS ⊆ 
GR is an individual set union of the main graph GM and either all relation sub graphs or a sub set of the 
relation sub graphs. 

The current IFC object model schema, IFC 2x3, defines 44 object types that represent objectified relations, all of 
which derived from the abstract entity IfcRelationship and further derived from the general types IfcRelAssigns, 
IfcRelDecomposes, IfcRelAssociates, IfcRelDefines, or IfcRelConnects. Within the proposed graph-based 
approach, for each type of objectified relation, a relation sub graph GSub is generated. Each relation sub graph 
consists of vertices, representing the particular objectified relation objects and the IFC objects, that are directly 
referenced by the objectified relation’s attributes and their corresponding edges. For example, the relation sub 
graph GSub(IfcRelAssMat) in Figure 4, reflecting one of the relation sub graphs, is defined as GSub(IfcRelAssMat) = (VS, ES) 
with VS = (relm#1, wal#1, mlsu#1, relm#2, wal#2, mat#3) and ES  ((relm#1, wal#1), (wal#1, relm#1), (relm#1, 
mlsu#1), (mlsu#1, relm#1), (relm#2, wal#2), (wal#2, relm#2), (relm#2, mat#3), (mat#3, relm#2)). In addition, 
the directed graph main graph GM is generated, as previously defined, without considering IFC objects of type 
IfcRelationship. Finally, relation sub graphs are united individually with the main graph, as model search graph 
GS, corresponding to the queries to execute. 

Having generated the model search graph from the IFC object model, Dijkstra’s algorithm is applied to query the 
underlying IFC object model. In the first example, the shortest paths between the IfcWall object and IfcWindow 
objects are determined, identifying the windows contained in the wall. In the second example, the shortest paths 
between all IfcWall objects and IfcMaterial objects are determined and the attribute IfcMaterial.Name is 
compared to the value “plasterboard”, retrieving all IfcWall objects made of plasterboard. The examples 



demonstrate that all windows in a specific wall as well as all walls made of plasterboard are retrieved without a 
high level of knowledge about the IFC object model. Technically speaking, user-side knowledge on how to 
navigate through the IFC object model for formulating queries is not necessary. 
 

 
 

Figure 4. Concept of generating the model search graph using relation sub graphs and main graphs 
 

2.3 Validation 

To validate the proposed graph-based BIM query approach, a prototype software framework is implemented, 
based on the IFC TOOLS PROJECT software libraries provided by Apstex (IFC TOOLS PROJECT, 2015). For 
generating the model search graph and for applying the graph search algorithm, the JGraphT library is integrated 
into the software framework (JGraphT, 2015). The validation process is a two-stage process. First, a simple IFC 
object model is created and manually calibrated, i.e. the correct results to be retrieved by specific validation 
queries are known a priori. Second, a real-world IFC object model is deployed in order to check, if the results 
from the calibrated file are reproducible in a real-world scenario. The following validation queries are defined: 

1. “Which windows are contained in a specific wall?” 
2. “Which wall contains a specific window?” 
3. “Which walls are made of a specific material?” 
4. “Has a specific slab an opening?” 
5. “How many doors are located in a specific story?” 

In the first validation stage, the calibrated IFC object model represents a 2-story building with typical building 
elements, such as outer and inner walls, a variety of window types, a glass facade, a staircase, and an opening in 
the top-floor slab (Figure 5). Using the prototype software framework, a validation run, including different test 
runs, is automatically performed on the IFC file, which consists of 18,186 entities. The validation queries are 
applied to several model search graphs GS with different combinations of main graph GM and relation sub graphs 
GR. All possible combinations of the main Graph GM and relation sub graphs GR would lead to  
∑ 1.75 ∙ 10  test runs. Since the calculation time would be too long, the combinations are composed 
with respect to the particular sub graphs corresponding to the general types IfcRelAssigns, IfcRelDecomposes, 
IfcRelAssociates, IfcRelDefines, and IfcRelConnects. The 32 possible combinations are successively altered 
until any possible combination has been tested. If wrong results are obtained, the corresponding combination is 
investigated in more detail to determine disturbing relation sub graphs. 
 
 
#927= IFCWALL('2PYhXG47T0Vhu18jjT6br7',#41,'drywall',$,
'STD 15.0:3918',#627,#925,'375116'); 
#928= ICRELASSOCIATESMATERIAL 
('2JwJtUw15B6ukmSUwxGM0Y',#4,$,$,(#4293),#938); 
#930= IFCMATERIALLAYER(#940,0.02,$); 
#931= IFCMATERIALLAYER(#,0.2,$); 
... 
#938= IFCMATERIALLAYERSET((#930,#931,#935),$); 
#940= IFCMATERIAL('plasterboard'); 
#945= IFCMATERIAL('plaster'); 
... 

 
 

(a) Excerpt from the IFC file 
 

(b) Visual representation of the building 
Figure 5. Validation using a calibrated IFC file 

GM GS 



As a result, validation query 5 returns the correct result in any combination. Validation queries 1 to 4 return 
correct results once the relation sub graph of the objectified relation IfcRelContainedInSpatialStructure is not 
part of the model search graph. If no windows are contained in the wall, validation queries 1 and 2 do not return 
correct results, because the shortest paths calculations are incorrect. 

In the second validation stage, a 4-story research and office building located in Weimar, Germany, serves as a 
reference building (Figure 6). The same validation queries are executed as in the first validation stage. To 
validate the results visually, a three dimensional view provided by the software framework is used. Figure 7 
shows exemplarily the results for validation query 3 (“Which walls are made of a specific material?”), as applied 
to the first story of the building. Correctly identified by the software framework, the walls, which are made of 
plasterboard, are highlighted in the figure. 
 

 
(a) Side view of the building 

 
(b) 3D model of the building (IFC TOOLS PROJECT, 2015)  

Figure 6. Validation using a research and office building located in Weimar (Germany) 
 

 
 

Figure 7. Walls made of plasterboard being highlighted as a result of a validation query 
 
3. SUMMARY AND CONCLUSIONS 

The Industry Foundation Classes provide a semantic, object-oriented model for storing and exchanging building 
information. Since the IFC are an open ISO standard for building information modeling, several approaches 
towards IFC-based BIM query languages have been developed. As elaborated in this paper, the BIM query 
languages introduced so far have certain limitations, particularly with respect to the high level of knowledge 
about the IFC object model and about data mapping mechanisms required by the user. Based on graph theory, a 
new approach towards more efficient and user-friendly BIM queries, operating directly on top of the IFC object 
model, has been proposed in this paper. As has been demonstrated, the internal relations of the IFC object model 
are used to generate directed graphs. The IFC objects are mapped to vertices, and the relations between the 
objects are mapped to edges. Furthermore, a set of graph types has been introduced, enabling the definition of 
different query types. Based on different query types, model search graphs have been generated by combining a 
main graph with different relation sub graphs. As a result, queries can be defined and executed without a deep 
understanding of the IFC object model schema. For validation purposes, a prototype software framework has 
been implemented, corroborating that building information can be queried generically without explicitly defining 
the object relations. In an illustrative example, the model search graphs have been validated, using BIM queries 
that are particularly relevant in construction scheduling. In summary, the graph-based BIM query approach 
proposed herein provides a basis towards the development of a generic, efficient and user-friendly BIM query 
language. 
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