
Semantic Web 1 (2017) 1–17 1
IOS Press

BimSPARQL: A case of extending SPARQL
functions for querying linked building data
Chi Zhang a,∗, Jakob Beetz a

a Department of Built Environment, Eindhoven University of Technology, P.O. box 513, 5600 MB, Eindhoven,
The Netherlands
E-mail: c.zhang@tue.nl, j.beetz@tue.nl

Abstract. In this paper, we propose to extend SPARQL functions for querying building data. Building models represented by the
Industry Foundation Classes data model are the target data sources to develop extended functions. By extending these functions,
we attempt to 1) simplify writing queries according to requirement checking use cases, and 2) retrieve useful information implied
in 3D geometry data with an open and extensible approach. Extended functions are modelled as RDF vocabularies and classified
into groups for further extensions. We combine declarative rules used in the Semantic Web field with procedural programming to
implement extended functions. Compared with query techniques developed in the conventional Building Information Modeling
domain, we show the added value of such approach by providing an example of querying building and regulatory data, where
spatial and logic reasoning can be applied and data from multiple sources are required. It demonstrates an approach that can be
extended and applied for many other use cases. Based on the development, we discuss the applicability of proposed approach,
current issues and future challenges.
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1. Introduction

As integrating data in the architecture, engineering
and construction (AEC) industry is becoming increas-
ingly important, the methodology of Building Infor-
mation Modeling (BIM) has been adopted by more
and more industry practitioners and has led to the
common data standard of Industry Foundation Classes
(IFC) [11,22]. Using BIM and IFC applications to cre-
ate, exchange and analyse data is the state-of-the-art
of AEC daily practices. As many researchers have dis-
cussed, however, this approach has many problems
that might be rooted in the closed world nature of
applied conventional data modelling approaches [3].
Even using IFC-based building models, retrieval of
domain specific information is currently hard apart
from some proprietary solutions. Building models are
used for different engineering tasks, where informa-
tion needs to be derived according to use case require-
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ments. However, BIM data models such as IFC are
designed for creation and exchange of product data,
but not subjected to various query and analysis tasks.
Many useful relationships and properties e.g. typing,
properties, spatial and topological relations etc. that
are explicitly defined or implied in building models are
either difficult or impossible to retrieve. Furthermore,
IFC is highly limited by its schema that makes it not
flexible enough to adapt to situations when data from
different sources needs to be integrated and processed.
Although IFC is a central data model aiming to cover
the entire AEC industry, commonly used information
is not specified within the scope of the IFC meta model
schema, including e.g. product classifications, build-
ing requirements and regulations, and data from neigh-
bouring industries such as urban planning and sensor
networks.

Using the Resource Description Framework (RDF)
and Semantic Web technologies to represent build-
ing data has been proposed time and again over the
last decade [38,3,33]. Unlike conventional data mod-
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eling approaches that are limited by the scope of their
underlying schemas, these semantic technologies pro-
vide an open and common environment for sharing,
integrating and linking data from different domains
and databases. Semantics can be formally defined with
the logic basis of these technologies and shared us-
ing web-based mechanisms such as Uniform Resource
Identifiers (URIs) and the Hypertext Transfer Proto-
col (HTTP). The ifcOWL ontology, the Web Ontol-
ogy Language (OWL) and RDF equivalent of IFC data
model, has been developed and proposed in the stan-
dardization track in the research and industry commu-
nity as a foundation for Semantic Web applications for
the AEC domain [33]. In this context, using a stan-
dard language such as SPARQL to process building
data becomes more and more practical [15]. In com-
parison with domain-specific query languages devel-
oped in the traditional BIM realm [29,6], this approach
is especially applicable for scenarios when knowledge
reasoning can be applied and federated data needs to
be processed.

By just using ifcOWL and SPARQL, however, some
of the aforementioned issues still remain to be ad-
dressed. As a language for querying generic RDF
data, SPARQL does not contain specific vocabularies
or functions to fulfill requirements common to many
use cases in the AEC domain. In this paper, we use
SPARQL as a base query language and propose to ex-
tend it with a set of functions specific for querying
building data. This strategy has also been employed in
other fields. For example, the Open Geospatial Con-
sortium (OGC) has released GeoSPARQL as a stan-
dard set of vocabularies and functions for geospatial
data [35]. We argue that the standardization and adop-
tion of GeoSPARQL provides a reasonable indication
for the feasibility of a similar approach for the AEC
industry.

There are currently three components of the pre-
sented BimSPARQL framework: 1) A set of functions
modelled as RDF vocabularies that can be used in
SPARQL queries (see section 4); 2) A set of query
transformation rules to map some of the functions to
lower level constructs (see section 5); 3) A module for
implementing a few geometry-related functions for de-
riving implicit information (see section 5). The offi-
cial IFC documentation and requirement checking use
cases are referenced as sources for developing func-
tions [8,36,41,42].

The extended functions in this research are com-
patible with existing SPARQL environments. With
SPARQL as a common interface language, extended

functions can be used to query building data alone or
combined with data from other sources, which in turn
may have their own domain specific functions (Fig. 1).
We believe that this is a generic approach that is us-
able in many different use cases, including e.g. multi-
model collaboration, quantity take-off and cost estima-
tion, requirement and code compliance checking etc..
As a W3C standard, SPARQL has been widely imple-
mented by a plethora of RDF Application Program-
ming Interfaces (APIs) and databases, hence many
platforms can be used as base environments for imple-
menting extended functions.

Fig. 1. SPARQL query with domain specific functional extensions

This paper is structured as follows. In section 2, the
background of IFC and ifcOWL is briefly introduced
and motivation of this research is elaborated. In sec-
tion 3, an overview of related research is provided. The
proposed functional extensions for SPARQL are in-
troduced and classified in section 4, followed by ex-
ample use cases. In section 5, implementation meth-
ods are described and a prototype is presented. In sec-
tion 6, we provide a case study to evaluate the pro-
posed approach and demonstrate the added value of
this approach. A discussion about limitations and fur-
ther work concludes this paper.

2. Background and motivation

In the last two decades, the IFC standard has been
developed and maintained by buildingSMART as a
standard data model for data exchanges among het-
erogeneous applications in the AEC sector [8,11]. The
IFC schema is specified using the EXPRESS model-
ing language [20,37], while its instances are usually
formatted in IFC STEP File format [21]. The compre-
hensiveness of the AEC domain leads IFC to one of
the largest EXPRESS-based data models that provides
rich constructs for modeling information. For example,
the IFC4_ADD1, a recent revision of IFC standard, has
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defined 768 entities and 1480 attributes on the schema
level [8]. IFC has also provided a few mechanisms to
extend semantics in the instance level including e.g.
proxy elements, common property sets and external
standard classification references. This extent has how-
ever formed a burden for the IFC implementation. On
the other hand, the semantics required in the AEC in-
dustry are still way beyond all the concepts defined
in IFC constructs. Therefore, a large amount of in-
formation is informally or implicitly represented and
usually causes redundancies and ambiguities in IFC
instances [43]. As a typical object data model, IFC
structures data mainly for the purpose of data creation
and exchange rather than for the understanding of the
knowledge domain, and information is usually repre-
sented using relatively complex structures. All these
issues have brought about difficulties regarding data
query and management on IFC instance data.

Converting IFC schema and its instances to OWL
and RDF was firstly proposed and implemented in [3]
to facilitate use cases of data partition, data query and
knowledge reasoning. It has been further developed
by the buildingSMART Linked Data Working Group
(LDWG) and has been in a candidate standard status
since 2015 [33]. This approach profits from built-in
features and methods used in the Semantic Web field.
For example, a common data validation use case that
requires every building element should be associated
with a building storey can be implemented without
hard-coding work [36,48]. The relationship between a
building element and the related building storey can
be defined using an instance of IfcRelContainedInSpa-
tialStructure, which is an objectified relationship de-
fined in IFC. Provided that the building model is repre-
sented in the standardized ifcOWL, the query provided
in Listing 1 can check this spatial containment rela-
tionship using off-the-shelf SPARQL implementation.

As RDF and Linked Data have been growing in-
terests in the AEC industry, it makes sense to use
SPARQL as a common language to process federated
data sources instead of developing many domain spe-
cific languages. Here are some possible scenarios:

– All building objects should be classified accord-
ing to NL-sfb code.

– The type and thickness of walls can only be mod-
elled according to the right combinations in table
X.

– Where are the locations of companies which pro-
duce the materials used in walls placed in the hall.

All these tasks not only need to query building models
formatted in e.g IFC, but also require data from other
sources. We believe that they can be more easily imple-
mented with RDF and SPARQL technologies without
relying on proprietary systems.

SELECT ?e
WHERE{
?e a ifc:IfcBuildingElement .
FILTER NOT EXISTS{
?r ifc:relatedElements ?e .
?r a ifc:IfcRelContainedInSpatialStructure

.
?r ifc:relatingStructure ?storey .
?storey a ifc:IfcBuildingStorey .

}
}

Listing 1: Query to check the spatial containment
relationship for all building elements. 2

The conversion program between IFC and ifcOWL
is almost a one-to-one process, hence the data struc-
tures in IFC instances are reflected in the output RDF
data. Since standard SPARQL queries are only pro-
cessed by matching the data graph pattern in RDF,
the resulting queries are usually more complex than
the logic structures in use cases. For example, in the
query case of Listing 1, it is better to have a shortcut
relationship between a building element and a storey
rather than an objectified one. There are many com-
monly used structures that can be simplified all over
IFC data to simplify query and make properties and re-
lationships closer to the understanding of knowledge
domains.

Another problem is that SPARQL can hardly re-
trieve useful information in the scenarios of geometry
and spatial reasoning tasks. Geometry data is the usu-
ally the majority in a building model (see Table 7) and
can provide large amount of information for domain
end users. Although IFC has provided many ways to
explicitly model geometry-related properties and topo-
logical relationships e.g. the IfcRelContainedInSpa-
tialStructure relationship used in Listing 1, they are
usually not obligated and not always reliable due to
lack of rigidness in IFC data model and AEC domain.
Furthermore, there is still much geometry related in-
formation impractical or impossible to be explicitly

2In this paper, all the used properties defined in ifcOWL use
their original IFC names to compact format in query listings
e.g. ifc:relatedElements is used to represent the standardized
ifc:relatedElements_IfcRelContainedInSpatialStructure.
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specified in IFC data. For example, there are some spe-
cific topological relationships such as the "touching"
relationship between the upper surface of a wall to
the bottom surface of the floor slab above (see List-
ing 7) [41], or some dynamic properties such as dis-
tances between elements and escaping routes between
spaces [42].

There are many commonly used concepts across
use cases. Using the query in Listing 1 as an exam-
ple, the spatial containment relationship is required in
many data validation use cases, and are also impor-
tant in many cases including e.g. regulatory compli-
ance checking and cost estimation. By wrapping them
as functions used in a standard language, we are able
to reuse them in many different cases.

3. Related research

3.1. BIM query techniques

There have been many technologies attempting to
query and analyse IFC data. Some commercial plat-
forms such as Solibri Model Checker provide func-
tions for querying IFC data [42]. However, the seman-
tics of query functions in these proprietary systems are
not transparent and the usage of them is limited by pro-
vided interfaces for users.

There are some standard query languages have been
used for querying IFC data. As IFC data model is
based on EXPRESS, the standard languages of EX-
PRESS and EXPRESS-X can be used [20]. Some
commercial platforms such as Jotne EDModelChecker
have taken this approach [23]. However, the EXPRESS
language family has not gained popularity outside the
STEP initiative in either engineers’ or software devel-
opers’ communities, and there is a very limited set
of tools to support them. Some other attempts have
used Structured Query Language (SQL) to query IFC
data [24,25]. These attempts either have severe perfor-
mance issues, or are not intuitive enough for end users.

BimQL is the first implemented and open source
domain specific query language for querying IFC
data [29]. It is implemented in the open source bim-
server.org platform [3]. It provides full create, retrieve,
update and delete (CRUD) functionalities to manip-
ulate IFC data. Besides using concepts in the IFC
schema, BimQL also provides a few shortcut functions
for handling common use cases such as deriving infor-
mation from common modeling constructs in the IFC
model referred to as property sets and quantity sets.

However, these functions are very limited and BimQL
has not been further developed.

Geometry and spatial information in building mod-
els is specially focused by a spatial query language in-
troduced in [6]. This approach is further developed as
a query language named QL4BIM for querying IFC
data [9]. It has provided a few topological and spatial
operators and use R-Tree spatial indexes to optimize
query performance [13].

There are also query languages tailored for specific
use cases such as building code compliance check-
ing. The Building Environment Rule and Analysis
(BERA) Language is a domain-specific language ded-
icated to evaluate building circulation and spatial pro-
grams [28]. For this purpose, it has defined a sim-
ple internal data model containing a small subset of
IFC with related concepts such as floor, space and
door etc. Related path-finding algorithms are devel-
oped to generate circulation routes between spaces.
As a language, however, BERA has limited expressive
power and only supports some specific cases on build-
ing circulation rules. BIM Rule Language (BimRL) is
a more recent research project [10]. It is technically
a domain specific query language designed to facili-
tate accessing information for use cases of regulatory
compliance checking. BimRL has provided a suite of
components including a simplified data schema and a
light weight geometry engine. IFC building models are
loaded through an Extract-Transform-Load (ETL) pro-
cess into data warehouse. The language has an SQL-
like syntax to check building models in terms of the
defined data schema and implemented functions. It is
currently implemented based on a relational database.

The above technologies have provided inspiring do-
main specific algorithms for querying building data.
Currently, however, no query language has been stan-
dardized or widely adopted by the AEC industry. We
argue that this might be because these technologies
are limited by the closed conventional data modeling
approaches that are not sustainable in the AEC do-
main, which continuously needs changes, extensions
and customizations according to different contexts and
use cases. All these domain specific BIM query lan-
guages are designed based on fixed internal data mod-
els (usually an IFC equivalent or a simplified subset
of it) and additional functions are hard-wired on top
of them. Although some of them have provided pro-
gramming interfaces for further extensions, the devel-
opment work needs significant efforts and are usually
limited by the data captured in its internal data model.
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3.2. Applying Semantic Web technologies for
querying BIM models

In recent years, Semantic Web and Linked Data
technologies have received more and more attention as
a knowledge modeling approach in the AEC industry
and a number of research prototypes have been devel-
oped. A recent and comprehensive overview of them is
provided in [34]. Here, we only briefly describe cases
related to data query and knowledge reasoning tasks.

Regarding data query for use cases in the AEC do-
main, one of the early examples is described in [46].
Conformance constraints are interpreted and formal-
ized as SPARQL queries in this paper. A similar
method is developed in [7], which has introduced a
semi-automatic process to transform regulatory texts
to SPARQL queries. A limitation of both efforts is that
they mainly focus on formalizing building regulations
into a query language without specifying on how to
map the used terminologies to building data models.

A number of researchers have applied Semantic
Web technologies in different sub-domains in the con-
text of the AEC industry to facilitate knowledge mod-
eling and rule checking. In [30], a remarkable ap-
proach for facilitating regulatory compliance check-
ing has been introduced based on N3Logic and EYE
reasoning engine [4], and a test case of an acoustic
performance checking is presented. In [28], an OWL
ontology has been used for reasoning tasks in cost
estimation cases. There are also cases regarding en-
ergy management and simulation, construction man-
agement, and job hazard analysis etc. [1,47,49]. All
these examples have proved that different knowledge
reasoning tasks in the AEC industry can be facilitated
by properly using Semantic Web technologies.

Currently however, a systematic way to query data
from building models using Semantic Web technolo-
gies is still missing. One of the possible reasons is that
a authorative and stable standard ifcOWL ontology has
only been established very recently and its adoption in
suitable use cases will likely take a few more years.
The most similar work that has overlaps with this re-
search are the IfcWoD and SimpleBIM [12,32] ontolo-
gies. They both attempt to transform ifcOWL data to
a more compact graph to ease query and improve run-
time performance. The difference is that they mainly
focus on developing a standard ontology as an alter-
native of ifcOWL to simplify the data graph, while
this research is a framework that mainly considers the
query functions with respect to semantics in common
use cases and further extensions of them. A main out-

come of this difference, functions related to geometry
data are considered. To our knowledge, it is the first
time to combine analyzing IFC geometry data with
rule-based reasoning technologies.

3.3. Functional extensions of SPARQL in other
industries

Extending SPARQL with additional functions has
been proposed and implemented in other fields. The
most inspiring ones are geospatial and geographical
domains as they have many things in common with
AEC industry. The stSPARQL in Strabon and the
GeoSPARQL standard from Open Geospatial Con-
sortium (OGC) have specified many topological and
geospatial functions for 2D geometry data [26,35] .
They have been implemented by spatial database sys-
tems including Strabon, Parliament and uSeekM [14].
Some other RDF APIs and triple stores like the Jena
framework, Allegrograph and Virtuoso have also im-
plemented geospatial functions. To our knowledge,
these vocabularies and functions developed in the Se-
mantic Web world have mainly considered 2D geome-
try and cannot be directly reused for building models.

The AEC industry also has significant differences
from e.g. geospatial field. There are many disciplines
and use cases in different contexts, in which the
amounts of required properties and relationships are
almost unlimited. There are much more sophisticated
reasoning tasks related to 3D geometry. Therefore, the
system we need is beyond a fixed set of vocabularies
but rather a framework that can relatively easy to reuse
and extend functions to adapt with different situations.

4. Vocabularies

Building data captured by the IFC data model is
the target source for developing extended functions.
The IFC documentation and requirement checking use
cases from the Dutch Rgd BIM Norm, the Norwegian
Statsbygg BIM Manual and in some checks that have
been implmented in the Solibri Model Checker and In-
ternational Building Code are reviewed to determine
the structure of vocabularies [8,36,41,42,19]. Most of
the referenced cases are data quality validation require-
ments, which are associated with the IFC data model
and are the most fundamental and commonly-used re-
quirement checking cases. From reviewing the above
sources, we have extracted many properties and rela-
tionships that are repeatedly required in use cases (see
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section 4.1, 4.2, 4.3 and 4.4). The implemented func-
tions are wrappers of modular low-level code to derive
such information and use them in different scenarios.
Due to the complexity of the AEC industry, however,
it is not possible for a single organization to list all
required functions for all common task scenarios. In-
stead, they are classified based on required data inputs
from IFC building models since they are very much
related to further implementations and extensions (see
section 5).

Information in IFC-based building models can be
roughly grouped into a) domain semantics that usu-
ally explicitly represented by e.g. object types, rela-
tionships, and properties, and b) geometric data, which
is a low-level technical description captured by geom-
etry objects associated with IfcProduct instances. Due
to the lack of support for parametric geometry descrip-
tion on the levels of the meta model and the implemen-
tation, these two kinds of information are almost in-
dependent from each other. In fact, building models in
real practices often contain information that is incon-
sistent between these two subsets [39]. We thus argue
that query functions should be categorized to identify
which subsets of the model are most frequently used to
derive data from. As shown in Figure 2 and listed in Ta-
ble 1, the proposed domain vocabularies are classified
into four groups to derive data from these two subsets
of either geometric or non-geometric information in
IFC models. Sections 4.1 and 4.2 describe functions
used to extract information only from domain semantic
subset of models, while sections 4.3 and 4.4 describe
functions to mainly analyse geometric aspects. Besides
these four vocabularies that are defined for building
objects, we also propose a vocabulary in section 4.5 to
materialize and process geometry data. It is considered
as a lower level layer independent with domain infor-
mation and can provide additional functions for some
use cases e.g. example in Listing 7. For each category
and subcategory, some function examples are provided
to show how to apply them on an ifcOWL instance data
set and query examples are provided to demonstrate a
use case.

There are generally two ways to extend SPARQL
with domain specific functionality. The first method
is to add operators in expressions (e.g. FILTER ex-
pression). The second one is to define a function as
an RDF property, which is referred to as a computed
property or property function to generate output based
on its bound subject or object [44]. The difference is
that a property function is also an RDF property that
can have domain(s) and range(s). In the research pre-

sented in this paper, most of the extended functions
are defined as property functions as we argue that they
are more intuitive and can be materialized into RDF
graphs for specific applications in order to improve
runtime performance. This topic is discussed further in
section 7.3. Functions are modelled as RDF vocabu-
laries with their respective URIs. Due to the flexibility
and openness of the RDF technology, additional vo-
cabularies can always be added.

4.1. Functions for schema level semantics

Functions in this group are defined to wrap com-
monly used structures defined on the IFC schema level.
We model these functions mainly from the fundamen-
tal concepts and assumptions specified in the official
IFC documentation [8]. These fundamental concepts
describe recommended and commonly used structures
in IFC instances. Each of the fundamental concepts de-
fines how a domain concept or relationship should be
represented in IFC. Many of them have complex struc-
tures to represent semantics. For example, if we need
to assert the relationship from the Statsbygg BIM norm
that "a window is placed in a wall" [41], this is re-
alized in an IFC instance model with two objectified
relationships and an opening element as illustrated in
Figure 3. Another requirement for wrapping functions
is that semantics in IFC data need to be more specified
or generalized. For example, the aggregation relation-
ship between spatial objects (e.g. site,building,space)is
semantically different from that between building el-
ements (e.g. wall,slab,stair), but in IFC instances they
are all represented using the same structure (IfcRelAg-
gregates). On the contrary for example, there are sev-
eral means to assign a material to a building product,
while in some use cases they need to be more general-
ized to simplify queries.

SELECT ?window ?wall
WHERE{
?window a ifc:IfcWindow .
?window schm:isPlacedIn ?wall .
?wall a ifc:IfcWall .
FILTER NOT EXISTS {
?wall schm:isContainedIn ?storey .
?window schm:isContainedIn ?storey .
?storey a ifc:IfcBuildingStorey .

}
}

Listing 2: Query to check the consistency that every
window and related walls are contained in the same
storey
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Fig. 2. Conceptual relationships between vocabularies and IFC data

Table 1
Vocabulary prefixes used in this paper and descriptions

Prefix Description

schm: Shortcut properties and relationships for IFC schema level semantics (see section 4.1)
pset: Short cut properties for instance level property sets (see section 4.2)
qto: Shortcut properties for instance level quantity sets (see section 4.2)
pdt: Properties for single product based on geometry data (see section 4.3))
spt: Properties and relationships based on geometry data of multiple products (see section 4.4)
geom: Lower level geometry library for materializing geometry data and computations on geometry objects (see section 4.5)

Fig. 3. Example of shortcut functions for schema level semantics

Functions in this category are defined to address
these issues. For example, Figure 3 illustrates that di-
rect relationships (dashed line) are defined between
building objects. Listing 2 shows an example query
to check whether a window and its related wall are
contained in the same building storey [41]. This
query uses the shortcut functions schm:isPlacedIn and

schm:isContainedIn. Following the same approach,
over 40 relationships are wrapped as functions (see
Appendix A). Some frequently used examples are
listed in Table 2.

Table 2
Example functions for schema level semantics

Prefix Description

schm:hasProperty retrieves property instances
for an object

schm:hasMatrial retrieves material instances
associated with an object

schm:hasSpaceBoundary retrieves the boundary ele-
ments (e.g. wall, door or vir-
tual boundary) for a space

schm:isDecomposedByElement retrieves child elements for
an element
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4.2. Functions for instance level semantics

Functions in this group are provided to represent
IFC instance level semantics. As mentioned in sec-
tion 2, IFC instances can be semantically extended by
property sets and quantity sets. Semantics of these ex-
tended properties are identified by their names defined
in external documentations.

The property sets and quantity sets offically defined
by buildingSMART are considered. In total, there are
more than 2000 properties and more than 200 quanti-
ties grouped within 410 property sets and 92 quantity
sets in the official IFC 4 documentation [8]. In this vo-
cabulary, properties and quantities are defined as func-
tions modeled as RDF properties using the prefixes
pset: and qto:. These functions provide shortcuts
to directly connect building objects and property val-
ues instead of using complex structures in IFC in-
stances.

Fig. 4. Example of short cut functions for property sets

SELECT ?storey (COUNT(?wall) AS ?q)
WHERE{
?wall a ifc:IfcWallStandardCase .
?wall pset:loadBearing true .
?wall qrw:isContainedIn ?storey .
?storey a ifc:IfcBuildingStorey .

} GROUP BY ?storey

Listing 3: Query to count load bearing walls for each
storey

A typical example is illustrated in Figure 4, a wall
that has "LoadBearing" property is represented as an
IfcWall associated with an IfcProperty instance. A
shortcut property pset:loadBearing is defined to asso-
ciate the subject with the wall and value of the property
instance. Listing 3 shows a quantity take off example
to use this function, which is to count the load bear-

ing walls on each building storey. All the properties of
simple data types (instances of IfcPropertySingleValue
and IfcPhysicalSimpleQuantity) can use this mecha-
nism and have been defined in our vocabulary. They
are the majority in property sets and quantity sets, and
they are also most frequently required in use cases.

4.3. Functions for product geometry

Functions in this category are introduced to derive
properties based on the geometric representations of
a single building product. The vocabulary is identi-
fied by the prefix pdt:. In IFC model instances, ge-
ometry data is represented by geometry objects asso-
ciated with related building products. The IFC meta
model offers a number of means to represent geom-
etry for building products. The most common way is
the Body representation, which defines 3D volumet-
ric shape of products. However, many geometry types
to describe a Body geometry in IFC including e.g.
Boundary Representation (Brep), Constructive Solid
Geometry (CSG) or Non Uniform Rational B-Splines
(NURBS). In this research, they are unified as triangu-
lated boundary representation to ease developing anal-
ysis algorithms. The 3D geometry representation of a
product is either represented by a single triangulated
surface or represented by multiple surfaces associated
with its child element products (Figure 5).

Based on the triangulated representation, many gen-
eral geometry properties are derived, including axis-
aligned bounding box, minimum volume bounding
box, basic dimensions (e.g. height, volume) and partial
geometry (e.g. upper surface). Combined with prod-
uct types and some common assumptions (e.g. a wall
length is longer than its thickness), many more spe-
cific product properties can be retrieved. These com-
mon properties include some defined examples in Ta-
ble 3.

Although many of these properties can be repre-
sented by property sets and quantity sets (see sec-
tion 4.2), they are not mandatory and are not always re-
liable in building models [39] . In fact, a typical exam-
ple of requirement checking is to check the consistency
between property sets (or quantity sets) and properties
derived from geometry representations [41,42]. Di-
rectly deriving information from geometric data pro-
vides another dimension to enrich data and ensure
consistency. Listing 4 shows an example to compare
height of a wall derived from its geometric represen-
tation with its height quantity with some tolerance
value [42].
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Table 3
Example functions for product geometry

Prefix Description

pdt:hasOverallHeight returns the height of axis aligned
bounding box of a product

pdt:hasUpperSurface returns the upper surface of a
product, which is defined as sur-
faces that have the highest eleva-
tion and have normals of nearly
(0,0,1), represented as a well
known text string value (see sec-
tion 4.5)

pdt:hasSpaceArea returns the bottom surface area of
a space

pdt:hasWindowArea returns the area of the projected
profile on the largest surface of
the minimum bounding box of a
window

pdt:hasGrossWallArea returns the area of the projected
profile on the largest surface of
the minimum bounding box of a
wall

SELECT ?w
WHERE{
?w a ifc:IfcWall .
?w pdt:hasOverallHeight ?heightg .
?w qto:height ?height .
FILTER (?heightg<?height-0.01||?heightg>?
height+0.01)

}

Listing 4: Query to check the consistency between the
height represented as a quantity for a wall and height
derived from the geometry representation of a wall

4.4. Functions for spatial reasoning

Functions in this group are to derive information re-
lated to spatial reasoning, which needs geometric and
location data of multiple building products. This vo-
cabulary is identified by the prefix of spt:. They are
additionally classified and described in following sec-
tions.

4.4.1. Relationships between products
Functions in this category are used to derive rela-

tionships between two products. We have defined some
general topological relationships that belong to this
group, which are applicable for all building products.
They are related to many use cases including e.g. clash
detection and quantity take-off. Function examples are
listed in Table 4.

Table 4
Example functions for relationships between products

Prefix Description

spt:touches retrieve touched products or ver-
ify whether two products are
touched

spt:disjoints retrieve disjoined products or ver-
ify whether two products are dis-
joined

spt:intersects retrieve intersected products or
verify whether two products are
disjoined

spt:contains retrieve contained products or ver-
ify whether a product is contained
in another

Listing 5 shows an example to query all walls which
touch doors.

SELECT ?wall
WHERE{
?wall a ifc:IfcWall .
?door a ifc:IfcDoor .
?wall spt:touches ?door .

}

Listing 5: Query to find all walls that touch doors.

4.4.2. Property for groups of products
Functions in this group are used to derive properties

for groups of products. Distance between products is
a typical example. Many building regulations, build-
ing codes and BIM requirement manuals constrain the
distance between building components, such as inter-
ference between building elements, clearance before
openings, heights of floors etc. The exact semantics of
the notion "distance" can vary between contexts. We
currently offer the concepts in Table 5.

Table 5
Example functions as properties for groups of products

Prefix Description

spt:distance return the shortest distance be-
tween two products in 3D space

spt:distanceZ return the vertical distance be-
tween bounding boxes of two
products

spt:distanceXY return the shortest distance be-
tween the projections of two prod-
ucts on horizontal plane

An example query is provided in Listing 6 to check
whether there are columns too close to a window by
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selecting pairs of column and window which are on the
same storey and have in-between distance shorter than
0.3 meter.

SELECT ?column ?window ?d
WHERE {
?column a ifc:IfcColumn .
?column schm:isContainedIn ?storey .
?window schm:isContainedIn ?storey .
?window a ifc:IfcWindow .
(?column ?window) spt:distanceXY ?d .
FILTER (?d<0.3)

}

Listing 6: Query to check the distance between each
pair of a window and a column on the same storey

4.4.3. Property and relationships based on spatial
relationships

There are also use cases not only require geometry
data of referenced products, but also require to pro-
cess geometry data of other specific types of related
building products. For examples, spatially identifying
whether a wall is external requires geometry data of all
the main building objects e.g. wall, colume, window,
and retrieving a walking path between two spaces re-
quire geometry data of all the related spaces, obstructs
and openings. The semantics of these properties some-
times require knowledge from AEC sub-domains to
specify. We currently only provide two example func-
tions listed in Table 6 for this group.

Table 6
Example function as property based on spatial relationships

Prefix Description

spt:isOutside spatially identifying whether a
building element is outside based
geometry and location data of all
the main building objects.

spt:hasUpperFloor returns the above building storey
for a building storey and require
to process all the floor slabs con-
tained in all building storeys

An example query is shown in Listing 7. It is to
check whether every wall touches the bottom surface
of a floor slab on the above storey.

4.5. Geometry library

This vocabulary includes geometry related con-
cepts that are materialized in RDF graphs. They are
considered as general geometry concepts that pro-

vide additional layer independent with domain in-
formation. Similar with GeoSPARQL, we define the
geom:Geometry as the class for geometry objects. As
mentioned in section 4.3, triangulated representation
is used to represent Body geometry data (Fig 5). As
geometry data for a product is usually processed as
a whole, Extended Well Known Text (EWKT) string
literals that have been used in PostGIS are adopted
to keep materialized triples in significantly smaller
size. Table 7 lists a comparison between triple count
of building models in ifcOWL, geometry subsets of
them and the triple count of geometry data represented
in EWKT format. Besides the triangulated representa-
tions that are by default always materialized, the axis
aligned bounding boxes and minimum volume bound-
ing boxes for products are also provided in this vocab-
ulary as they are required by many use cases. In future
research, other types of geometry representations can
also be extended if they are required.

Fig. 5. SPARQL query with domain specific functional extensions

SELECT ?wall
WHERE{
?wall a ifc:IfcWall .
?wall schm:isContainedIn ?storey .
?storey spt:hasUpperFloor ?storey2 .
FILTER NOT EXISTS{
?slab schm:isContainedIn ?storey2 .
?slab a ifc:IfcSlab .
?wall pdt:hasUpperSurface ?ws .
?slab pdt:hasBottomSurface ?ss .
FILTER (geom:touches3D(?ws,?ss))

}
}

Listing 7: Query to select all walls which do not touch
any floor slab on the above floor

Another requirement that can possibly be addressed
by this vocabulary is to process temporarily generated
geometry data in query runtime. The query example
in List 7 shows a use case of them. In this example,
the upper surface and bottom surface are derived in



BimSPARQL: A case of extending SPARQL functions for querying linked building data 11

Table 7
Triple count in ifcOWL instances, the geometry subsets of them, and
geometry triples represented using geom: and EWKT

Id Model Triples Geometry Triples EWKT Geometry Triples

M1 Duplex_A_20110505.ttl 298,085 222,212 819
M2 091210Med_Dent_Clinic_Arch.ttl 1,763,837 1,088,878 10,029
M3 161210Med_Dent_Clinic_Combined.ttl 14,487,715 12,580,688 22,578

query runtime as partial geometries of a wall and a
slab, and they are additionally checked by the function
geom:touches3D to identify their topological relation-
ships.

5. Implementation

In our implementation prototype of the proposed
functions, we attempt to minimize hard coding to make
defined functions more portable, more transparent for
public reviews and easier to adapt and extend by the
research and development communities. Declarative
rules are used to specify the semantics of many func-
tions and map them to ifcOWL data. Functions de-
fined in section 4.1 and 4.2 can all be implemented by
rule languages e.g. SWRL, N3Logic or by SPARQL
itself using frameworks like SPARQL Inferencing No-
tation (SPIN) [18,4,40]. We choose SPIN for the im-
plementation, as it uses SPARQL and already has a
few open source implementations which enhance fu-
ture compatibility. SPIN provides a meta modeling vo-
cabulary to wrap SPARQL queries as functions and
allows their cascading use. For example, the function
of schm:isContainedIn in Listing 2 is implemented by
associating it with the query in Listing 8. It will trig-
ger this query as a subquery when it is called. For the
flexible reuse, customization and extendability of such
domain-specific functionalities, such modular abstrac-
tion is benificial.

When dealing with geometry related reasoning
tasks, rule languages are usually not sufficiently ex-
pressive to implement sophisticated and computational
intensive algorithms. Geometry data in IFC or ifcOWL
is preprocessed and transformed to RDF data rep-
resented by the vocabulary described in section 4.5.
Functions described in section 4.3, 4.4 and 4.5 are im-
plemented using low-level procedural programming
using e.g. geometry kernels. Many existing general
geometry and domain specific algorithms that can be
reused and a range of implementations is available.For
example, functions in section 4.4.1 are implemented
by computing on triangles of both products to deter-

mine their relations, similar with algorithms described
in [9].

SELECT ?a2
WHERE {
?a1 ifc:relatedElements ?arg1 .
?a1 ifc:relatingStructure ?a2 .
?a1 a ifc:IfcRelContainedInSpatialStructure
?arg1 a ifc:IfcElement .
?a2 a ifc:IfcSpatialStructureElement .

}

Listing 8: Query to implement the function
schm:isContainedIn

User Interface

Jena Core

Jena ARQ

SPIN API Coded Func!ons

ifcOWL
Func!on

Vocabularies

Func!on 

Mappings

Geometry 

Module

RDF 

data

Fig. 6. Implementation architecture (blank blocks are added mod-
ules)

The functional extensions introduced here are im-
plemented based on the Open Source Apache Jena
framework and SPIN API (see Fig. 6). In this imple-
mentation, all the extended functions are processed at
query runtime in a backward chaining order. The data
flow is illustrated in Figure 7. The ifcOWL instances
and SPARQL queries are the input of the system. De-
pending on the size of ifcOWL files, we can choose
to load them into memory or materialize them into a
graph persisted into a Jena TDB triple store. When a
property function is referred to during a query execu-
tion, a SPIN rule as a subquery or a snippet of pro-
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Fig. 7. Data flow of querying and reasoning process

gramming code to retrieve related values is triggered.
Since a SPIN rule is also a SPARQL query that can call
extended functions, this process recursively continues
until no functions are left to be called. This process is
compatible with other reasoning technologies.

6. Application example

The advantage of using SPARQL and Semantic Web
technologies as the base query environment is that
they can be leveraged to facilitate knowledge reason-
ing and data integration tasks. With these capabilities,
defined functions are more easily be reused and ex-
tended for specific applications. An application exam-
ple is presented in this section in a regulatory com-
pliance checking scenario that requires to extend case
specific functions to query both building models and
regulatory data.

The example listed as follows is taken from the In-
ternational Building Code (IBC), which is developed
by the International Code Council (ICC) and used as a
base code standard in United States [19]. This rule ex-
ample is from the Chapter 7 Fire and Smoke Protection
Features, and is used to check opening area on external
walls to evaluate their fire performance. This example
requires to process domain semantic data and geome-
try data in building models and external tabulated data
defined in the IBC document.

– 705.8.4 Where both unprotected and protected
openings are located in the exterior wall in any
story of a building, the total area of openings
shall be determined in accordance with the fol-
lowing:

(Ap/ap) + (Au/au) ≤ 1 (1)

where:
Ap = Actual area of protected openings.

ap = Allowable area of protected openings.
Au = Actual area of unprotected openings.
au = Allowable area of unprotected openings.

Additionally, the allowable opening areas for pro-
tected and unprotected openings (ap and au) are deter-
mined by the Table 705-8 in IBC that describes their
relations with fire separation distance. Table 6 shows
one row of it, which defines that when the fire separa-
tion distance is between 15 to 20 feet and the opening
is unprotected and the space is non-sprinklered, the al-
lowed proportion (au in the equation) between opening
area and external wall area is up to 25 percent.

Table 8
One row of Table 705-8 in International Building Code [19]

Fire separation
distance

Degree of open-
ing protection

Allowable area

15 to less than 20 Unprotected,
Non-sprinklered

25%

In this example, external wall instances in a dataset
have to be checked and analysed to derive related prop-
erties and relationships. In addition to the data cap-
tured in the IFC building data sets, the referenced table
in this example can be considered as a small dataset
that needs to be processed to derive allowable pro-
tected openings and unprotected openings for each
wall. It is transformed to RDF format with the method-
ology in [45] and processed along with the building
model. A general algorithm in a procedural pseudo-
code notation is specified in Algorithm 1 to check
building models and find out external walls which vio-
late this requirement.

Case specific functions are extended for deriving
some of these properties based on functions provided
in BimSPARQL. For example, the value Ap used in
Algorithm 1 is specified as the proportion between
all the protected windows in the wall and the gross
area of the wall. Based on predefined functions in
BimSPARQL and SPIN rules, this function can be ex-
tended with the query in Listing 10 (see Appendix B).
Using the same method, functions are extended for
this case and listed in Table 9. SPIN rules for defin-
ing these case specific functions based on ifcOWL and
BimSPARQL vocabularies are listed in Appendix B.
As the Table 705-8 in IBC is also processed, a func-
tion ibc:allowableArea_T705-8 is also defined to pro-
cess this external dataset.With all these functions ex-
tended for this case, the query in Listing 10 is used to
check the opening area of all external walls.
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Algorithm 1. procedure for checking rule 705.8.4
1: for each external wall w do
2: compute the area percentage of protected open-

ings Ap;
3: compute the area percentage of unprotected

openings Au;
4: compute the fire separation distance fsd;
5: find the sprinkler status of related space sp;
6: find the allowable area of protected and unpro-

tected openings ap and au from Table 705.8
with fsd and sp;

7: check the equation (1) with Ap, Au, ap, au and
return result for w;

8: end for

SELECT ?wall
WHERE{
# find external walls
?wall a ifc:IfcWall .
?wall pset:isExternal true .
# compute Ap and Au values
?wall ibc:hasAp ?Ap .
?wall ibc:hasAu ?Au .
# compute fire separation distance
?wall ibc:hasFireSeparationDistance ?d .
# find sprinkler status of related space
?wall schm:isContainedIn ?storey .
?storey pset:sprinklerProtection ?bool .
# find ap and au values from the table
BIND (ibc:allowableArea_T705-8(?d,true,?
bool) AS ?ap) .

BIND (ibc:allowableArea_T705-8(?d,false,?
bool) AS ?au) .

# filter out walls that have issues
FILTER ((?Ap/?ap+?Au/?au)>1) .

}

Listing 9: Query to check the spatial containment
structure for all building elements not related to a
building storey.

As proof of concept, a building model that has
189,778 triples is checked using the query in Listing 9.
This prototype implementation generates a visualiza-
tion of the result that is provided in Figure 8.

7. Discussion

The aim of this research is to provide an extensible
framework to simplify query and retrieve useful infor-
mation from IFC based building models according to
use case requirements. Added value and current limi-
tations are discussed here.

Table 9
Extended functions for the rule case 705.8.4 in IBC

Prefix Description

ibc:hasAp retrieve the proportion be-
tween all the protected win-
dows in the wall and the gross
area of the wall

ibc:hasAu retrieve the proportion be-
tween all the unprotected win-
dows in the wall and the gross
area of the wall

ibc:hasFireSeparationDistance retrieve the shortest horizontal
distance between a wall and
lot lines

ibc:allowableArea_T705-8 retrieve allowable area (au or
ap) from Table705-8 based on
fire separation distance and
sprinkler protection status

Fig. 8. Snapshot of the query result of the GUI

7.1. Flexibility

In comparison with domain specific query lan-
guages that are developed from scratch, the approach
introduced in this paper leverages Semantic Web tech-
nologies to provide a more interoperable, modular and
flexible mechanism to extend functions in order to ad-
dress the many use cases for information extraction
and validation of the AEC industry. As shown in sec-
tion 6, query functions for specific use cases can be
easily extended by adding additional declarative rules
based on procedural functionality. They are modular
and flexible to adapt to the various forms of presenting
facts in IFC data sets. For example, a protected open-
ing in another building case, created by another author
using a different BIM authoring tool might be differ-
ent from how it is defined in Listing 14. It is easier
to change or replace this rule without affecting other
rules. External, linked datasets can be addressed using
the same technology as long as they are captured as
RDF or provide SPARQL endpoint services [5,16].
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From the use case perspective, a current limitation
of this approach is related to query functions that re-
quire to instantiate classes. For example, identifying
the shortest path between two rooms usually needs to
instantiate a path object. Even with procedural coding,
SPARQL functions are not suitable to create new re-
sources as they have side effect for the original RDF
graphs. More investigations are required to properly
adapt this type of query functions in an RDF and Se-
mantic Web environment.

7.2. Portability

Declarative rules can enable more portable imple-
mentations for functions. As many functions are de-
fined using SPIN rules, they can be reused by query en-
vironments which have implemented SPIN (e.g. Top-
braid SPIN API or Eclipse RDF4J) and potentially be
reused by those which have implemented SPARQL.
Hardwired functions that are wrapped by SPARQL can
be implemented on a variety of e.g. geometry engines.

7.3. Query performance

At present query performance is not in the main fo-
cus of the research presented here. It depends on the
implementation of the rule languages and geometry
analysis algorithms that are used. The prototype im-
plementation has used the SPIN framework, which is
based on the Jena ARQ query engine and Jena TDB
triple store. Therefore, query performance in this as-
pect mainly depends on the optimization mechanism
in Jena to preferentially execute the most selective
triple patterns in SPARQL queries. Extensive perfor-
mance tests using SPIN and the Jena TDB triple store
along with comparisons to other rules languages and
implementation have been published in [31]. A limi-
tation of the current implementation is mainly related
to geometry-related functions. By using a plain RDF
triple store such as the Jena TDB in a normal lap-
top environment, the query in Listing 5 runs around
28 seconds to retrieve 149 results on the M3 building
model in Table 7 (with 14,487,715 plus 22,578 triples).
The function spt:touches computes 1430*247 times on
1430 walls and 247 doors. In future developments, this
process can be optimized by e.g. integrating spatial in-
dices and caching mechanisms.

As RDF graphs are flexible, another direction for
optimizing performance might be to materialize re-
quired triples into RDF graphs for specific applica-
tions. As described in section 4.5, besides ifcOWL data

only the triangulated boundary representation of prod-
ucts are currently materialized and all the functions are
processed at runtime. Some of the geometry-related al-
gorithms are computational intensive (e.g.compute the
minimum volume bounding box of a product). We rec-
ommend to pre-process such data sets and to material-
ize their results into the RDF datasets. For specific ap-
plications, functions can also be treated as normal RDF
properties. For example, if an application frequently
requires upper boundary surfaces of products, we rec-
ommend to treat the property of pdt:hasUpperSurface
as a normal RDF property to materialize triples. A dy-
namic approach to automatically materialize triples ac-
cording to use cases needs additional investigation and
future research.

8. Conclusion

This research provides a general framework to de-
fine and extend functions for querying IFC-based
building data. A set of functions are classified and in-
troduced and two different approaches are used to im-
plement them. The work presented here should be re-
garded as a general framework and proof of concept
for a modular, scaleable approach to address the large
amounts of domain specific query requirements in the
AEC domain. As more and more data is represented
by RDF and Linked Data technologies, this approach
has considerable advantages over the current practices
to process building related data in proprietary informa-
tion silos using one-of-a-kind island solutions.

The link of the vocabularies, transformation rules
and source code repository of the prototypical refer-
ence implementation is provided in Appendix A. As
discussed in section 7, the current performance short-
comings of the solutions introduced here are mainly re-
lated to the implementation issues. More efficient algo-
rithms e.g. to pre-process datasets according to spatial
indices need to be developed. In future research, more
use cases should be investigated and implemented to
gradually extend the functionality for specific sub-
domains in AEC industry and to combine data from
different sources. From a technical perspective, opti-
mization for query performance is necessary as it is
important for the scalability of this approach.
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Appendix

A. Resources

The defined vocabularies along with transforma-
tion rules and related source code are published on
https://github.com/BenzclyZhang/BimSPARQL.

B. SPIN rules for implementing functions for case
in section 6

SELECT (?a/?wallArea AS ?Ap)
WHERE{

?arg1 pdt:hasGrossWallArea ?wallArea .
?arg1 ibc:hasProtectedOpeningArea ?a
}

Listing 10: Query to implement the function ibc:hasAp
referenced in Listing 9

SELECT (?a/?wallArea AS ?Au)
WHERE{
?arg1 pdt:hasGrossWallArea ?wallArea .
?arg1 ibc:hasUnProtectedOpeningArea ?a
}

Listing 11: Query to implement the function ibc:hasAu
referenced in Listing 9

SELECT (MIN(?d) AS ?distance)
WHERE{
?line a ifc:IfcAnnotation .
?line ifc:name ?name .
?name expr:hasString "Lot Line" .
(?arg1 ?line) spt:distanceXY ?d .
}GROUP By ?arg1

Listing 12: Query to implement the
function ibc:hasFireSeparationDistance referenced in
Listing 9

SELECT ?ap
WHERE {
?b1 ibc:minFSDistance ?min .
?b1 ibc:maxFSDistance ?max .
?b1 ibc:openingProtection ?arg2 .
?b1 ibc:sprinklerProtection ?arg3 .
?b1 ibc:allowableArea ?ap .
FILTER ((qudtspin:convert(?arg1, unit:Meter,
unit:Foot) >= xsd:double(?min)) && (
qudtspin:convert(?arg1, unit:Meter, unit:
Foot) < xsd:double(?max))) .

}

Listing 13: Query to implement the function
ibc:allowableArea_T705-8 referenced in Listing 9

SELECT (SUM(?windowArea) AS ?area)
WHERE{
?window schm:isPlacedIn ?arg1 .
?window pset:fireRating "OH-45" .
?window pdt:hasWindowArea ?windowArea .
} GROUP BY ?arg1

Listing 14: Query to implement
the function ibc:hasProtectedOpeningArea referenced
in Listing 10
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SELECT (SUM(?windowArea) AS ?area)
WHERE{
?window schm:isPlacedIn ?arg1 .
FILTER NOT EXISTS{
?window pset:fireRating "OH-45" .
}
?window pdt:hasWindowArea ?windowArea .

} GROUP BY ?arg1

Listing 15: Query to implement
the function ibc:hasProtectedOpeningArea referenced
in Listing 11


