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Abstract

An increasing number of information management and information exchange applications in construction industry is
relying on semantic web technologies or tools from the Linked Open Data (LOD) domain to support data interoper-
ability, flexible data exchange, distributed data management and the development of reusable tools. These goals tend
to be overlapped with the purposes of the Industry Foundation Classes (IFC), which is a standard for the construction
industry defined through an EXPRESS schema. A connecting point between semantic web technologies and the IFC
standard would be represented by an agreed ifcOWL ontology that allows to (1) keep on using the well-established
IFC standard for representing construction data, (2) exploit the enablers of semantic web technologies in terms of
data distribution, extensibility of the data model, querying, and reasoning, (3) re-use general purpose software im-
plementations for data storage, consistency checking and knowledge inference. Therefore, in this paper we will look
into existing efforts in obtaining an ifcOWL ontology from the EXPRESS schemas of IFC and analyse which fea-
tures would be required in a usable and recommendable ifcOWL ontology. In making this analysis, we present our
implementations of an EXPRES-to-OWL converter and the key features of the resulting ifcOWL ontology.

Keywords: IFC, OWL, building, construction, information technology, RDF, semantic web

1. Introduction 1w planning, 5D cost calculation, CFD simulation, struc-

o ) ) 1 tural analysis, and so forth).
Building information modelling (BIM) can be named

as one of the most notable efforts in recent years re-
garding information management in construction indus- 1.1. IFC and EXPRESS
try [1]. BIM environments allow to semantically de-
scribe any kind of information about the building i~ Each IFC data model is represented as a schema
one 3D model, so that it can be better representedin the EXPRESS data specification language defined
and more easily exchanged than in the case of tragi- in ISO 10303-11:1994 thdtonsists of language ele-
tional computer-aided design (CAD) tools. The Indus- ments which allow an unambiguous data definition and
try Foundation Classes (IFC) standard [2], developed#y Specification of constraints on the data defined and by
buildingSMART [3], aims at supporting these activities Which aspects of product data can be specifi¢d].
by providing a centraiconceptual data schema and ane  The EXPRESS language consists of the terms (e.g.
exchange file format for BIM data[2, scope]. In other z types, entities, properties) and rules that must be used
words, using the IFC data model and file format, Blx 1o build a specific EXPRESS schema (.exp). In the
data can be exchanged between software app"cati@sns'case of IFC, there are several available IFC EXPRESS
which can in turn provide extra functionality (e.g. 4@ Schemas, including the most well-known IFC2X3.exp,
a |[FC2X3.TCl.exp, IFC4RC4.exp, and IFCADD1.exp
- _ » (see[5] for an overview of the specifications). These
79158‘?“’0”"'”9 author: Tel. 0032 9 264 3880 - Mob. 0032486 ghemas should be considered as chronologically or-
Email addressespipauvel . pauwelsCugent . be (Pieter « dered versions of one IFC schema, meaning that there
Pauwels)walter.terkaj@itia.cnr.it (Walter Terkaj) s IS alwaysone most recent schenasailable.
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Each of the EXPRESS schemas of IFC [5] enables graph is thus formed by a set of logic-based declarative
a description of construction-related information whese sentences and, in total, it represents a specific semantic
the represented objects have a well-defined and intesre-domain, as it is understood and explained by Hennessy
lated meaning and purpose. As a single window ele- [11]. By describing information in a single directed la-
ment can internally be described in very diverse ways belled graph, a uniform representation of information is
by each BIM environment, the expgrport possibili- «« achieved, making information reusable by both humans
ties tgfrom IFC should guarantee that each BIM envi- and computer applications.
ronment is able to map its own descriptions to a gen- An RDF graph is constructed by applying a logi-
erally understandable IFC format, thereby considerably cal AND operator to a range of logical statements con-
improving (not solving) the interoperability of informass taining concepts or objects in the world and their rela-
tion. s tions. These statements are often referred t&RBE

We want to point out that IFC is not an isolateftoet o triples, consisting of a subject, a predicate and an ob-
or standard. It should be used in combination with other ject (Figure 1) and thus implying directionality in the
standards, such as Model View Definitions (MVDs) and RDF graph. In addition, each concept has a Unique Re-
Information Delivery Manuals (IDMs), if an improveao source Identifier (URI), thereby making the RDF graph
information exchange is targeted. Also Property Set explicitly labelled. Every concept described in an RDF
Definition (PSD) releases [6] should be consideredwas graph, whether this be an object, subject or predicate, is
important additions to the IFC schema. A PSD release uniquely defined through this URI. When two identical
provides a schema that defines how custom propettiesURIs are found, their semantics are considered identical
and property sets can be defined outside of the IFC spec-as well.
ification. This schema is provided as an XML Schema
Definition (XSD). PSD’s, as well as MVDs and IDMs Subject Predicate » Object
are considered out of the scope of this paper. Starting
from a centrally agreed ifcOWL ontology, however, itis
feasible to support PSD, MVD and IDM definitions in a

Figure 1: The triple form of an RDF statement: subject - pratic

i . object.
semantic web representation.
1.2. RDE and OWL 106 The resulting RDF graph can be represented using
) w7 various syntaxes. Syntaxes used for RDF graphs are
1.2.1. The basics s RDFXML (.RDF), N-Triples (.N_T), Turtle (.TTL -

The semantic web initiative [7] shares some of the [12]), and Notation-3 (N3) [13]. RDF graphs can be
goals of formal specification of information that IFG, given an improved semantic structure using RDF vo-
is targeting for the construction industry domain. The cabularies or ontologies. The most basic elements to de-
semantic web was conceived and presented as the,sucscribe such ontologies are available in the RDF Schema
cessor of the existing World Wide Web (WWW) by, (RDFS) vocabulary [14]. RDFS, for instance, enables
describing all information in a language that could be the specification of classes, subclasses, comments, and
understood by computer applications, i.e. machine- data types. An RDFS interpreter is able to infer ex-
readable. Because the WWW contains information tra RDF statements that are implicitly available via the
about almost any possible concept in the world, the RDFS constructs. More expressive elements to describe
language describing this information cannot follow ong ontologies are available within the Web Ontology Lan-
domain-specific schema. Instead, a flexible and gengyic guage (OWL) [15]. In short, OWL further enhances the
language is needed that allows to describe and easilyRDFS concepts to allow making more complex RDF
combine information from very fierent knowledge do+., statements, such as cardinality restrictions, type testri
mains. Therefore, the semantic web was conceived.astions, complex class expressions. The RDF graphs con-
a semantic network [8] in which diverse semantic dg- structed with OWL concepts are called OWL ontolo-
mains can be represented and combined using diregtedgies.
labelled graphs. Each node in such a graph thus rep-
resents a concept or object in the world and each4a- 1.2.2. OWL semantics and OWL profiles
belled arc represents the logical relation between twaof  As the expressiveness of OWL is a key element in this
these concepts or objects. A graph can be constructedarticle, we will briefly outline what options are avail-
using the Resource Description Framework (RDF) [9], able in terms of building an OWL ontology. The seman-
which has a basis in description logic (DL) [10]. The tic expressiveness of the OWL language is specified in
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multiple W3C hosted specification documents. The fisst
W3C Recommendation for OWL dates from 2004 [16].

tween these three key profiles. As outlined in Motik
et al. [19], an OWL2 profil¢is a trimmed down ver-

This version is now superseded by the OWL2 language sion of OWL2 that trades some expressive power for
specification issued in 2012 [15]. Hence, any referenee the gficiency of reasoning” In short, in each of the

to OWL in this paper refers to the OWL2 specificatio.
All relevant references to the exact semantics of OWiks2
can be found in [17] (section about Semantics, includirg
OWL2 Direct SemanticandOWL2 RDF-Based Semanr
tics). Figure 2 provides an overview picture that we will
use to explain the basics of OWL profiles. 172

173

174

OWL 2 (Full)
DL

175

176

Figure 2: The OWL2 profiles EL, QL and RL each provide a cer
tain kind of expressiveness, which determines to what lef/detail %
information can be semantically represented and which impeests 187
formance as a result (more information, less performing). @aigi,g,
figure in [18].

189

190

As pointed out in [17],“the Direct Semantics as-
signs meaning directly to ontology structures, result—
ing in a semantics compatible with the model theo-
retic semantics of thé&@ROZQ description logic — am
fragment of first order logic with useful computationg!

properties”. This leads to a semantic expressivenegs

for OWL2 that is properly grounded in a particular de-
scription logic, namelySROZQ. This semantic expres-

siveness is graphically displayed as the outer elllpse in

Fig. 2 (OWL2 Full). However,'some conditions must
be placed on ontology structures in order to ensure
that they can be translated into 8RO7Q knowledge s
base”[17]. For instance, transitive properties cannotzlgge
used in number restrictions. Whenever an OWL2 on-

tology satisfies these conditions, the expressivenesz%: of

the ontology is in the second ellipse in Fig. 2, nameJy
OWL2 DL. An OWL ontology should remain within
this boundary if it is to be used hyROZ Q-based tools,zo
which are the tools typically supplied by the semantic
web community. 200
As in the case of OWL, also OWL2 has a number.of
so-calledprofiles namely OWL2 EL, OWL2 QL and:
OWL2 RL [19]. Figure 2 displays the relationships be-

3

given OWL2 profiles, a number of statements that can
be used in OWL2 DL is not allowed. By not allowing
these statements, and thus sacrificing some expressive-
ness, important improvements can be made in terms of
performance. Namely, inference engines do not need to
check a number of restrictions as they are not allowed
(and thus not considered) in particular profiles. More
information about the expressiveness of each of the pro-
files can be found in [19]. The following summarised
descriptions can be used as a reference:

e OWL2 EL
This profile is to be used in applications that use
ontologies with many properties god classes.
Basic reasoning can be performed in time that is
polynomial with respect to the size of the ontol-
ogy (PTime). Important constructs that are not
allowed in OWL2 EL are, among others, uni-
versal restrictionsal1ValuesFrom), cardinality
restrictions fiaxCardinality, minCardinal-
ity, exactCardinality), disjunction @nion-
0f), enumerations opne0f), and several par-
ticular property-related expressionsngerse0f,
disjoint, functionalProperty, symmetric-
Property).

e OWL2 QL
This profile is recommended for applications with
a large volume of instance data, and where query
performance is most important. If done properly,
guery answering can be performed in LOGSPACE
with respect to the size of the data. The expres-
sive power of this profile is quite limited as it ex-
cludes constructs such as existential and universal
restrictions §omeValuesFrom, allValuesFrom),
cardinality restrictionsaxCardinality, min-
Cardinality, exactCardinality), disjunction
(union0f), property inclusions fubProperty-
0f) and enumerationsofie0f). In comparison
with OWL EL, some property-related expressions
are allowed {nverse0f, disjoint, symmetric-
Property).

e OWL2 RL
This profile is meant to be used for applications
that require scalable reasoning without sacrificing
too much expressive power. Whenever reasoning
is involved, it is a good choice to adopt ontologies
in this profile. “The ontology consistency, class
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expression satisfiability, class expression subsusap-

tion, instance checking, and conjunctive query an-
swering problems can be solved in time that.is
polynomial with respect to the size of the ontel-
ogy.” [19]. The expressive power of OWL2 RL iss
quite close to OWL2 DL. A few syntactic restric-

tions (see [19]) need to be taken into account,in
order for the ontology to be in the OWL2 RL pro-

file. Moreover, all axioms of OWL2 are supported
in OWL2 RL, except for disjoint unions of classes
and reflexive object property axioms.

272

273

value (e.g. [23]). If adopted properly, the usage of se-
mantic web technologies is a fruitfalddition to (and
not replacement of) existing technologies, such as BIM
software environments and the IFC specification in EX-
PRESS.

1.3. Current status of IFC and RDF

1.3.1. The parallels between IFC and RDF

There is a considerable parallel between the build-
iINgSMART dfort towards the specification and stan-
dardisation of IFC for construction industry, and the

1.2.3. Closed World Assumption (CWA) versus Open W3C dfort towards the specification and standardisa-

World Assumption (OWA)

275

tion of RDF for web data. The purpose of the EX-

Two distinct approaches to knowledge representatien PRESS language is similar to the purpose of the OWL

are relevant when dealing with IFC and OWL: Closed
World Assumption (CWA) and Open World Assumprs
tion (OWA) [20]. According to CWA, any statements
that is not known to berue, must be considered aso
false. When applied to an IFC model or a BIM model;

one can conclude that whenever something is not spec-

ified, it is most definitelynot there On the other handgs:
according to OWA a statement that is not known to se
true, is Not necessarilfalse, nortrue, butunknown. s
In other words, it might berue or false in the future, 26
when more information is supplied, but no conclusien
can be drawn until then.
Many traditional software applications, including

288

BIM tools, database systems and the IFC data model,

adopt a Closed World Assumption (CWA). Semantic
web technologies, however, generally rely on an Open
World Assumption (OWA) because the technologies ase

language, and the semantic structure of an IFC file is
to some extent comparable to the semantic structure of
an RDF graph. However, Barbau et al. [24] empha-
sised the lack of formal semantics in EXPRESS, argu-
ing that a logic-based language, such as OWL, brings
certain modelling advantages in knowledge representa-
tion and semantic data sharing. Indeed, by adopting any
of the given OWL profiles for specifying building infor-
mation, one can rely on corresponding model theoretic
semantics to interpret the information (see Sect. 1.2.2).
A number of generally available tools beyond construc-
tion industry can then be used, including generic for-
mally grounded query engines, reasoning engines, and
so forth. Such formally grounded generic tools are not
generally available for EXPRESS. Additionally, Beetz
et al. [25] stressed the limits of EXPRESS with respect
to the reuse of existing ontologies and interoperability

supposed to be used on the Web, which is a systemwith semantic web tools. With this statement, Beetz

with incomplete information. One cannot conclude that
something is notrue simply because no one specified
it on the web. Hence, an OWA needs to be adopted.
At least, that is the original reason behind this decisien.
The diference between CWA and OWA plays a key rale

et al. [25] most likely refer to the OWA basis of semantic
web technologies (see Sect. 1.2.3), which makes it pos-
sible to add new information without violating any of
the conclusions that were inferred previously (cf. mono-
tonic reasoning).

when an ontology is used to representan IFC modeleta The main diferences between the buildingSMART

BIM model, because if something is not specified, then
one cannot conclude much, except that it might still e
true or false. A whole diferent kind of informationsos
usage and inference becomes available.
Mapping information representations in CWA to iax
formation representations in OWA is not that hard; the
main diference lies in the usage of the information that
is presented in both. Furthermore, it is even possible
to run a CWA-based validation of an OWL ontology
(see [21, 22]). However, the OWA of semantic web
technologies is still somethingféerent from the tradi-si:

304

effort and the W3C #ort thus lie in (1) the domain
that is to be represented, and (2) the langytaghanol-
ogy that is used to represent that domain. Currently,
both IFC and RDF are mainly used within their re-
spective domains. IFC is commonly used for exchange
of construction-related information, notwithstandirgy it
limitations, whereas RDF is used to represent web
data. The combination of IFC and RDF led to, among
other applications, an online Linked Open Data (LOD)
cloud [26, 27, 28, 29] that collects a considerable num-
ber of open RDF datasets that are linked together in one

tional CWA features in current software applications. open data cloud (1014 datasets in 2014). As there are
In many cases, both types of assumptions have theirso many parallels between the approaches behind IFC

4
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and RDF, it should be possible to attempt publishiag result, it is not really possible to build applications with
IFC data as part of this LOD cloud, or at least as RRF a realistic scope. A recommendable and usable ifcOWL
graphs. 7 ontology would allow to test applications of semantic
xs Web technologies in more realistic settings and to let
1.3.2. Why porting IFC data into the RDF data model? them mature into usable, trustworthy and helpful tools.
The formalisation of IFC data as an RDF graph
requires to focus first on the conversion of the IF€ 1.3.3. Previous proposals in the conversion of the EX-
schema, defined as an EXPRESS schema, into an QWL PRESS schema of IFC into an OWL ontology
ontology. As soon as such an ontology is available, itis A number of EXPRESS to OWL conversion proce-
relatively straightforward to build RDF graphs that are dures has been proposed so far. Schevers and Dro-
compliant with that OWL ontology. Various researeh gemuller [38] proposed a first unidirectional conversion
initiatives addressed the problem of converting an EX- map from EXPRESS to OWL, taking IFC as a reference
PRESS schema to an OWL ontology and some of them example and highlighting some of the key issues to be
focused in particular on the specific IFC case. sz addressed. Agostinho et al. [40] proposed a mapping
Most of the initiatives to formalise IFC in an on=s between EXPRESS and OWL within a broader Model
tology language have been motivated with the aimsef Morphism initiative. Beetz et al. [25] proposed a semi-
providing a semantically rich and platform independesat automatic method for converting EXPRESS schemas to
framework that can support the integration of softwasie OWL ontologies in order to enhance the applicability
tools and exchange of data in a knowledge-based systemand re-usability of the IFC standard. Barbau and col-
that is both human readable and usable by machines.leagues specified a set of rules for the automated conver-
Some early example applications were provisionally sion from EXPRESS to OWL within the OntoSTEP ini-
suggested in Pauwels et al. [30], Abdul-Ghafour etsal. tiative [41, 24] and implemented the system as a plug-in
[31], Yurchyshyna et al. [32], Yurchyshyna and Zasi for the Proége software tool [42]. Another conversion
[33] for the construction domain and in Kadar et a tool was presented by Pauwels and Van Deursen [43].
[34], Terkaj et al. [35] for the manufacturing domairs Terkaj et al. [44] proposed an OWL version for a frag-
The potentiality and the presence of technologies togle- ment of IFC aiming at facilitating the extension of IFC
velop a semantic linking of building information models and the integration with other data models that are rele-
were presented bydFma [36, 37]. In addition, Schevers: vant in the scope of the industrial domain, in particular
and Drogemuller [38], as well as Zhang and Issa [3€], for the design and management of factories. Finally,
argued that the conversion of IFC into OWL, besides en- Terkaj and Sojic [23] presented how some of the EX-
abling the exploitation of semantic web technologies for PRESS rules included in an IFC schema can be repre-
building information models, even facilitates the links sented in OWL as well to enhance the previous ifcOWL
age between dierent IFC models and databases. Magy ontologies.
more example applications have emerged by now, cev- Many of these proposals have been documented only
ering a myriad of use case scenarios in architectusal in relatively short scientific articles that are not de-
design, construction industry, smart cities applications tailed enough. For example, Schevers and Drogemuller
built heritage applications, the factory and manufactur- [38], Beetz et al. [25] and Pauwels and Van Deursen
ing domain, building regulation management, and fa- [43] presented the key ideas of their approach, without
cility management. From these use cases, it is clear publishing the generated ontology that would provide
that the focus of development does not really lie in the the actual details of the conversion procedure. There-
replacement of existing technologies, but rather in the fore, anyone willing to adopt any of these proposals
combination of building information with relevant ins would be required to implement the conversion pro-
formation in other domains. This can be considered.as cedure, inevitably leading to slightly feirent versions
a useful OWA addition to the set of currently available (e.g. object property renaming undecided, presktce
tools that provide crucial CWA functionality. w8 Sence of inverse properties fldirent handling oENUM
Most of the semantic tools previously mentioneed andSELECT data types). In addition, these three ear-
have relatively limited functionalities and applicalylit:.o  lier proposals were developed when the OWL2 specifi-
In many cases, the reason for this limitation is the ab- cation by Hitzler et al. [15] was not yet published. In-
sence of a real standard ifcOWL ontology, even though stead, there was the distinction between the OWL pro-
several proposals were presented. Therefore, the develfiles OWL Full, OWL DL and OWL Lite, which are
oped applications are all based on slightlffelient on- ..  different from the OWL2 profiles that exist nowadays.
tologies, making them work as isolated examples. Assa Nevertheless, most of the presented proposals were in
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OWL DL, which can be compared to OWL2 DL. Hence; the three proposed ifcOWL ontologies (Simple, Stan-
the general outlines presented in these three early pro-dard and Extended), in order to make them somewhat
posals are still of high value for this article and have compatible. By choosing to not implement OWL class
informed many of the general decisions made here..As domain and range restrictions in the Simple and Stan-
an example, class wrapping of EXPRESS simple data dard versions of the ontology, mainly because of cri-
types has been proposed by Schevers and Drogemuleiterion 2, these ifcOWL versions tend to become un-
[38] and Beetz et al. [25] for good reasons, therefore this derspecified. In other words, these ifcOWL versions
approach has been adopted here as well for the conwer-consider only a fraction of the semantic richness of the
sion of EXPRESS simple data types. Other than that, original EXPRESS schema. The ifcOWL Extended on-
most of the details (cardinality restrictions, domain and tology can be compared with what we propose in the
range restrictions, class and property naming) had te-befollowing sections. However, by aiming to make this
thoroughly reviewed. ae Ontology compatible with ifcOWL Simple and ifcOWL
Of the later proposals, the most relevant resourges Standard, it becomes hard to add all the restrictions that
are the conversion procedure presented and documentedre originally defined in the EXPRESS schema.
within the OntoSTEP initiative [41, 24], and the con-
version procedure presented by Hoang [45], Hoang and 1.3.4. Targeted criteria
Torma [46]. The OntoSTEP research initiative aims gt As highlighted in the previous section, it is impor-

providing a general purpose conversion mechanism,for tant to set appropriate criteria that underpin the pro-
any EXPRESS schema to an OWL ontology, not only posed EXPRESS-to-OWL conversion procedure. Con-
of the EXPRESS schema of IFC. In addition, the cq- sidering the reasons for targeting one standardised (or
version procedure is well-documented and the resylt- 5t |east recommended) version of the ifcOWL ontology

ing ontology file can be generated and checked. ,Of (see Sect.1.3.2), we decided to stick to the following
all the available resources, only the conversion proge- three criteria, in order of importance:

dure by Hoang [45], Hoang anddfma [46] explicitly

and appropriately takes into account the existence.of 1. The ifcOWL ontology must be in OWL2 DL.

the OWL2 profiles EL, QL and RL, thereby making.a 2. The ifcOWL ontology should match the original
case for a conversion procedure that results in a layeyed EXPRESS schema as closely as possible.
ifcOWL ontology. Three layers are proposed: ifcOWL, 3. The ifcOWL ontology primarily aims at supporting

Simple, which only includes what can be specified,jn the conversion of IFC instance files into equivalent
the intersection of OWL2 EL, QL and RL (see Fig. 2); RDF files. Thus, herein it is of secondary impor-
ifcOWL Standard, which is an ontology in the OWLg, tance that an instance RDF file can be modelled
RL proflle; and ifcOWL Extended, which is an onto];, from scratch using the ifcOWL ontology and an
ogy in OWL2 DL. - ontology editor.

The proposal that we make in the following sections,
only differs in the details compared to the proposals We decided to remain in OWL2 DL, and not in any
by Krima et al. [41], Barbau et al. [24] and by Hoang of the three OWL2 profiles because an OWL2 DL on-
[45], Hoang and ©rma [46]. Many of the decisions. tology provides full expressiveness. Note that it is pos-
made by Krima et al. [41], Barbau et al. [24] are moti- sible to develop an ifcOWL ontology in the EL, QL or
vated by the aim of developinggeneral-purpose&on- s RL profile from the OWL2 DL version, since these pro-
verter for EXPRESS. In other words, the conversign files are subsets of the OWL2 DL version (Fig. 2). The
procedure is not tailored to the case of constructionsin- disadvantage behind this decision is that the resulting
dustry or IFC, more specifically. As a result, quite ves= ifcOWL ontology will imply sacrifices in terms of per-
bose constructs are often used in order to take intosac-formance, in particular reasoning performance. The ad-
count the many possible declarations in EXPRESSs:A vantage is that we have the complete freedom to build
less verbose and thus better usable conversion cas. bean ifcOWL ontology that is as close as possible to the
used for several concepts employed in IFC. s original IFC EXPRESS schema (cf. our second crite-

The proposal by Hoang [45] and Hoang andrfia s rion). If an ifcOWL ontology is used as a recommended
[46] identified two main criteria for the conversion: (1) version, then this ontology should be as close as possi-
to be able to switch betweenfiirent OWL2 profiles,s:s ble to the original IFC standard. These two first criteria
and (2) to make it easy to generate RDF graphs as linkedare thus very important here, which is not the case in the
data, not necessarily tied to an overly restricted ontal- recent proposal by Hoang [45], Hoang anifia [46].
ogy. As a result, considerable compromises are madg inThe proposal by Krima et al. [41], Barbau et al. [24]

6
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takes our first two criteria in account as well, but adeli-
tionally aims at supporting the conversion of EXPRE&S
schemas other than IFC (more general purpose).
The third criterion is considerably less important than
the first two criteria. Essentially, we targeted first at sup-
porting the conversion of IFC instance files into equiv-
alent RDF files, and not at the creation of RDF graphs
from scratch, using only the ifcOWL ontology. In most
cases, IFC models will likely be built still in BIM soft=

566

e Section 5, finally, compares the proposed conver-
sion procedure with the results of previous propos-
als, which were only briefly touched in Sect. 1.3.3.

2. Thestructure of EXPRESS

In this section, we will first look into the key charac-
teristics and content of an EXPRESS schema. We will
use the IFC4ADD1.exp schema [2] as a reference ex-

ware environments, as they are available and spreae inample for this purpose. This brief introduction to EX-

the industry. The common case will thus remain to be.a
one-directional conversion process from BIM environ:-
ment into an ifcOWL-compliant RDF graph. Considetx
ing this common case, most instance RDF graphs wall
already be checked for consistency in the native BiM
tools. As a result, we can opt to not convert all pro-
ceduralRULE andFUNCTION declarations in the nativé™
EXPRESS schema, which are in any case better Q%n—
dled in a native CWA BIM tool. If one would choose
to set the third criterion the other way round (i.e. focus-
ing on the creation of ifcOWL-compliant RDF graphs
from scratch), then the ifcOWL ontologyeedsto in- **
clude as many as possitHELE andFUNCTION declara- .,
tions. This is to some extent possible, considering the
proposals made in Terkaj and Sojic [23].

583

1.4. Paper outline

584

5

Relying on previous conversion proposals, we hav
looked in close details at the various options of convert-
ing EXPRESS schemas into OWL ontologies, so that
we are able to propose and recommend the reqwred5 ifc-
OWL ontology. The following outline is used to docﬁ
ment this research.

o

e Sect. 2 will first outline the key characteristics &f

an EXPRESS schema, providing all the details tffat
are relevant to take the conversion decisions.

e Section 3 presents the proposed EXPRESS to
OWL conversion procedure. This section is siffi-
ilarly detailed to point out also the exceptions 6
the general conversion procedure. e

599

e In Sect. 4, we briefly present our implement&:
tion(s) of the conversion procedure in executable
software tools. The focus of this section (and ®f
this article) is on the conversion of EXPRESS o
OWL, i.e. only about the ifcOWL TBox. The sec-
tion, however, also includes a brief indication of
how this TBox can be exploited to generate ABeax
data.

606

7

PRESS will allow to better appreciate the diverse possi-
ble conversion routines presented in Sect. 3.

In EXPRESS, a number of declarations can be made.
A distinction is hereby made between the declarations
enumerated below.

e TYPE declarations [4, p.38]

e ENTITY declarations [4, p.40]

e SCHEMA declarations [4, p.62]

e CONSTANT declarations [4, p.63]

e ALGORITHM declarations [4, p.64] (cfFUNCTION
andPROCEDURE declarations)

e RULE declarations [4, p.72]

An EXPRESS schema contains exactly G@HEMA
declaration that covers the entire file, thereby assign-
|ng the body of this file to the particular schema dec-
laration. An EXPRESS schema may import definitions
from other schemas using tIREFERENCE FROM key-
words. The IFC schema is self-contained and there is
no import of other schemas (see Fragment 1).

SCHEMA IFC4;

END_SCHEMA ;

Fragment 1. Printout of the SCHEMA declaration present in
IFC4_ADDL1.exp.

At the end of the IFC4ADD1.exp schema, there are
two RULE declarations and 4BUNCTION declarations,
which will be briefly covered further on in this section.
All the other declarations make use of tli#PE and
ENTITY keywords that represent and reference a num-
ber of EXPRESSlata types A distinction is hereby
made between the following data types:

e Simple data types [4, p.20], i.eNUMBER, REAL,
INTEGER, LOGICAL, BOOLEAN, STRING, BINARY

e Aggregation data types [4, p.23], i#BRAY, LIST,
BAG, SET
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e Named data types [4, p.28], i.e. entity data types

and defined data types 651 TYPE IfcBoxAlignment = IfcLabel;

652 WHERE
) 653 WR1 : SELF IN [‘top-left’, ‘top-middle’, ‘top-
e Constructed data types [4, p.29], i.e. enumeratian right’, ‘middle-left’, ‘center’, ‘middle-right

‘bottom-middle’, ‘bottom-—

data types and select data types 655 ’, ‘bottom-left’,
656 right’];

657 END_TYPE;

658

659 TYPE IfcLabel =
These data types will be briefly documented in tige END_TYPE;
next subsections by following the order they appear in Fragment 3: Example of the defined data type declarainrBox-

an IFC schema and skipping only tgeneralised data  p1ignment, which refers to another defined data tyfi€dLabel),
typessince they are not regularly employed in an IFC which in turn refers to a simple data tys@RING of maximum 255

schema (reference schema IEEBD1.exp). characters.

e Generalised data types [4, p.35]
STRING(255) ;

2.1. Simple data type declarations . ]
ez 2.3. Aggregation data type declarations

Simple data typegi.e. NUMBER, REAL, INTEGER, _ )
LOGICAL, BOOLEAN, STRING, BINARY) are commonly®s Some of the defined data type declarations refer to an
used in an IFC schema. These data types are refereficeddgregation data typerhese aggregation data types are

by the other data type declarations as shown in the fol- declared locally and can make use of one of the follow-

667 The LIST and ARRAY data types represent an or-

s dered collection of elements, whereas BA€ andSET

oo data types represent unordered collections [4, p.23].
Apart from the simple data type declarations, tlee Three examples are given in Fragment 4, nameky-

fined (named) data type declaratioase the most ba*™ CompoundPlaneAngleMeasure, IfcLineIndex, and

sic elements that are used in an EXPRESS schefha.lfcComplexliumber. For each of these examples, car-

These declarations are typically very short statemetits, dinality restrictions are declared between brackets. As

eventually providing the building blocks used by move an example, the data ty[l# cCompoundPlaneAngle-

6

=3

2.2. Defined (hamed) data type declarations

complex data types in the EXPRESS schema. Di- Meas_ure is defined as &IST with min_ir_num_ 3 and
maximum 4INTEGER elements. In addition, it can be

verse defined data types can be found in an IFC EX-

PRESS schema and most declarations are similar tathenoticed that the values of theS§TEGER elements are

one given in Fragment ZfcAreaDensityMeasure), °°
where a type name is given (e.gfcAreaDensity- o

0

Measure) together with a reference to a simple dafa

type (e.gREAL). 682

683
TYPE IfcAreaDensityMeasure = REAL; 684
END_TYPE; 685

686
Fragment 2: Printout of the defined data type declaratifxirea- 687

DensityMeasure. 688
689

Some defined data type declarations refer to otercl’er
defined data types instead of a simple data type. &or

instance, the data typefcBoxAlignment (See Frag-es:
ment 3) refers to another defined type (L&cLabel). **

. 695
Fragment 3 provides al.so' an exampleERE rule re-
striction, namelywR1. This is a local rule that only apse-
plies to the type in which it is declared. In the casessf

Fragment 3, the local rule specifies that the data tgi;;Ee

can be instantiated only using the values provided in
list. 702

8

restricted USINGHERE rules.

€ TYPE IfcComplexNumber =

TYPE IfcCompoundPlaneAngleMeasure = LIST [3:4] OF
INTEGER;

WHERE
MinutesInRange : ABS(SELF[2]) < 60;
SecondsInRange : ABS(SELF[3]) < 60;
MicrosecondsInRange : (SIZEOF(SELF) = 3) OR (ABS
(SELF[4]) < 1000000) ;
ConsistentSign :
((SELF[1] >= 0) AND (SELF[2] >= 0) AND (SELF
[3] >= 0) AND ((SIZEOF(SELF) = 3) OR (SELF
[4] >= 0)))
OR
((SELF[1] <= 0) AND (SELF[2] <= 0) AND (SELF
[3] <= 0) AND ((SIZEOF(SELF) = 3) OR (SELF

[4] <= 0)));
END_TYPE;

TYPE IfcLineIndex = LIST [2:7] OF IfcPositiveInteger

B

END_TYPE;

ARRAY [1:2] OF REAL;
END_TYPE;
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Fragment 4: Example of three data type declarations refelon%ﬁ

aggregation data typeBIST, ARRAY).

The IfcLineIndex in Fragment 4 refers to an or-
deredLIST of at least 2 elements. No upper boundary
is declared for th&IST size. ThelfcComplexNumber
type refers to a fixed-size, indexed liaRRAY). In this
case, the indices between brackets indicatelthwest _,
and highest index which are valid for an array value of
this data type’[4, p.24]. Therefore, an instance bf c-
ComplexNumber will be an array of exactly tW®REAL
simple data type instances, indexednd2.

An appropriate example of 8ET aggregation data58
type declaration is available in Fragment 5. In this Frag-
ment, anENTITY IfcArbitraryProfileDefWith- 250
Voids is declared with one of its attributes (namely
InnerCurves) pointing towards &ET of IfcCurve
data types. ThiSET is an unordered aggregation of dif-,
ferentIfcCurve instances [4, p.27].

755

756

764

ENTITY IfcArbitraryProfileDefWithVoids 768

766

SET [1:7] OF IfcCurve; 767
oo 768
END_ENTITY; 769
770
Fragment 5: Printout of thef cArbitraryProfileDefWithVoids
entity data type declaration in EXPRESS including an aittgbr72
declaration that refers toSET aggregation data type declaration. 773
774

The IFCAADD1 schema does not includa\G ag- #

InnerCurves :

,DISTRIBUTIONPOINT
,USERDEFINED) ;
END_TYPE;

Fragment 6: Printout of thENUMERATION data type declaratiohf c-
AddressTypeEnum, which refers to a list of the allowed values within
this enumerationQFFICE, SITE, HOME, DISTRIBUTIONPOINT and
USERDEFINED).

2.4.2. Select data type declarations

A select data typdeclaration is identified by the key-
word SELECT, as shown in Fragment 7. Any instantia-
tion of such data type should refer to one instance of the
listed types or entities. It must be noted that a select data
type declaration might include various other EXPRESS
data types, including defined (named) data types, other
select data types, and entity (named) data types. The
declaration of th@fcMetricValueSelect select data
type represents an example of such a mixture, since it
lists one defined (hamed) data type (i.€fcValue)
and five entity (named) data types (i.efcApplied-
Value, IfcMeasureWithUnit, IfcReference, Ifc-
Table, andIfcTimeSeries).

TYPE IfcMetricValueSelect =
(IfcAppliedValue
,IfcMeasureWithUnit
,IfcReference
,IfcTable
,IfcTimeSeries
,IfcValue);

END_TYPE;

SELECT

gregatlon data types, so we do not present any eXarm:)IeFragment 7: Printout of th&ELECT data type declarationfc-

here. The definition of 8AG aggregation data type is
comparable to the definition of £ET aggregation data

type. ABAG data type can, however, contain the same

instances more than once, wher&8a% data types can
only contain diferent elements [4, p.26].

777

778

2.4. Constructed data type declarations

779

Two types of constructed data typesan be de-,,
clared in an EXPRESS schema, nameiyMERATION g,

(e.g. IfcDistributionSystemEnum) and SELECT .,
(e.g.IfcActorSelect). 783

784
2.4.1. Enumeration data type declarations 785

An enumeration data typeeclaration is identified bysss
the keywordENUMERATION, as shown in Fragment 6s
Any instantiation of such data type should refer to one
of the values listed in the enumeration. 789

790

TYPE IfcAddressTypeEnum = ENUMERATION OF

791

(OFFICE
,SITE 792
,HOME 793

9

MetricValueSelect, which refers to a number of allowed data type
instantiations: IfcAppliedValue, IfcMeasureWithUnit, Ifc-
Reference, IfcTable, IfcTimeSeries, andIfcValue.

2.5. Entity (hamed) data type declarations

Entity (named) data typdeclarations are identified
by the keywordENTITY and form most of the content
of an EXPRESS schema in the case of IFC. An exam-
ple declaration is given in Fragment 8, namélfc-
BSplineCurve. After the name of the entity data type,
a specification can be given of the hierarchical struc-
ture through statements that make use of the keywords
SUPERTYPE and SUBTYPE. In this caseIfcBSpline-
Curve is an abstract supertype 0f cBSplineCurve-
WithKnots, implying that only IfcBSplineCurve-
WithKnots can be explicitly instantiated (i.e. ncfc-
BSplineCurve instances are allowed) while inherit-
ing all the properties fronifcBSplineCurve. The
IfcBSplineCurve entity is also aSUBTYPE of Ifc-
BoundedCurve. An entity datatype can have multiple
supertypes and multiple subtypes [4].
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849
ENTITY IfcBSplineCurve

ABSTRACT SUPERTYPE OF (ONEOF
(IfcBSplineCurveWithKnots))
SUBTYPE OF (IfcBoundedCurve);
Degree : IfcInteger;
ControlPointsList :
IfcCartesianPoint;
CurveForm : IfcBSplineCurveForm;
ClosedCurve : IfcLogical;
SelfIntersect : IfcLogical;
DERIVE
UpperIndexOnControlPoints :
ControlPointsList) - 1);
ControlPoints : ARRAY [0:UpperIndexOnControlPoints
] OF IfcCartesianPoint := IfcListToArray(
ControlPointsList,0,UpperIndexOnControlPoints) ;
WHERE
SameDim : SIZEOF (QUERY(Temp <* ControlPointsList |
Temp.Dim <> ControlPointsList[1].Dim)) = 0;
END_ENTITY;

850
851
852
853
854
LIST [2:7] OF a55
856

858
859

860

IfcInteger := (SIZEOF(

861
862
863
864
865
866

868

Fragment 8: Printout of the entity (hamed) data type dectanat c-

BSplineCurve.
869

The declaration of the entity attributes follows tfig¢
declaration of the hierarchical structure. It is possibl€t
declare explicit, derived, and inverse attributes [4, p.4%

These attributes are defined exclusively within the scpe

of the entity data type under which they are declar&d,

and they establish a relationship with other data typiés
that are declared elsewhere in the EXPRESS sch&a
(i.e. simple data types, named data types, aggregdtion
data types, constructed data types, entity data typés).

It is also possible to refer to two-dimensional aggreda-
tions, such as theIST of LIST elements that can b’
found in IFC4ADD1.exp (cf. the attribut€ontrol- e
PointsList of entity IfcBSplineSurface).
A specific kind of attribute that can be defined f&t
an entity data type is a derived attribute, identified 95%/
the keywordDERIVE. These are typically attributes that
can be derived from the other entity data type attributes
through simple rules or more complex routines. In the
case of th&€ontrolPoints attribute in Fragment 8, for
instance, a reference is made to the declat®tTION
IfcListToArray() in order to calculate the value of,
theControlPoints attribute. o80
A second example of an entity data type declaratign
is given in Fragment 9 foIfcObject. This Fragments,
shows the usage of tHBPTIONAL keyword, implying .,
that all attributes without this annotation are required at
tributes in the definition of an instance of such an entity
data type.

883

895

896
ENTITY IfcObject

ABSTRACT SUPERTYPE OF (ONEOF
(IfcActor
,IfcControl

897
898

899

10

, IfcGroup
,IfcProcess
,IfcProduct
,IfcResource))
SUBTYPE OF (IfcObjectDefinition);

ObjectType : OPTIONAL IfcLabel;
INVERSE
IsDeclaredBy : SET [0:1] OF IfcRelDefinesByObject

FOR RelatedObjects;
Declares : SET [0:7] OF IfcRelDefinesByObject FOR
RelatingObject;
IsTypedBy : SET [0:1] OF IfcRelDefinesByType FOR
RelatedObjects;
IsDefinedBy : SET [0:?] OF
IfcRelDefinesByProperties FOR RelatedObjects;
WHERE
UniquePropertySetNames
IsDefinedBy) ;
END_ENTITY;

: IfcUniqueDefinitionNames (

Fragment 9: Printout of the entity (named) data type dectanati c-
Object.

Furthermore, Fragment 9 shows the usage of in-
verse attributes with the keyworNVERSE. Any such
INVERSE statement declares an attribute that is inverse
to an attribute that has been declared elsewhere and in
the opposite direction. In the case of i#beclaredBy
attribute in Fragment 9, for example, the attribute going
in the inverse direction can be found in Fragment 10,
namely theRelatedObjects attribute of thelfcRel-
DefinesByObject entity data type. Finally, the usage
of local WHERE rule declarations within an entity data
type declaration is also displayed in Fragment 9.

ENTITY IfcRelDefinesByObject
SUBTYPE OF (IfcRelDefines);

RelatedObjects : SET [1:7] OF IfcObject;
RelatingObject : IfcObject;
END_ENTITY;

Fragment 10: Printout of the entity (named) data type dedtarat
IfcRelDefinesByObject

2.6. FUNCTION declarations

The IFCAADD1.exp schema includes £4HNCTION
declarations with a variable level of complexity. Frag-
ment 11 shows a simple exam@@&NCTION declara-
tion that is used in the declarations of thi&-Element-
Quantity andIfcPhysicalComplexQuantity entity
data types. ThBUNCTION IfcUniqueQuantityNames
defines (1) what input data it expects, namely a set of
IfcPhysicalQuantity instances, and (2) what output
it generates, namely one simaleGICAL data type in-
stance. The calculation from input data to output data is
given in the body of th&UNCTION declaration. In the
case of th&fcUniqueQuantityNames, the number of
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elements in the argument is counted and the result is#e-3.1. OWL header

turned.

950

FUNCTION IfcUniqueQuantityNames ot

(Properties : SET [1:7?] OF IfcPhysicalQuantity) 952
:LOGICAL; 953
954

LOCAL
Names : SET OF IfcLabel := []; %9

END_LOCAL; 956

957
REPEAT i:=1 TO HIINDEX(Properties);

Names := Names + Properties[i].Name;
END_REPEAT;
RETURN (SIZEOF (Names) = SIZEOF (Properties));
END_FUNCTION;

958

959

961

Fragment 11: Printout of thBUNCTION declarationIfcUnique- °%

QuantityNames. 963

964

965

2.7. RULE declarations

966
The EXPRESS language allows the declarationzzg)f
rulesthat“permit the definition of constraints that apply,,
collectively to the entire domain of an entity data type,
or to instances of more than one entity data tydé].
As an example, Fragment 12 shows one of theRUIE ™
declarations made in the IFG¥DD1.exp schema. The,,
head of thiRULE declaration indicates which entity data
types are fiected (i.eIfcProject), whereas the body™
of the declaration indicates what restrictions apply’fo
these entity data types (i.e. the numbefotProject
instances in a model may not be larger than one).

979
980

981

RULE IfcSingleProjectInstance 982

FOR (IfcProject); 983

984
WHERE 985
WR1 :

END_RULE;

986

988

SIZEQF (IfcProject) <= 1;

Fragment 12: Printout of thRULE declarationlf cSingleProject-
Instance
989
990
3. The EXPRESSto OWL conversion pattern oo

992

We propose to adopt a unique URI (namespace)
for each ifcOWL ontology corresponding to a distinct
EXPRESS schema of IFC. Currently, this results
in four URIs for IFC2X3.exp, IFC2X3IC1l.exp,
IFCARC4.exp, and IFCADDl.exp, respectively.
We propose to use the following URI design
for these ontologies: http://www.building-
smart-tech.org/ifcOWL/ [schemaName], with
[schemaName] being one of the four schema names.
Fragment 13 shows what this results in OWL together
with a few Dublin Core dce) metadata annotations
added to the ontology declaration, indicating details
about the origins of the OWL ontology. Theann
metadata annotations indicate preferred namespace URI
and namespace prefix, and the:1license property
indicates which license is associated to the ontology.

<http://www.buildingsmart-tech.org/ifcOWL/IFC4_ADD1>

rdf:type owl:0Ontology ;

dce:creator "Pieter Pauwels (pipauwel.
pauwels@ugent.be)" ;

dce:creator "Walter Terkaj (walter.terkaj@itia.cnr
Lit)"

dce:date "2015/07/30" ;

dce:contributor "Aleksandra Sojic (aleksandra.
sojic@itia.cnr.it)" ;

dce:title "IFC4_ADD1" ;

dce:description "OWL ontology for the IFC4_ADD1
conceptual data schema and exchange file format
for Building Information Model (BIM) data" ;

dce:format "ttl" ;

dce:identifier "IFC4_ADD1" ;

dce:language "en" ;

vann:preferredNamespacePrefix "ifc" ;

vann:preferredNamespaceUri "http://www.
buildingsmart-tech.org/ifcOWL/IFC4_ADD1" ;

cc:license <http://creativecommons.org/licenses/by
/3.0/> .

Fragment 13: Definition of the ifcOWL ontology.

Alternatively, one could decide to use one version-
independent URI for the ifcOWL ontology. Such a URI
would then correspond to an equivalent ifcOWL names-
pace thatis used as base URI for the definition of the key

This section presents the proposed EXPRESSs#t0 ontology entities (i.e. classes, object properties and dat
OWL conversion pattern that can be used to generate.anproperties). In this case, the ifcOWL namespace would

ifcOWL ontology. We will outline a reasonable numbeg

not change in time when the ifcOWL is updated after a

of conversion options whenever they are available aad new release of the IFC standard, thus supporting back-

relevant in the overall conversion strategy. Sectiom:5
will summarise a comparison of thefidirent conversionsss

ward compatibility and re-use of data sets generated ac-
cording to previous IFC releases. In this case, the piece

patterns available in the literature. The structure of the of information about the specific IFC release that was

previous section will be followed by matching the EX»

used to generate the ifcOWL ontology can be stored us-

PRESS declaration examples (Fragments 1 to 12) with ing an additional annotatioswl : versionIRI.

corresponding OWL declarations (Fragments 13 t0:43)

using the Turtle syntax [12].

1003

11

In theory, the IFC schema in EXPRESS is back-
ward compatible, thus the version-independent alterna-
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tive should be implementable.

However, as the IEC thexsd:string data type in OWL. On the other hand,

schema changes quite a lot from version to versien, the entity data type declaration given in Fragment 9

this backward compatibility is hard to securely maids
tain using only OWL constructs in one singular ifcOWk

maps far more naturally to aswl:Class declaration
in OWL. This is a conversion decision that should be

namespace. Therefore, we decided to opt for sepakatewell-considered, as it has many implications further on
namespaces for the ontology URI (one namespacesforin using the RDF instances according to the ifcOWL on-
each IFC schema). To ensure backward compatibility, tology.

one could add relations between the (foufjetient ifc- 1oss
OWL ontologies afterwards. This will likely allow &s.
safer implementation of the backward compatibility. ies

In the case of the simple data type declarations in EX-
PRESS (e.gREAL, INTEGER, and so forth), these can be
converted to OWL data type or class declarations. Frag-

At the outset of any OWL ontology, a number of other ments 15 and 16 give an example of both options for the
ontologies are referenced, thereby declaring the appro-case of the simple data typegAL.
priate prefixes. In the proposed ifcOWL ontology, the
namespace prefixes listed in Fragment 14 are decl%ﬁ?d.e
We recommend the usage of a separate namespacg fo
classes and properties that are specific to EXPRESS,
namely http://purl.org/vocab/express/. This
was also proposed by Hoang [45], Hoang aridria
[46]. In this namespace, we can put ‘helper’ class and
property declarations that are not specific to IFC, but
rather to EXPRESS itself. We will see examples of Htiv exf;fe.ss;;:‘“gwll Clacs -
this separate namespace is used in the following SUb- L 4fs:subclassof
sections.

1077 [

xpress:REAL
rdf:type rdfs:Datatype ;
owl:equivalentClass xsd:double .

Fragment 15: Printout of the RDF graph representation for afne
the simple data type®EAL) in the ifcOWL schema, illustrating the
option to convert it into amrdfs :Datatype.

1078 rdf:type owl:Restriction ;
owl:allValuesFrom xsd:double ;

owl:onProperty express:hasDouble

188 1.

Fragment 16: Printout of the RDF graph representation for afne
the simple data type®EAL) in the ifcOWL schema, illustrating the
option to convert it into apwl:Class.

@base <http://www.buildingsmart-tech.org/ifcOWL/ 1079

IFC4_ADD1> .
O@prefix : <http://www.buildingsmart-tech.org/ifcOWL/
IFC4_ADD1#> .
@prefix ifc: <http://www.buildingsmart-tech.org/
ifcOWL/IFC4_ADD1#> .
@prefix xsd: <http://www.w3.org/2001/XMLSchema#> .
@prefix owl: <http://www.w3.org/2002/07/owl#> .
@prefix rdfs: <http://www.w3.org/2000/01/rdf-schema If the rdfs:Datatype conversion option is adopted

> o w0 (See Fragment 15), then an instance of an EXPRESS
e e e renysaisar. e Simple dala type (e.gREAL) is converted to an RDF
syntax-ns#> . typed literal (e.gxsd:double). If the owl:Class con-
@prefix vann: <http://purl.org/vocab/vann/> . version option (see Fragment 16) is chosen, then an in-
(Jpmeiies G AT R O G stance of an EXPRESS simple data type is converted
@prefix express: <http://purl.org/vocab/express/> . . to an individual of a class (e.gexpress:REAL) and
this individual is in turn linked to an RDF typed lit-
eral via a functionabwl :DatatypeProperty. The re-
quiredowl:DatatypeProperty must be properly de-
clared by defining its domain, range and label (e.g.
see Fragment 17 fasxpress:hasDouble). Note that

1080

1083

1085

1086

1087

1088

Fragment 14: Printout of the ontologies that are used by thegsedioso
ifcOWL ontology. 1001
1092
1093
3.2. Simple data type declarations oo
The notion of a data type in EXPRESS is consig- the rdfs:Datatype Or owl:Class express:REAL
erably diferent from a data type in OWL, sincl .0s and the propertyhasDouble are declared within the
declarations made in EXPRESS are data type degla-express namespace, as they are not concepts com-
rations. In OWL, however, a distinction is made he- ing from IFC, but from EXPRESS. Such concepts are
tweenowl:Class and rdfs:Datatype declarations.ss placed in a separate namespace, in order to be able to
In other words, the EXPRESS data type declaratiens distinguish them from the concepts specific to IFC, but
could map both toowl:Class and rdfs:Datatype ua also to allow reuse of such concepts in OWL ontolo-
declarations in OWL, depending on which kind of EX- gies for EXPRESS schemas other than IFC. The domain
PRESS data type is considered. For example, the simpledeclaration is done in the form of @1 : union0f con-
data type declaratioBTRING would map very well tow. Struct, because, in some cases, several EXPRESS sim-

12



1105
1106
1107
1108
1109

1110
1111

1112
1113
1114
1115
1116
1117
1118
1119

130

1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143

1144

ple data types (e.®REAL andNUMBER) map to the sameus Alternatively, the LOGICAL simple data type
xsd datatype £sd:double). An overview of the prows could be explicitly converted into a separate
posed mapping between the simple data types in =X- OWL class that enumerates the three named in-
PRESS and the XSD data types in OWL is given in Ta- dividuals express:TRUE, express:FALSE, and

ble 1. s express:UNKNOWN (see Fragment 18). This can be
uso further constrained by adding aml: oneOf constraint

us 10 the express:LOGICAL class, which indicates that

express:hasDouble
rdf:type owl:DatatypeProperty ;

rdf:type owl:FunctionalProperty ; 1152 the express:LOGICAL class contains exactly the three
rdfs:label "hasDouble" ; uss  given individuals express:TRUE, express:FALSE,
zdfstdonasin uss  andexpress: UNKNOWN.

L

1155
rdf:type owl:Class ; 1156 express:LOGICAL
owl:unionOf ( express:REAL express:NUMBER ) 1157 rdf:type owl:Class ;

13 1158 owl:equivalentClass
rdfs:range xsd:double . 1159 [

. - 11?5') rdf:type owl:Class ;
Fragment 17: Printout of the RDF graph representation of the .
1161 owl:oneOf

express:hasDouble datatype property as it would be requiredlllrg2 (
combination with theowl:Class declaration given in Fragment 16,

i163 express:TRUE

1164 express:FALSE

1165 express : UNKNOWN
EXPRESS OwWL 1166 )
NUMBER xsd:double 1167 1.
REAL xsd:double 1168
INTEGER xsd:integer 160 express:TRUE
LOGICAL xsd:boolean 1170 rdf :type express:LOGICAL ;
BOOLEAN xsd:boolean 171 rdf:type owl:NamedIndividual .
STRING xsd:string 117
BINARY xsd:hexBinary 173 express:FALSE

1174 rdf:type express:LOGICAL ;

1175 rdf:type owl:NamedIndividual .
Table 1: Overview of the simple data types defined in EXPRESIS, gap

the corresponding XSD datatypes used in OWL. 177 express:UNKNOWN
1178 rdf :type express:LOGICAL ;

If a conversion routine via amwl:Class decla-ig  rdf:type owl:NamedIndividual .
rat'f)n and an accompanyingyl:DatatypeProper- Fragment 18: Printout of the RDF graph representation of the
ty is adopted, then an extra restriction with universal express:LOGICAL class and its three named individuals.
qguantifier pwl:allValuesFrom) can be added to the ]
owl:Class declaration for the corresponding datatype N summary, for EXPRESS simple data types, we can
property. An example of such a restriction can be séen distinguish the conversion options that are listed in Ta-
in Fragment 16 for the propertpress :hasDouble. = ble 2. Option 1 was documented in Fragment 15. In

Table 1 includes one peculiar element, namely ‘the this option, aL.OGICAL will have to be converted into a
simple data typeLOGICAL. This simple data type ig* datatype that is equivalent tsd:boolean. thion 2
similar to theBOOLEAN simple data type, except thag Was documented in Fragment 16 and 17, WG ICAL
it can have three values instead of tWERUE, FALSE, = €ventually pointing again to thesd:boolean. Op-
andUNKNOWN. There is no XSD data type that has thege fion 3 was documented in Fragment 16 and 17, with
three values. This is normal, because, setting this tiffrd LOGICAL exceptionally converted as in Fragment 18.
value would actually make little sense in the (semariti¢) Herein we propose to follow option 2.
web domain. Namely, the OWA states exactly that any-

thing that isnot set is by defaulUNKNOWN. Hence, it is opion1 | rafs:Datatype Is“gﬁfec g;ooLEAN

possible to consider thisOGICAL data type as equal to option 2 owl:Class LOGICAL

BOOLEAN, as is also proposed in Table 1. Whenever an _ (incl. union0f) same a800LEAN

IFC file happens to include thisVKNOWN value, it can option3 | owl:Class LOGICAL asENUM
(incl. union0f)

simply be discarded. We have opted for this option in
our proposal, as this stays true to the original EXPRESS Table 2: Overview of the key available conversion optionssimple
schema and makes good sense in the OWA of OWL2 data types, with the here proposed option marked in grey..

DL.

13



1191

1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203

1204

1205
1206

1207

1308

1210
1211

1212

B

1215
1216
1217
1218
1219

1220

1221

1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232

1233

1234

3.3. Defined (named) data type declarations
1235
As shown in Fragment 2 and 3, a defined (namgd)
data type declaration in EXPRESS can refer eithef_ o
a simple data type or to another defined (named) data
type. The conversion of these defined (named) data type
declarations thus depends in part on the way in whjgh
simple data types are converted, a&fs:Datatype ,,,,
declarations or aswl:Class declarations. Both con;,,
version options are given for thefcAreaDensity- ,,,
Measure declaration in Fragments 19 and 20, respgc-
tively. These conversion options can also be used,for
the conversion of defined (named) data type declgfa-
tions that refer to other defined (named) data types, such
asIfcBoxAlignment (Fragment 3).

1248

1249
ifc:IfcAreaDensityMeasure

rdf :type rdfs:Datatype ;
owl:equivalentClass express:REAL .

1250

1251

1252
Fragment 19: Printout of the RDF graph representation foi the- .
AreaDensityMeasure defined in Fragment 2, when converting an
EXPRESS simple data type to aafs:Datatype declaration. 1254
1255

1256

ifc:IfcAreaDensityMeasure 1257

rdf:type owl:Class ;
rdfs:subClass0f express:REAL .

1258

1259

Fragment 20: Printout of the RDF graph representation fomthe "%
AreaDensityMeasure defined in Fragment 2, when converting am

EXPRESS simple data type to anl:Class declaration. 1262

1263

Herein we decided to choose thel : Class conver-izss

3.4.1. LIST aggregation data types

Lists (or any kind of ordered sequence) cannot be eas-
ily represented in an RDF graph, because RDF relies on
a triple structure that inherently allows to limkly two
concepts, not collections of multiple concepts (Fig. 1).
Lists are thus typically represented in RDF by linking
each concept to the next usimgf :List, rdf:first
andrdf:rest declarations (see [14] and [47]). When
using this construct in an OWL ontology, however, the
ontology goes beyond OWL2 DL expressiveness (see
Fig. 2), thus impeding the use of generally available se-
mantic web tools. This would violate the first criterion
that we have set in Sect. 1.3.4 (i.e. to keep ifcOWL in
OWL2 DL). Therefore, this conversion routine is not a
viable option.

There have been suggestions to represent ordered lists
in a fashion alternative to thedf:List, rdf:first
andrdf :rest declarations [47]. Most of these alterna-
tive suggestions rely on additional statements that cor-
rectly define the relations between the elements of a
list to remain in OWL2 DL expressiveness, so that the
first conversion criterion can be met. Herein, our sug-
gested solution relies on the classpress:List to
represent the list elements as proposed by Drummond
et al. [47]. Each element of the list is related to the
following element in the list by using the object prop-
erty express:hasNext, that is a sub-property of the
transitive propertyexpress:isFollowedBy. Finally,
each list element is linked with its actual content via the
object propertyexpress:hasContents. These defi-
nitions (see Fragment 21) are declared indkpress

sion option (see Fragments 16 and 20) because, #vemamespace so that they can be used in other ontologies

if it leads to an overhead in terms of triples in an RDB¥
graph, this is the only solution that guarantees a safe

in different contexts, since they are not specific to IFC
but rather to EXPRESS.

conversion from EXPRESS to OWL, as it will be bettgr
explained in Sect. 3.5.2.

1269
1270
1271
1272

3.4. Aggregation data type declarations

1273
1274

In the following subsections we present the conves-
sion pattern for aggregation data types (B&G, LIST, *™
SET, ARRAY), while referring to the relevant EXPRES{S3
declaration examples given before (iIg.cCompound- 157
PlaneAngleMeasure, IfcLineIndex, IfcComplex— 1280
Number, and theInnerCurves attribute of IfcArbi- ***
traryProfileDefWithVoids). The BAG data typeﬁz
does not appear in the IFG¥DD1 schema, so we dez.
cided not to devote a separate section on the conversion
of this aggregation data type. If necessary, the gené&fal-
purpose conversion pattern fekG proposed by Barbaﬁ;
et al. [24] can be adopted.

1289

14

express:List
rdf :type owl:Class ;
rdfs:subClassO0f
L
rdf:
owl:
owl:

1,

type owl:Restriction ;
onProperty express:isFollowedBy ;
allValuesFrom express:List

rdf:
owl:
owl:

] o

type owl:Restriction ;
onProperty express:hasNext ;
allValuesFrom express:List

express:hasContents
rdf:type owl:0ObjectProperty ;
rdf:type owl:FunctionalProperty ;
rdfs:label "hasContents" ;
rdfs:domain express:List .

express:isFollowedBy



1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301

1363

1304
1305
1306
1307
1308
1309
1310

1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327

1328

1330
1331
1332
1333
1334
1335
1336
1337
1338
1339

1340

rdf:type owl:0bjectProperty ;
rdf:type owl:TransitiveProperty ;
rdfs:label "isFollowedBy" ;
rdfs:range express:List ;
rdfs:domain express:List .

1341
1342

1343
1344
1345
1346

express:hasNext 1347

rdf:type owl:0bjectProperty ;

rdf:type owl:FunctionalProperty ;
rdfs:label "hasNext" ;

rdfs:range express:List ;

rdfs:domain express:List ;
rdfs:subProperty0f express:isFollowedBy .

1348
1349
1350
1351
1352
1353
1354

Fragment 21: Printout of the additional OWL statements thatalb 1355
represent ordered lists, including taepress: List class declaratio®®
and the three object property declaratiaixpress:hasContents, %7

express:hasNext, andexpress:isFollowedBy. 1358
1359

In order to be fully compliant with the list proposgl,
by Drummond et al. [47], one could also include an
express:EmptyList class declaration, as shown 4
Fragment 22. Instances of this class, which is iéﬁ?
clared as a subclass etpress:List, can then be useﬁ56
to mark the end of the list. We did not include this
express:EmptyList in our proposal, as it does néats
seem to bring much added value.

express:EmptyList
rdf :type owl:Class ;
rdfs:subClass0f express:List ;
rdfs:subClass0f
L
rdf:type owl:Restriction ;
owl:onProperty express:hasContents ;

1370

1371

1372

1373

owl:maxQualifiedCardinality "O"~“xsd: 1374
nonNegativelnteger ; 1375

] 1376
! 17

rdf:type owl:Restriction ;

owl:onProperty express:hasNext ;

owl:maxQualifiedCardinality "O"~"xsd:
nonNegativelnteger ;

]

Fragment 22: Printout of thexpress:EmptyList class declaration
that could be added to the statements in Fragment 21 in order 1%
fully compliant with Drummond et al. [47]. 1381

1382
Any specific ordered list can be defined as a sub-
class of express:List while specialising the reless
vant restrictions.
express:INTEGER List is used to define an items
in a list of INTEGER instances, while restrictions are
used on object propertiespress:hasContents andiss
express:hasNext to specify that the content of the lists
item must be arINTEGER instance and the next itemo
in the list must be arINTEGER_List instance, respegss:
tively. All these class declarations are declared within
theexpress hamespace.

1393

15

express:INTEGER_List
rdf:type owl:Class ;
rdfs:subClass0f express:List ;
rdfs:subClass0f
[
rdf:type owl:Restriction ;
owl:onProperty express:hasContents ;
owl:allValuesFrom express:INTEGER
1;
rdfs:subClass0f
[
rdf:type owl:Restriction ;
owl:onProperty express:hasContents ;
owl:someValuesFrom express:INTEGER
1
rdfs:subClass0f
L
rdf:type owl:Restriction ;
owl:onProperty express:isFollowedBy ;
owl:allValuesFrom express:INTEGER_List
1
rdfs:subClass0f
L
rdf:type owl:Restriction ;
owl:onProperty express:hasNext ;
owl:allValuesFrom express:INTEGER_List
]

Fragment 23: Printout of the RDF graph representation fosscla
INTEGER List, which relies on the definitions presented earlier in
Fragment 21.

IfcCompoundPlaneAngleMeasure iS defined as a
list of INTEGER instances (see Fragment 4) and, there-
fore, it is converted as a subclass @fpress: INTE-
GER_List (see Fragment 24).

ifc:IfcCompoundPlaneAngleMeasure
rdf:type owl:Class ;
rdfs:subClass0f express:INTEGER_List ;

Fragment 24: Printout of the RDF graph representation fof free-
CompoundPlaneAngleMeasure defined data type, which refers to

a LIST aggregation data type declaration, as displayed earlier in
Fragment 4.

The size limits of aggregation data types can be
bounded or unbounded. For instan&écCompound-
PlaneAngleMeasure has a lower bound equal to three
and an upper bound equal to four, wher@é@sLine-
Index has a lower bound equal to two and an un-
bounded upper limit. The constraints on the size of

Fragment 23 shows how the class the list could be well defined via cardinality restric-

tions (owl:maxQualifiedCardinality, owl:min-
QualifiedCardinality, Or owl:qualifiedCardi-
nality) on the transitive object properéxpress:is-
FollowedBy, as shown in Fragment 25 fdrfcCom-
poundPlaneAngleMeasure. Because the cardinality
restrictions are set on the transitive object property
express:isFollowedBy, one should only start count-
ing after the first instance oéxpress:List As a result,
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1416

1418
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1420
1421
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1438
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1447

if an EXPRESSLIST has at least three elements and
at most four elements, it means that that first instarice
of express:List is followed bat least two instances of’
express:Lisand at most three instancesexfpress: Llst1452

1453

ifc:IfcCompoundPlaneAngleMeasure
rdf:type owl:Class ;
rdfs:subClass0f express:INTEGER_List ;
rdfs:subClass0f
[ 1458
rdf:type owl:Restriction ;
owl:maxQualifiedCardinality "3
nonNegativelnteger ;
owl:onClass express:INTEGER_List ;
owl:onProperty express:isFollowedBy
15
rdfs:subClass0f
L 1466
rdf:type owl:Restriction ;
owl:minQualifiedCardinality "2"~~xsd:
nonNegativeIlnteger ;
owl:onClass express:INTEGER_List ;
owl:onProperty express:isFollowedBy

1454
1455
1456
1457

1459

)~

xsd: 1460

1461
1462
1463
1464
1465

1467
1468
1469
1470
1471
] ' 1472

1473
Fragment 25: Printout of the RDF graph representation forthe ,

CompoundPlaneAngleMeasure defined data type, which refers to ap,

aggregation data type, as displayed earlier in Fragment 4. e

1477

However, the declaration of a cardinality restrictign
on a transitive object property would cause ifcOWL:.¢®
be outside of OWL2 DL expressiveness [48, Sect.842],
again violating our first criterion. An alternative way
in which cardinality restrictions for EXPRESISISTS
might by expressed, is given in Fragment 26. In this
proposal, cardinality restrictions are not set on the tran-
sitive propertyexpress:isFollowedBy, but instead i
universal pwl:allValuesFrom) and existential quan-
tifiers (owl:someValuesFrom) are used together with84
the non-transitive propertyxpress:hasNext, which e
is allowed in OWL2 DL and which allows to indirectly%
set the maximum and minimum cardinality constrailgsgs

defined in EXPRESS schemas. The number of nes ed

restrictions that is added depends on the cardmallty tha
needs to be set. In the case IfcCompoundPlane-
AngleMeasure, three universal quantifiers are added
(see Fragment 26) to specify that the fourth item in Eglze
list (express:INTEGER List) cannot be followed b¥493
another item by using aswl:qualifiedCardinal- .
ity of 0. Furthermore, two existential quantifiers are
used in Fragment 26 to define a restriction on pr0£—
erty express:hasNext specifying that the first Ilst
item must be followed by aaxpress:INTEGER List
instance, which in turn must be followed by another
express: INTEGER_List instance.

1500

ifc:IfcCompoundPlaneAngleMeasure 1501

rdf:type owl:Class ; 1502

16

rdfs:subClass0f express:INTEGER_List ,
L
rdf:
owl:
owl:
[
rdf:type owl:Restriction ;
owl:onProperty express:hasNext ;
owl:allValuesFrom
[
rdf:type owl:Restriction ;
owl:onProperty express:hasNext ;
owl:allValuesFrom
[
rdf :type owl:Restriction ;
owl:onProperty express:hasNext ;
owl:onClass express:INTEGER_List ;
owl:qualifiedCardinality "O"~“xsd:
nonNegativelnteger

type owl:Restriction ;
onProperty express:hasNext ;
allValuesFrom

rdf
owl:
owl:
[
rdf:type owl:Restriction ;
owl:onProperty express:hasNext ;
owl:someValuesFrom express:INTEGER_List

type owl:Restriction ;
onProperty express:hasNext ;
someValuesFrom

]

Fragment 26: Alternative definition of cardinality restigcts on
LIST classes, using a specific number of universal(allValues-
From) and existential quantifierso¢l:someValuesFrom) on the
non-transitive propertgxpress:hasNext.

The proposal in Fragment 26 can be generalised to
constrain the list size for any data type (e@TypeX
defined as a LIST aggregation of another data type (e.g.
DTypeY). The pseudocode of Algorithm 1 (see function
ListMinSizé can be used to generate a restriction for
the minimum list sizelinSizg if it is greater than one,
whereas Algorithm 2 (see functidnstMaxSizggener-
ates a restriction for the maximum list si2ddxSiz¢ if
it is greater than one and not unbounded. If the min-
imum and maximum size are equ#itg, then Algo-
rithm 3 (see functiorlListExactSizecan be employed
instead of Algorithms 1 and 2.

The presented conversion procedure for an EX-
PRESSLIST is not ideal or highly performing. As out-
lined in Pauwels et al. [49] and de Farias et al. [50],
more elegant options are available by replacing the ver-
bose and compleXIST constructs with (1) semantically
more meaningful and more direct object properties or
(2) using datatype properties pointing to Well-Known
Text (WKT) values. Examples of these two alternative
approaches can be found in Pauwels et al. [49]. Because



1503

1504

1505

1506

Algorithm 1 Generation of a restriction to constrain the
minimum size of a LIST aggregation data type.

Algorithm 3 Generation of a restriction to constrain the
exact size of a LIST aggregation data type.

: function ListMiNSize(DTypeXDTypeYMinSizg
print DTypeX “ rdfs:subClassOf”
GenResTRMINSIZE(DT ypeYMinSizg

print “.”

. end function

apwNE

6: function GENResTRMINSIZE(DTypeYMinSizg
7: if (MinSize2) >0then

8 for i=1to (MinSize2) do

9: print “[”

10: print “rdf:type owl:Restriction ;”

11: print “owl:onProperty express:hasNext ;"
12: print “owl:someValuesFrom ”

13:  end for

14: end if

15: print ‘[

16: print “rdf:type owl:Restriction ;"

17:  print “owl:onProperty express:hasNext ;”
18: print “owl:someValuesFrom "DTypeY, “_List”
19: print“]”

20: if (MinSize2) >0then

21:  for i=1to (MinSize2)do

22: print “]”

23:  endfor

24: endif

25: end function

Algorithm 2 Generation of a restriction to constrain the
maximum size of a LIST aggregation data type.

. function ListMaxSize(DTypeXDTypeYMaxSiz¢
print DTypeX “ rdfs:subClassOf”
GenResTRMaxSize(DTypeYMaxS iz¢
print “”

end function

1507

1508

1509

1510

arwnNRE

6: function GenRestTRMaxSize(DTypeY,MaxS iz¢ o
7: if (MaxSizel) >0then
8 for i=1to (MaxSizel) do

9: print [

1512

1513

1514

10: print “rdf:type owl:Restriction ;”

11 print “owl:onProperty express:hasNext ;” 1515
12: print “owl:allValuesFrom " 1516
13:  end for 1517
14: end if

15: print “[” 1s18
16: print “rdf:type owl:Restriction ;" 1519
17 print “owl:onProperty express:hasNext ;" 1520
18: print “owl:onClass ",DTypeY, “_List ;"

19: print “?WI:qualifiedCardinaIity “0""xsd:nonNegativelnteger®>!
20: print“]”

21: if (MaxSizel) >0 then 1023
22:  for i=1to (MaxSizel) do 124
23: print “]” 1525
24:  end for 1526
25 endif 1527

1528

26: end function

1529
1530
1531

they cannot be generally applied and they diverge frem
the original EXPRESS schema, however, these alte{ﬁja-
tives are not appropriate options for the general purpgse
ifcOWL ontology targeted in this article. In our prass

17

1: function ListExactSize(DTypeXDTypeYSizg
2: print DTypeX “ rdfs:subClassOf”
3:  GenRestrRExactSize(DTypeYSizg
4: print“”

5: end function

6: function GeNResTRExacTSize(DTypeYSizg
7: if (Sizel) >0then

8 for i=1to (Sizel)do

9: print “[”

10: print “rdf:type owl:Restriction ;”

11: print “owl:onProperty express:hasNext ;”
12: print “owl:someValuesFrom ”

13:  end for

14: endif

15: print ‘[

16: print “rdf:type owl:Restriction ;"

17:  print “owl:onProperty express:hasNext ;”
18: print “owl:onClass ",DTypeY, “_List ;"

19: print “owl:qualifiedCardinality “0""xsd:nonNegativelnteger”
20: print‘]”

21: if (Sizel) >0then

22:  fori=1to (Sizel)do

23: print “]"

24:  endfor

25: endif

26: end function

posal, we therefore chose to adopt the definition given
in Fragment 26, which is as rich as the original EX-
PRESS representation and remains in OWL2 DL, and
thus fits best to our conversion criteria.

3.4.2. ARRAY aggregation data types

ARRAY data type declarations (s&&cComplexNum-
ber in Fragment 4) are not muchftiérent fromLIST
data type declarations, the ondfdience being that an
ARRAY is fixed in size whereas BIST is not fixed in
size [4, p.24]. We propose to use the conversion routine
for LIST data type declarations also feBRRAY data type
declarations (see Fragment 27), adding also a restriction
to set the size of the array. Such restriction can be gen-
erated by exploiting the pseudocode in Algorithm 3.

ifc:IfcComplexNumber
rdf:type owl:Class ;
rdfs:subClassOf express:REAL_List ;
rdfs:subClass0f
[
rdf:type owl:Restriction ;
owl:onProperty express:hasNext ;
owl:someValuesFrom
[
rdf:type owl:Restriction ;
owl:onProperty express:hasNext ;
owl:onClass express:REAL_List ;
owl:qualifiedCardinality "O"~“xsd:
nonNegativeInteger
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Fragment 27: Printout of the RDF graph representation forlsf?]ae
IfcComplexNumber defined data type, which refers to aRRAY %
aggregation data type declaration, as displayed earlierdgment 4.1sss

1589

1590

3.4.3. SET aggregation data types 1501

The SET aggregation data types aumorderedag- ;s
gregations of instances that are supposed to fierédis,,
ent from each other [4, p.27]. This is naturally repge-
sented in OWL through a common non-functional gh-

is available). The best possibility to cope with this
one case is likely to modify the original IFC schema
in EXPRESS and replace the defined data type-
PropertySetDefinitionSet with an attribute decla-
ration that points to &ET of specific EXPRESS data
types. This would allow to use the conversion proce-
dure just explained, using non-functional OWL object
properties.

As such a modification of the EXPRESS schema
lies beyond our capacities, however, we propose to
convert this exception as displayed in Fragment 29,

ject property that can be assigned an unlimited numker namely by definingIfcPropertySetDefinition-
of times to the same instance. Cardinality restrictighs Set as anowl:Class with a universal restriction

for this non-functional property allow to represent pas-

(owl:allValuesFrom) on the predefined object prop-

sible constraints on the size of the set, as defined intheerty express:hasSet. This object property is not di-

EXPRESS schema. An example of how this can be egn-

verted is given in Fragment 28 for ti€cArbitrary- i
ProfileDefWithVoids entity data type declaratiog,
given earlier in Fragment 5.

1603

1604
ifc:IfcArbitraryProfileDefWithVoids
1605

rdfs:subClass0f 1606
[ 1607

rdf:type owl:Restriction ; 1608

owl:minQualifiedCardinality "1"~“xsd:
nonNegativeIlnteger ;

owl:onClass ifc:IfcCurve ;

owl:onProperty ifc:InnerCurves

1613
1 3

1609
1610
1611
1612

rdfs:subClass0f 1614

[ 1615

rdf:type owl:Restriction ; 1010

owl:allValuesFrom ifc:IfcCurve ;

owl:onProperty ifc:InnerCurves
] 1619

1617
1618

1620

Fragment 28: Partial printout of thes1:Class declaration for the'®?
IfcArbitraryProfileDefWithVoids entity data type declaratiotf?
displayed in Fragment 5, including a cardinality restriction the 163
minimum size of the set (cBET[1:7] of IfcCurve).

The SET aggregation data type declaration in Frag-

rectly converted from the EXPRESS schema and, there-
fore, it represents an overhead that is required to cope
with the misalignment between EXPRESS and OWL.
The constraint on the minimum size of tRET is con-
verted using anwl:minQualifiedCardinality re-
striction (see Fragment 29).

ifc:IfcPropertySetDefinitionSet
rdf:type owl:Class ;
rdfs:subClass0f
[
rdf:type owl:Restriction ;
owl:allValuesFrom ifc:IfcPropertySetDefinition
owl:onProperty express:hasSet
15
rdfs:subClass0f
[
rdf:type owl:Restriction ;
owl:minQualifiedCardinality "1"~"xsd:
nonNegativeInteger ;
owl:onProperty express:hasSet ;
owl:onClass ifc:IfcPropertySetDefinition

] o

Fragment 29: Printout of the RDF graph representation fof fiee-
PropertySetDefinitionSet defined data type, which refers to a
SET aggregation data type in EXPRESS.

ment 5 can be represented as in Fragment 28 because

it is declared within an EXPRESSttribute declara-
tion. This attribute declaration maps well to an OWis
property declaration for which value and cardinality e~

3.5. Constructed data type declarations
The ENUMERATION data type and8ELECT data type

strictions can be declared (see Sect. 3.6 for furthen«le- declarations are quite peculiar of the EXPRESS lan-

tails). However, in the IFCADD1 schema, theSET i

guage and have no immediate equivalent in OWL.

aggregation data type is also used in the declaratiar.of These data types could be converted iotd :Class

the defined data typ@fcPropertySetDefinition- s
Set. Unfortunately, in this case, no attribute is ipx

orrdfs:Datatype declarations. We propose to choose
theowl:Class option, as the following subsections will

volved and, therefore, it is not possible to convert thege- illustrate.

lation betweernfcPropertySetDefinitionSet and
IfcPropertySetDefinition by means of a restrices
tion on a non-functional OWL object property that

3.5.1. Enumeration data type declarations
A first conversion option (option 1) consists in con-

maps an attribute declaration (since no such propesty verting anyENUMERATION data type into apwl:Class

18
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1656

1638
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1660
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1687
1688

that is equivalent toone of a limited set of name@ss
individuals wl:NamedIndividual), each individuake
representing one enumeration item. Therefore, e

rdf:type ifc:IfcAddressTypeEnum ;
rdf:type owl:NamedIndividual ;
rdfs:label "SITE" .

ENUMERATION data type declaration offcAddress-
TypeEnun given earlier in Fragment 6 is converted into
the representation reported in Fragment 30.

ifc:IfcAddressTypeEnum
rdf:type owl:Class ;

owl:equivalentClass
[ 1695

1693

1694

rdf:type owl:Class ; 1696
owl:oneOf
(
ifc:0FFICE_of_IfcAddressTypeEnum
ifc:SITE_of _IfcAddressTypeEnum
ifc:HOME
ifc:DISTRIBUTIONPOINT
ifc:USERDEFINED_of _IfcAddressTypeEnum
)

] . 1703

rdfs:subClass0f express:ENUMERATION .

1697

1698

1699

1700

1701

1702

1704

Fragment 31: Printout of the RDF graph representation fog Ii&_-
of _IfcAddressTypeEnum named individual referenced by tii@c-
AddressTypeEnum class declaration in Fragment 30.

Two alternative conversion options were suggested
by Krima et al. [41], Barbau et al. [24] (option 3) and
Hoang [45], Hoang anddrma [46] (option 4). Both op-
tions enforce no renaming, and the proposal by Krima
et al. [41], Barbau et al. [24] (option 3) additionally
avoids the use of thewl:oneOf restriction. Indeed,
named individuals (such asfc:USERDEFINED) may
belong to multiple classes. This is feasible in OWL and
results in a less specific, but also less restricted ifcOWL
ontology, as one can see in Fragment 32. Note that we
only list 10 of the 161 classes in Fragment 32 of which
ifc:USERDEFINED would in this case be an instance.

Fragment 30: Printout of the RDF graph representation forﬁgie
IfcAddressTypeEnum enumeration data type declaration displayed

earlier in Fragment 6. 1708

1709

Since the enumeration items are defined within .the
scope of th&NUMERATION, it may happen that the samre
name is used for items belonging tdfdrent enumer*
ations. Because aowl:NamedIndividual does not .
have such a local scope, ambiguity might occur and:re-
sult in inconsistencies. Therefore, while converting the
enumeration to anwl:Class, we propose to uniquel 71;
name its set of named individuals by adding #&igwac-
cording to the following naming conventiofiNameOf - 1720
NamedIndividual] _of_[EnumerationName]. This 72
naming convention is followed if and only if such dff
ambiguity indeed occurs. For the example in Frag-
ment 30,ifc:HOME andifc:DISTRIBUTIONPOINT arewzs
not renamed, whereas the othef : NamedIndividu- 72
al declarations are renamed to guarantee a unique }Z{BI

As a slight variation (option 2), one could opt to fols
low this naming convention faall enumeration itemsyszo
but this would result in notably more changes cdffi-
pared to the original IFC schema, which would violgfe
the second and third criteria given in the introductign
(keep as closely as possible to the original IFC schema
and to the corresponding IFC instance file). Anyh&i,
the original name of the enumeration item, as defipgd
in the EXPRESS schema, is preserved by the ango-
tation rdfs:1abel added to eachwl:NamedIndi- 1740
vidual (see Fragment 31). Finally, each enumeration

class is defined as a subclass of the predefined gizgss

express: ENUMERATION (see Fragment 30).

1744

1745

ifc:SITE_of _IfcAddressTypeEnum 1746

19

ifc:IfcAddressTypeEnum
rdf:type owl:Class ;
rdfs:subClass0f express:ENUMERATION .

ifc:0FFICE
rdf :type ifc:IfcAddressTypeEnum ,
IfcCrewResourceTypeEnum ;
rdf :type owl:NamedIndividual ;
rdfs:label "OFFICE" .

E@3

ifc:SITE
rdf:type ifc:IfcAddressTypeEnum ,
IfcCrewResourceTypeEnum , ifc:
IfcAssemblyPlaceEnum ;
rdf:type owl:NamedIndividual ;
rdfs:label "SITE" .

FEHCE!

ifc:HOME
rdf:type ifc:IfcAddressTypeEnum ;
rdf:type owl:NamedIndividual ;
rdfs:label "HOME" .

ifc:DISTRIBUTIONPOINT
rdf :type ifc:IfcAddressTypeEnum ;
rdf:type owl:NamedIndividual ;
rdfs:label "DISTRIBUTIONPOINT" .

ifc:USERDEFINED
rdf :type ifc:IfcElectricTimeControlTypeEnum ,
ifc:IfcTaskTypeEnum ,
ifc:IfcOpeningElementTypeEnum ,
ifc:IfcAirTerminalBoxTypeEnum ,
ifc:IfcProjectionElementTypeEnum ,
ifc:IfcElectricFlowStorageDeviceTypeEnum ,
IfcActionTypeEnum ,
IfcDuctSegmentTypeEnum ,
ifc:IfcRoofTypeEnum ,
ifc:IfcStructuralCurveActivityTypeEnum ;
rdf:type owl:NamedIndividual ;
rdfs:label "USERDEFINED" .

1iE@s
HERCE
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1

1779
1780
1781
1782

1783

1784

Fragment 32: Printout of the RDF graph representation for*tfte
IfcAddressTypeEnum enumeration data type declaration displayed
earlier in Fragment 6, including the declaration of its indials, ;5
without renaming of named individuals and without theeOf Loss
restriction. Note that we only list 10 of the 161 classes ofclvh
ifc:USERDEFINED is an instance. 1789
1790

The four conversion options documented abowe
are summarised in Table 3. Herein we suggestsio
adopt the first conversion option, i.e. converting any
ENUMERATION data type into anowl:Class that is
equivalent toone of a limited set of named individuals
(owl:NamedIndividual), while minimising the num-
ber of renaming, as shown in Fragment 30.

conversion of SUBCLASSOF declarations anELECT
data type declarations in EXPRESS). This alternative
option is adopted by Krima et al. [41], Barbau et al.
[24] and Hoang [45], Hoang anddfma [46]. These
two main conversion options are summarised in Ta-
ble 4. Herein we suggest to adopt the first conversion
option, i.e. converting angELECT data type into an
owl:Class that is equivalent to anion of a limited set

of OWL classes.

union0f subClassO0f
option 1 yes no
option 2 no yes

renaming oneOf
option 1 partial yes 1703
option 2 all yes
option 3 none no 1794
option 4 none yes 1795

1796
Table 3: Overview of the key available conversion options .fg,
ENUMERATION data types, with the proposed option marked in gre%;.g8

1799

1800

3.5.2. Select data type declarations o
We propose to convert ar§ELECT data type into an, ,

owl:Class that is equivalent to anion of a limited set

of owl:Class statements (option 1). Thus, tRELECT a0

data type declaration given earlier in Fragment 7 is cen-

verted into the representation given in Fragment 3305

ifc:IfcMetricValueSelect
rdf:type owl:Class ;

owl:equivalentClass
[ 1808

1806

1807

rdf:type owl:Class ;
owl:unionOf
(
ii2@3
ifc:
32@3
@3
FEHCE!
@3

)
] ; 1815

rdfs:subClass0f express:SELECT .

1809

1810
IfcAppliedValue
IfcMeasureWithUnit
IfcReference
IfcTable
IfcTimeSeries
IfcValue

1811

1812

1813

1814

1816

1817
Fragment 33: Printout of the RDF graph representation fo ftee-

MetricValueSelect select data typeleclaration displayed earlier
in Fragment 7. 1819
1820

As an alternative (option 2), it is possible to replage
the owl:unionQf restriction with a simple hierarchisz
cal rdfs:subClass0f declaration, which would rewm::
sult in a less restricted, but also less specific ifcOWL
ontology (there would be no distinction between the

20

Table 4: Overview of the key available conversion optionsSELECT
data types, with the proposed option marked in grey.

In both options summarised in Table 4, the conver-
sion of SELECT data type declarations is rather straight-
forward, but it is in both cases of crucial importance
because it fiects the whole EXPRESS to OWL conver-
sion strategy. As we anticipated in Sect. 2.4.3EBECT
data type declaration can referanyother data type de-
clared in the EXPRESS schema (i.e. simple data types,
named data types, aggregation data types, and entity
data types), as shown in the following critical examples
of IFC4_ADD1.exp:

e IfcColourOrFactor includes the entity data type
IfcColourRgb and the defined data tyfi€ cNor-
malisedRatioMeasure.

e IfcTrimmingSelect includes the entity data type
IfcCartesianPoint and the defined data type
IfcParameterValue.

e IfcPresentationStyleSelect includes the
enumeration data typ@&fcNullStyle and the
entity data typegfcTextStyle, IfcFillArea-
Style, IfcCurveStyle, andIfcSurfaceStyle.

However, the data types included inSELECT data
type should all be converted in the same way to avoid
inconsistencies in the ifcOWL ontology, because an
owl:union0f statement (see Fragment 3&nnotin-
clude references to bottwl:Class andrdfs:Data-
type instances. As we saw in Sect. 3.2 and 3.3, asimple
data type and a defined data type declaration can be rep-
resented both as aswl:Class andrdfs:Datatype
declaration, whereas aggregation data type and entity
data type declarations (see next Sect. 3.6) must be con-
verted intoowl:Class declarations. If the simple data
type and defined data type declarations were converted
into rdfs:Datatype declarations, it would result in
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anowl:union0f statement involving bothwl:Class s
andrdfs:Datatype.
Therefore, as anticipated in Sect. 3.3, we propese
to convert all simple data type and defined (namesd)
data type declarations as1:Class declarations, thusso
choosing for the options given in Fragments 16 and:20.
This decision is consistent with the literature as already
suggested by Schevers and Drogemuller [38] (referriag
to the conversion a%bjectifying the EXPRESS types
into OWL classes)'and Barbau et al. [24] (referring tep
the conversion a'ata wrapping”). Finally, each sesss

1877

In the other lines (besides the first four) listed in Frag-
ment 8, five regular attributes and t®BRIVE attributes
are declared. Herein, for sake of conciseness we avoid
to list the conversion result for all the attributes that are
declared for the entityfcBSplineCurve (See Frag-
ment 8), but we limit ourselves to two key reference ex-
amples, namely thBegree andControlPointsList
attributes.

3.6.2. Regular attributes
We suggest to convert any regular attribute declared

lect class is defined as a subclass of the custom, predewithin an entity (named) data type declaration as an

fined clasxpress: SELECT (See Fragment 33). 1887

1888

1889

3.6. Entity (named) data type declarations

There is a common agreement among previousi:é’p—
proaches in the literature to convert EXPRESS entity
(named) data type declarations intel:Class decla-
rations. Indeed, most of the elements that are part of
an entity data type declaration in EXPRESS, if not all,
have direct parallels iawl : Class declarations.

1896

1897

3.6.1. Class hierarchy statements 1808

TheSUBTYPE OF declaration is converted into a degs
laration usingrdfs:subClass0f. If the EXPRESSuw
entity is anABSTRACT SUPERTYPE OF, then the COrm
respondingowl:Class is declared as a subclass .9f
the union ¢wl:unionOf) of its subclasses. Morews

over, if the subclasses must be disjoint (see declaradion

ONE OF in EXPRESS), then an OWL axiom involviriigz
owl:disjointWith is added to the conversion. Frags
ment 34 shows the conversion of these care: Class 19
statements, which correspond to the first four linescof
the IfcBSplineCurve entity (see Fragment 8). b

ifc:IfcBSplineCurve
rdf :type owl:Class ;
rdfs:subClass0f ifc:IfcBoundedCurve ;
rdfs:subClass0f
L 1912
rdf:type owl:Class ; 1913
owl:unionOf
( 1915
ifc:IfcBSplineCurveWithKnots 1916
) 1917

1818

1914

1;
owl:disjointWith
ifc:IfcPolyline,
ifc:IfcIndexedPolyCurve,
ifc:IfcCompositeCurve,
ifc:IfcTrimmedCurve .

Fragment 34: Partial printout of the RDF graph representdtothe 1920
IfcBSplineCurve entity (named) data type declaration displayggd

earlier in Fragment 8 (class header).
1922

21

object property declaration in OWL with the addition
of a proper set of restrictions to the declaration of the
owl:Class. Only object properties (and no data prop-
erties) are employed to convert the attributes because all
simple data type and defined (hamed) data type decla-
rations are converted intewl:Class declarations, as
explained in Sect. 3.5.2.

The suggested conversion for thegree andCon-
trolPointsList attributes are shown in Fragments 35
and 36, respectively. Any regular attribute is con-
verted into anowl:0bjectProperty, while explic-
itly adding also the declaration of the domain and
range. In these two cases, the properties are declared
asowl:FunctionalProperty because the maximum
cardinality of the attribute is equal to one. Moreover, we
propose to guarantee that each object property is char-
acterised by onedfs:domain andrdfs:range.

ifc:Degree
rdfs:label "Degree" ;
rdfs:domain ifc:IfcBSplineCurve ;
rdfs:range ifc:IfcInteger ;
rdf:type owl:FunctionalProperty, owl:
ObjectProperty .

Fragment 35: Printout of the RDF graph representation for the
object propertyifc:Degree, which is used to convert the entity
(named) data type declaratidrfcBSplineCurve displayed earlier

in Fragment 8.

ifc:ControlPointsList_of_IfcBSplineCurve
rdfs:label "ControlPointsList" ;
rdfs:domain ifc:IfcBSplineCurve ;
rdfs:range ifc:IfcCartesianPoint_List ;
rdf:type owl:FunctionalProperty, owl:
ObjectProperty .

Fragment 36: Printout of the RDF graph representation foobject
propertyifc:ControlPointsList_of _IfcBSplineCurve, wWhich
is used to convert the entity (named) data type declaratibxr
BSplineCurve displayed earlier in Fragment 8.

Because EXPRESS attributes are defined in the scope
of the entity (see Sect. 2.5), it can occur that multiple at-
tributes in diferent entity scopes have the same name,
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thus being just homonyms. The uniqueness of the.eb-
ject property name can be enforced by following a simi-
lar approach adopted to rename enumeration itemsWith
identical names (cf. Sect. 3.5.1). In this case, the renam-
ing convention consists in adding af§x that recalls
the name of the entity where the attribute is defined,
i.e. [NameOfAttribute] of_[NameOfEntity]. This
convention is dferent compared to the work by Krima.
et al. [41], where the renaming is enforced for all pr@ﬁ-
erties, even in case of no ambiguity, by adding a pre-
fix that recalls the name of the entity, i.NameOf - 1o
Entity] has_[NameOfAttribute]. 1o87
Anyhow, as a novelty with respect to the state of ﬂ?;:e
art, we propose to keep track of the original name.sf
the attribute by adding an annotatie@dfs:label to o
each object property. An example is represented by'the
conversion of the attribut€ontrolPointsList into o,
theifc:ControlPointsList_of IfcBSplineCurve ises
object property (Fragment 36), which has the origi¥ral
nameControlPointsList as itSrdfs:label prop- i::;
erty. Note that the range of the corresponding objget
property is not the clasisfc: IfcCartesianPoint, but 200
the classifc:IfcCartesianPoint_List, because th&™
EXPRESS attribute€€ontrolPointsList refers to azzzz
LIST. 2004
The range type and cardinality constraints of refe-
vance for each attribute in EXPRESS are added a$ fe-
strictions to the OWL class that acts as the domair,pof
the property. Fragments 37 and 38 illustrate the dec-
laration of such restrictions for the object propertiés
ifc:Degree andifc:ControlPointsList_of Ifc- ;‘é;
BSplineCurve Of classifc:IfcBSplineCurve. A
universal quantifier restrictioro¢l:allValuesFrom)
is added in all cases. For the examples in Frag-
ments 37 and 38, an additionatl: qualifiedCar—
dinality restriction is added, with its value set to
one (‘1’), because the original entity attributes are
strictly required and have a maximum cardinality ecpral
to one (1’). The following examples will showe
the use of theowl:maxQualifiedCardinality and?v
owl:minQualifiedCardinality restrictions (Frag:s
ment 40 and 43).

2019

2020

ifc:IfcBSplineCurve 2021
rdfs:subClass0f
L
rdf:type owl:Restriction ;
owl:allValuesFrom ifc:IfcInteger ;
owl:onProperty ifc:Degree
15
rdfs:subClass0f
L
rdf:type owl:Restriction ;
owl:qualifiedCardinality "1"""xsd:

2022
2023
2024
2025
2026
2027
2028

2029

22

nonNegativeInteger ;
owl:onProperty ifc:Degree ;
owl:onClass ifc:IfcInteger

Fragment 37: Partial printout of the RDF graph representdtiothe
IfcBSplineCurve entity (named) data type declaration displayed
earlier in Fragment 8 (restrictions on propettic : Degree).

ifc:IfcBSplineCurve
rdfs:subClass0f
L
rdf:type owl:Restriction ;
owl:allValuesFrom ifc:IfcCartesianPoint_List ;
owl:onProperty ifc:
ControlPointsList_of_IfcBSplineCurve
] 3
rdfs:subClass0f
[
rdf:type owl:Restriction ;
owl:qualifiedCardinality "1
nonNegativeInteger ;
owl:onProperty ifc:
ControlPointsList_of_IfcBSplineCurve ;
owl:onClass ifc:IfcCartesianPoint_List
] 3
rdfs:subClass0f
L
rdf:type owl:Restriction ;
owl:onProperty ifc:
ControlPointsList_IfcBSplineCurve ;
owl:allValuesFrom
[
rdf:type owl:Restriction ;
owl:onProperty express:hasNext ;
owl:someValuesFrom ifc:
IfcCartesianPoint_List

xsd:

]

Fragment 38: Partial printout of the RDF graph representdtiothe
IfcBSplineCurve entity (named) data type declaration displayed
earlier in Fragment 8 (restrictions on propetfit : ControlPoints—
List_of _IfcBSplineCurve).

Unfortunately, it is not possible to add explicit car-
dinality restrictions on the object propertyfc:Con-
trolPointsList_of IfcBSplineCurve in order to
represent also theIST size limits (i.e. minimum two,
maximum unbounded as defined in Fragment 8) be-
cause of the motivations explained in Sect. 3.4.1. As
a workaround, we propose to add a further restriction
using a correct combination of universal and existen-
tial qualifiers to set the minimum list size. In the ex-
ample in Fragment 38, the last restriction enforces the
first item of the list to be directly followed by another
item, thus representing a minimum list size equal to two
as required. A further restriction is not needed for the
maximum size because the list is unbounded.

Also in this case the proposal in Fragment 38 can
be generalized to constrain the LIST size for any en-



2030

2031

2032

2033

2034

2035

2036

2037

2038

2039

2040

tity data type (e.g.EntV) characterised by an attribute:
(e.g.AttrW) defined as a LIST of another data type (g.g.
DTyped. The pseudocode of Algorithm 4 (see functigpn
AttrListMin) can be used to generate a restriction for the
minimum list size MinSizg if it is greater than oney.s
whereas Algorithm 5 (see functiofttrListMaX gen- s
erates a restriction for the maximum list SiMaxSize ,..
if it is greater than one and not unbounded. If the miR-
imum and maximum size are equditg, then Algo- o,
rithm 6 (see functiorAttrListExac) can be employed,
instead of Algorithms 4 and 5.

2051
2052
Algorithm 4 Generation of a restriction to constrain the
minimum size of an attribute defined as a LIST aggre-
gation data type. FunctioBenRestrMinSizé&om Al- zoss
gorithms 1 is reused.

1: function ArtrListMiN(EntV,AttrW,DTypeZMinS izg
: print EntV, “ rdfs:subClassOf”

2056

2057

2 2058
3. print“[”

4: print “rdf:type owl:Restriction ;”

5. print “owl:onProperty ", Attrw, “;”

6: print “owl:allValuesFrom ”

7

8

9

2059
2060

2061

GenResTRMINSIZE(DT ypeZMinS izg

. print“] . 2062
. end function

2063

2064

Algorithm 5 Generation of a restriction to constrain tfi&
maximum size of an attribute defined as a LIST agdfe-
gation data type. FunctioBenRestrMaxSizi&om Al- ***’
gorithms 2 is reused.

1: function ArrrListM ax(EntV,AttrW,DTypeZMaxS iz¢
: print EntV, " rdfs:subClassOf” 2010

2071

2068

2069

2:
3: print“[”

4: print “rdf:type owl:Restriction ;"
5. print “owl:onProperty ", AttrW, “;”
6: print “owl:allValuesFrom ”
7
8
9

2072
2073

GeNRestTRMaxSize(DTypeZMaxSiz¢ 2074

pr | nt u] .11

: . 2075
: end function

2076

2077

2078
Algorithm 6 Generation of a restriction to constrain fﬁé
exact size of an attribute defined as a LIST aggrg(gla—
tion data type. FunctioGenRestrExactSizieom Al- s
gorithms 3 is reused. 2083

: function ATTRLIsTEXACT(EntV AttrW,DTypeZSiz§ 208
print EntV, * rdfs:subClassOf”

pr I nt u[ ”
print “rdf:type owl:Restriction ;"

2
3
4.
5:  print “owl:onProperty ", AttrW, “;”
6
-
8
9

NP

print “owl:allValuesFrom ”
GenResTRExacTSizE(DTypeZSizg
print ] .’

: ) 2086
: end function

2087

2088
2089

23

3.6.3. DERIVE attributes

Since theDERIVE attributes (e.g.ControlPoints
of IfcBSplineCurve, cf. Fragment 8) depend directly
on the content and structure of other attributes, the con-
version of these attributes should be paired with addi-
tional specific rules, maybe in the form of SWRL [51],
that constrain their values to the attributes they depend
on in order to avoid inconsistencies. However, the ad-
dition of rules to the ifcOWL was considered out of
scope, because the attention is focused mainly on the
declarations that are needed to support the conversion
of an IFC file into an RDF graph (cf. criterion n.3 at the
end of Sect.1.3). Therefore, the herein proposed conver-
sion pattern neglects both tbERIVE attributes and the
WHERE rules that can be found in some of the EXPRESS
entity declarations (e.g. ruRameDim in IfcBSpline-
Curve, cf. Fragment 8). On the other hand, if the goal
was to instantiate an RDF graph from scratch while fol-
lowing the ifcOWL ontology and remaining consistent
with the original IFC schema, then it would be required
to include these rules in the ifcOWL ontology to check
the consistency of the graph.

3.6.4. TheoPTIONAL keyword

The IfcObject entity (named) data type declara-
tion (see Fragment 9) is converted in a similar fash-
ion as shown forlfcBSplineCurve, even if two dif-
ferences need to be mentioned. First of all, if the
OPTIONAL keyword is used (cf.0bjectType attribute
of IfcObject), then the attribute is not strictly required
and anowl:maxQualifiedCardinality restriction
should be used. This restriction then replaces the
owl:qualifiedCardinality restriction used other-
wise (see previous Fragments 37 and 38). Fragment 39
shows the declaration of the object propettic : 0b-
jectType_of _IfcObject and Fragment 40 then fi-
nally shows the application of thewl:maxQuali-
fiedCardinality restriction to this object property.

ifc:0bjectType_of _IfcObject
rdfs:label "ObjectType" ;
rdfs:domain ifc:IfcObject ;
rdfs:range ifc:IfcLabel ;
rdf:type owl:FunctionalProperty,
owl:0bjectProperty .

Fragment 39: Printout of the RDF graph representation foobject
propertyifc:0bjectType_of IfcObject thatis used to convertthe
entity (named) data type declarationcObject displayed earlier in
Fragment 9.

ifc:IfcObject
rdf:type owl:Class ;
rdfs:subClassO0f
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[ 2137 e A regular attribute or itSNVERSE attribute has a

rdf:type owl:Restriction ; 2138 LIST or anARRAY as its range. Given the particu-
oxlzallValuesFromite: Iiclabely; . 2130 lar conversion pattern needed for ordered lists (see
owl:onProperty ifc:0bjectType_of_IfcObject . .
1 s 2140 Sect. 3.4.1), if theINVERSE attributes were con-
rdfs:subClassOf 2141 verted to object properties, then there would be a
L at .. 2142 mismatch between the range of an object property
3 8 tricti 8 . .
rdfitype owliRestriction ; — 2143 and the domain of its inverse. Therefore, a reason-
owl:maxQualifiedCardinality "1 xsd: . . . R
nonNegativeInteger ; 2144 ing engine would infer that the range of the object
owl:onProperty ifc:ObjectType_of_IfcObject ;  ous property is equal to the intersection of two disjoint
. b IErGIERE HHEE I LEION 2146 classes. An example of this case is represented by
: 2147 attributeAddresses of entity IfcPerson and at-
Fragment 40: Partial printout of the RDF graph representatie tribute 0fPerson of entity IfcAddress.

for the ifc:IfcObject entity (named) data type declaration
displayed earlier in Fragment 81 :maxQualifiedCardinality
2149

resriction). As a final example, the conversion of the entity

zso  1fcRelDefinesByObject (cf. Fragment 10) and
zst  itS attribute RelatedObjects shows the use of the
: 22 owl:minQualifiedCardinality restriction to con-
3.6.5. INVERSE attributes 253 vert an attribute characterised by the use sEawith a

We propose to ConvemmVERSE attributes (€.91s- .. minimum size greater than zero. The conversion of the
DeclaredBy attribute ofIfcObject) as already shown, . guinyte Re1atedabjects is shown in Fragment 42,

for regular attributes, but with the addition of a state- ,ng the partial conversion of entitif cRe1Def ines-
ment expressing the inverse relation (see the convegg;onByDbject is given in Fragment 43.

of IsDeclaredBy in Fragment 41).

2158
2159 ifc:RelatedObjects_of_IfcRelDefinesByObject

ifc:IsDeclaredBy 2160 rdfs:label "RelatedObjects" ;

rdfs:label "IsDeclaredBy" ; 2161 rdfs:domain ifc:IfcRelDefinesByObject ;

rdfs:domain ifc:IfcObject ; 2162 rdfs:range ifc:IfcObject ;

rdfs:range ifc:IfcRelDefinesByObject ; 2163 owl:inverseOf ifc:IsDeclaredBy ;

owl:inverseOf 2184 rdf:type owl:0bjectProperty .
ifc:RelatedObjects_of_IfcRelDefinesByObject ;

rdf:type owl:FunctionalProperty, Fragment 42: Printout of the RDF graph representation for
owl:0ObjectProperty . the ifc:Declares_of _IfcObject property, which parallels the

- - Declares attribute declared in Fragment 9.
Fragment 41: Printout of the RDF graph representation for the

ifc:IsDeclaredBy property, which parallels th&sDeclaredBy

attribute declared in Fragment 9. 2166 - -
2167 ifc:IfcRelDefinesByObject

. . 2168 rdf:type owl:Class ;
However, the outlined conversion procedure of fhe r4fs:subClassof

INVERSE attributes is not always safe. Indeed, therezase [
two situations where these attributes must be ignoréd, rd‘i‘tll’ll’j ;"1:?93“%;“;‘; éb_ X
because their conversion would lead to unwanted re§(jlts 0 %78 "5 R TREEIEEERISCE 3

. . . . . . owl:onProperty ifc:
in combination with a reasoning engine: 2174 RelatedObjects_of_IfcRelDefinesByObject

2175 ]

e An attribute has two or mor&NVERSE attributes ™  rdfs:subClassOf

.. . 2177 [
This is, for example, the_ case of attribue- , rdf:type owl:Restriction ;
latedDefinitions of entity IfcRelDeclares. s owl:minQualifiedCardinality "1"~"xsd:
This attribute has two inverse attributégisCon- 20 nonNegativelnteger ;
text of entity IfcObjectDefinition andHas- #%  ©vi:onProperty ifc: , ,
. L. 2182 RelatedObjects_of_IfcRelDefinesByObject ;
Context of entity IfcPropertyDefinition. If . T N e

all theseINVERSE attributes were converted to oy 1

ject properties in ifcOWL, then a reasoning engine —— :
Fragment 43: Partial printout of the RDF graph representdtiothe

WO_UId infer tha_t the twaiasContext Oblec_t prop- ifc:IfcRelDefinesByObject entity (named) data type declaration
erties are equivalent. Moreover, other inferences gisplayed earlier in Fragment 1641 :minQualifiedCardinality

would lead to say that some classes are equivalentrestriction).
to owl:Nothing.

24
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3.7. FUNCTION and RULE declarations

We did not handle&FUNCTION andRULE declaratiort®*
types in the conversion from the EXPRESS schemaifto
an ifcOWL ontology, because they are most often u&&d
to restrict the content of an IFC file. In recall of ot
third criterion in the introduction, we aim first and foré®
most to use this ontology for the conversion of existitig
IFC files into equivalent RDF graphs, not at the cfé-
ation from scratch of RDF graphs that follow the ifc-
OWL ontology. Since the restrictions represented”fly
theseFUNCTION andRULE declarations are normally af*
ready checked during the generation of an IFC file, tfi#n
the converted RDF graphs should naturally comply ith
theseFUNCTION andRULE declarations as well. 2247

Nevertheless, some of theB&ICTION andRULE dec- %%
larations might be converted into ontology equivalefits.
A proposal in this direction is made by Terkaj and 3&-
jic [23]. Yet, most likely, the regular set of OWL cla&%
expressions will not diice, but the use of an appropfi®
ate rule language from the semantic web domain ¢&:g.
SWRL [51] or N3Logic [52]) might make the informa®*
tion still available within a semantic web context.
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2257

4. Towardstheimplemented software tools

2258

4.1. Implementation of the EXPRESS to OWL converter

The proposed EXPRESS to OWL conversion pattesn
can be implemented in a number oftdrent algorithmszs.
In our research, we worked on two parallel convertess,
one in Java, one in€+. The Java converter does nat
rely on any existing RDF library for the conversion ptaas
cess itself. For basic checking of the consistency otihe
resulting ifcOWL ontology, the Java converter useszthe
Jena library [53]. The €+ converter makes use of the,
Redland C libraries [54].

The two converters provide identical ifcOWL 0fe
tologies when receiving as input the IF@DD1.exp zn

2268

(e.g. cardinality restrictions). As a second example, if
it is needed to generate RDF graphs directly from the
ifcOWL ontology and not via an intermediate IFC file,
then the ifcOWL must be enriched by additional rules
and constraints (CDERIVE, WHERE, FUNCTION, RULE).
Also ifcOWL ontologies in the OWL2 profiles EL, QL,
or RL can be derived from the proposed ifcOWL ontol-
ogy, in support of specific use cases.

4.2. Instantiating the TBox

The focus has been so far on the creation of an
ifcOWL ontology from an EXPRESS schema of IFC
(TBox). This is also the main contribution of this article.
Yet, end users will eventually mainly use the instances
following this ontology (ABox). There are a number of
ways in which a TBox can be instantiated. Herein we do
not intend to provide a full and exhaustive list of the op-
tions, including the advantages, disadvantages and ad-
ditional remarks, but it is possible to briefly outline the
key options and indicate which routines are more bene-
ficial in each scenario. We distinguish between (1) the
instantiation of the ifcOWL ontology from scratch and
(2) the instantiation of the ifcOWL ontology from an
original IFC-SPF (STEP Physical File).

4.2.1. ifcOWL instantiation from scratch

One of the most obvious but also work-intensive
ways to instantiate an ontology is to do it from scratch,
using only an OWL ontology (Tbox) as a resource. In
this case, one has two options: either using an ontol-
ogy editor, such as Prege [42], or developing and us-
ing a dedicated software tool that relies on appropriate
programming libraries (e.g. Jena [53] for Java and Red-
land [54] for C language). The first option is not recom-
mended, because it costs a lot of work and time, which
is justified for developing an ontology Thox but not for
creating the instances, and because it can easily result
in errors and inconsistencies due to the manual nature

schema, thus demonstrating that the general convessionof the work.

pattern is reproducible and can be implemented using
different programming languages. The resulting ife-
OWL ontology file can be found online, at [55], as:it
is produced by the €+ converter. Additionally, the:s

source code of the Java converter is provided and main-

2277

tained at [56, branch ‘BS’].
Obviously, alternative conversion patterns can be:de-

The second option is more scalable and reliable. In
this case, an ontology-based application is developed to
automate the procedures of parsing and geneyagion
moval of individuals in the Abox, thus avoiding time-
consuming operations to be performed manually using
an ontology editor. Furthermore, sophisticated applica-
tions will be able to properly parse also the Thox, thus

fined depending on specific requirements. If the usage retrieving the class hierarchy and the restrictions char-

of highly performing reasoning engines is required-in
the application scenario, then an entirelffelient con-z

version pattern may be implemented, for instance:ex-
cluding some of the most complex restrictions addegsto
the ifcOWL ontology that would in this case not be used

25

acterising each class. The analysis of the restrictions
plays a key role to correctly generate new individuals
and new relations between individuals, above all.

The developer of the ontology-based application can
properly set the scope of the instance graph according
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to the specific needs. For example, one might choosastoliterature have already been mentioned in Sect. 3. This
create an RDF graph with only a dozen of the hundeeds section presents a more complete comparison by con-
of the ifcOWL classes and properties. Alternatively, eae sidering diferent criteria and aiming to outline the novel
might obviously also choose to extend the scope and contributions. The alternative conversion patterns taken
build a full ifcOWL instance graph that is linked with; as a reference are listed below in reverse chronological
concepts defined in other ontologies, such as a safetyorder:
ontology [57], a material library ontology [58], energy
performance related ontologies [59, 60, 61, 62], a built  ® the proposal by Hoang andéiima [46], Hoang
heritage ontology [63, 64, 65], or a geospatial ontolegy [45]
[66].

Our implementation work has not focused in this di- * OntoSTEP, 2009-2012 [24, 41]
rection, but more details and examples can be foypd e the first LDAC proposal, 2012 [43]
in Terkaj and Sojic [23]. In principle, as long as the
ifcOWL ontology is correctly used while generating =~ ® the OWL/SWRL proposal by Zhao and Liu [69],
stances (using the approach outlined above), anyene 2008
should be able to parse the generated instance graph. It
is thus not really necessary to agree on strict guidelines
about the instantiation of the ifcOWL ontology. NeV-
ertheless, there are a number of best practices and.;ec- o the early conversion proposal by Schevers and
ommendations. As soon as the ifcOWL ontology is if- Drogemuller [38], 2005
stantiated, it is typically recommended to be published
so that others (not necessarily everyone) can accesssthe Since the OntoSTEP tool [71] implementing the con-
data. In this regard, we suggest to follow the guidelines version pattern by Barbau et al. [24] is freely available,
that are published for a particular case in building #a- it is possible to run a detailed comparison between the
ergy consumption by Radulovic et al. [67]. 252 IfCOWL generated using the OntoSTEP tool and the ifc-

zss - OWL resulting from the conversion procedure herein

4.2.2. Conversion of IFC-SPF files into RDF graphg»+ Proposed. A comparison can also be made with the on-
The second scenario in which an ifcOWL ontolggy (©109y provided by Hoang anddfma [46]. The com-
can be generated is closely tied to our third criterigh. Parison is reported in Table 5, where it can be noticed

In this scenario, it is assumed that the regular AEC?8x- that our proposal is richer in terms of axioms (21306
pert keeps working in existing BIM software for prg® aXioms versus 17498 for Barbau et al. [24] and 11009

ducing BIM models. These BIM models can then5e for Hoang and drma [46]. These additional axioms are

exported into IFC-SPF files using regular IFC expoftér mainly used for defining a larger number of inverse and
plug-ins in the native software. In such a scenaffo, functional properties, disjoint classes, property ranges
which is currently the most common in the AEC d equivalent classes and individuals. This richness is ac-

main, IFC-SPFs are readily available for direct convét- tually the most important contribution of this paper, in
sion into RDF graphs that comply with the provided ift¢ comparison with existing approaches. By adding fur-
OWL ontology. What needs to be supplied in this c&%e, ther restrictions and axioms, we aimed at building an
is an out-of-the-box application that supports the stib- !chWL ontology_that is semant.|cally clos_er to the orig-
mission of any IFC-SPF and returns an RDF graph ttiat Inal IFC schemain EXPRESS, in comparison to the pro-
is compliant with the proposed ifcOWL ontology. Suéti  PosSals available in the literature. , _

an out-of-the-box demo application is temporarily - Table 5 reports a quantitative evaluation of the dif-
licly available at [68], providing the end user with & ferences between the three main ontologies considered

RDF graph inTTL and RDF/XML syntax after submiss™ here, but it is also useful to consider some fundamen-
sion of the original IFC file. 22 tal differences between the available and documented

273 approaches in terms of criteria and suitable application
274 SCeNarios (see Table 6), and in terms of key features (see
5. Comparison between the output of previous con- = Table 7). The following subsections will delve into the
vertersand the proposed converter as  Key technical dierences.
2377 The line in Table 5 about DL expressivity might
Some of the key dierences between the proposed need a bit more explanation, although it would lead
conversion pattern and other solutions available in-the us too far to go in full detail here. More details about

26

e the early conversion proposal by Beetz et al. [70,
25], 2005-2009



2380

2381

2382

2383

2384

2385

2386

2387

2388

2389

2390

2391

2392

2393

2394

Metrics Krima et al. 2009 | Hoang et al. 2014 Pauwels and
Barbau et al. 2012 Terkaj 2015
Axioms 17498 11009 21306
Logical Axioms 7971 8591 13649
Classes 1348 1556 1230
Object properties 1778 854 1578
Data properties 4 9 5
Individuals 1155 1158 1627
DL expressivity ALUHN (D) ALCON(D) SROIQ(D)
SubClassOf axioms 4257 4991 4622
EquivalentClasses axioms 0 268 266
DisjointClasses axioms 0 2429 2429
SubObjectPropertyOf axioms 186 0 1
InverseObjectProperties axioms 0 0 94
FunctionalObjectProperty axioms 62 853 1441
TransitiveObjectProperty axioms 62 0 1
ObjectPropertyDomain axioms 1592 8 1577
ObjectPropertyRange axioms 174 6 1576
FunctionalDataProperty axioms 0 9 5
DataPropertyDomain axioms 7 10 5
DataPropertyRange axioms 4 10 5
ClassAssertion axioms 1627 3 1627
AnnotationAssertion axioms 5240 0 3210

Table 5: Comparison between the output of the OntoSTEP td| {le ontology made available by Hoang aritfia [46] and the output of the
procedure herein proposed. Statistics retrieved fromelgeatoftware tool [42].

Criteria differences

Krimaet al. 2009
Barbau et al. 2012

Hoang et al. 2014

Pauwelsand Terkaj 2015

Criterium 1 general-purpose for all allow OWL2DL aswellas| remain first and foremos
EXPRESS schemas the EL, QL, RL profiles in OWL2 DL
Criterium 2 remain first and foremost publication of flexible, less| stay true to original IFC

in OWL2 DL

restricted linked data

schema

Most suitable application scenario

publication of all sorts of
EXPRESS data as linkeg
data and combine with
other linked data sets

publication of flexible, less

Il restricted linked data

publication of IFC data ag
linked data, thereby stay
ing as close as possible t
the original schema in EX-
PRESS

Table 6: Diferences in criteria and application scenario focus betileaxisting conversion procedures and the procedure peaiiere.

the diferent levels of DL expressivity can be found.in refer to the actual type of statements made in the ontolo-
Kontchakov and Zakharyaschev [73], more particulagly gies.
around slide 18 of the presentation [74]. The DL ex-  The ontology generated with the OntoSTEP tool [71],
pressivity ALUHN (D), ALCON (D), SROIQ(D)) s which was considered to fill in Tables 5 and 7, seems to
captures which kind of DL statements are made in-the show some dferences with the conversion pattern doc-
ontology. AL stands for Attributive Language, and umented in Krima et al. [41] and Barbau et al. [24]. For
ALC stands for Attributive Language with Complex example, Krima et al. [41] proposed to convefsT
ments. Furthermore, thel in ALUHN (D), for ex- 42 cardinality restrictions in a fashion that is similar to
ample, indicates that the ontology includes role inely- what we presented in Algorithms 4 and 5, but making
sions or role hierarchies{¢bProperty0£); (D) indi- .. uUse ofEmptyList. However, this proposal is not im-
cates that datatype properties, data values or data typeplemented in the OntoSTEP tool [71].
are used; thé indicates that inverse properties are used;
and so forth. TheS in SROIQ is an abbreviation for,,, 5.1. OWL profile
ALC. Instead of using these symbols to explain the dif- . . .
ferences between the three ontologies, we will direttly The goal of obtaining an IfcOWL ontology in OWL2
208 DL (SROIQ(D)) was defined as one of the key require-
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- cardinality constraint on
propertyslot [72] to define
the list size

Conversion differ- | Krimaet al. 2009 Hoang et al. 2014 Pauwels and Terkaj 2015
ences Barbau et al. 2012
Simple data type option 2 in Table 2 option 3 in Table 2 option 2 in Table 2
Defined data type OWL class OWL class OWL class
Defined data typeas | OWL class - OWL class - OWL class
an aggregationSET - subclassOBet based - restriction on
data type on [72] owl:0bjectProperty
- cardinality constraint on express:hasSet to define
propertyslot [72] to define the list size
the set size
Defined data typeas | OWL class - OWL class - OWL class
an aggregation data - subclassOList based - subclassOfL.ist based
typeLIST (or ARRAY) on[72] on [47]

- restrictions to define the list
size (Algorithms 1,2,3)

Constructed SELECT

option 2 in Table 4

option 2 in Table 4

option 1 in Table 4

- property name always
renamed

- explicit domains, no explicit
ranges
-owl:AllValuesFrom
restriction

- owl:maxCardinal-

ity restriction

- no explicit domains and
ranges
-owl:AllValuesFrom
restriction

- owl:maxCardinali-
ty restriction

data type

ConstructedENUMER- | option 3 in Table 3 option 4 in Table 3 option 1 in Table 3

ATION data type

Entity data type OWL class OWL class OWL class

Attribute of entity | - non-functional object - functional object property - functional object property
data type property - property name never renamed - property name renamed if

necessary

- explicit domains and ranges
-owl:AllValuesFrom
restriction
-owl:qualifiedCardinal-
ity or owl:maxQualified-
Cardinality restriction

Attribute  of entity
data typeas aSET

- non-functional object
property
-owl:AllValuesFrom
restriction on &et class

- functional object property
-owl:AllValuesFrom
restriction on subclass @fet

- subclass ofet characterised
by cardinality constraint on
propertyslot [72] to define
the set size

- non-functional object
property with specified domain
and range
-owl:AllValuesFrom
restriction
-owl:minQualifiedCardi-
nality andor
owl:maxQualifiedCardi-
nality restriction or
owl:qualifiedCardinali-
ty restriction

Attribute of entity
data typeas aLIST
(or ARRAY)

- non-functional object
property
-owl:AllValuesFrom
restriction on d.ist (Array)

- functional object property
-owl:AllValuesFrom
restriction on subclass dfist
(Array)

- subclass of.ist (Array)
characterised by cardinality
constraint on property

slot [72] to define the list
(array) size

- functional object property
with a subclass of
express:List asits range
-owl:AllValuesFrom
restriction on subclass of
express:List

- restrictions to define the list
size (Algorithms 4,5,6)

INVERSE attribute N/A N/A - object property
-owl:inverseOf

DERIVE attribute N/A N/A N/A

WHERE rule N/A N/A N/A

FUNCTION N/A N/A N/A

RULE N/A N/A N/A

Table 7: Fundamental fierences between the existing conversion procedures amidbedure proposed here.

ments in this research and article. However, this geal research by Hoang andfima [46] aims at supporting
was not shared by all previoufferts. For example, the:-
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the OWL EL, QL and RL profiles as well. As these
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three are subsets of OWL2 DL, it should be possibleso highlighted in Sect.3.6.5. The availability of inverse
generate ifcOWL ontologies in these three last profiles properties gives more flexibility in the instantiation and
as well, starting from the proposal made here. By fikst exploration of an RDF graph based on ifcOWL. More-

focusing on OWL2 DL and aiming to include as mugh

over, the number of inferences that can be generated is

as axioms as possible, we ensure that we have atJdeastncreased. Finally, the availability of inverse propestie
one ‘maximal’ version that is as close as possible to.the is particularly relevant in the case of ifcOWL because
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original schema in EXPRESS.

it enables the generation of restrictions converting some

Many of the earlier proposals, including Schevers and of the WHERE rules [23].

Drogemuller [38], Beetz et al. [25] aimed at an OWL

DL profile, as was the case in our approach. Nete 5.3. Domain and range restrictions for object proper-

that this is not the same as OWL2 DL, as OWL Bt
is based onSHOIN(D) and OWL2 DL is based on
SROIQ(D). SROIQ(D) can hereby considered as.a
more expressive variant @HOIN (D), with the H 2

(role hierarchy) being subsumed by the more expres-

sive R (role hierarchy, complex role inclusion axiomss
reflexivity and irreflexivity, role disjointness), and withs
the N (cardinality restrictions) being subsumed by the
more expressiv& (qualified cardinality restrictionsks

ties

The way in which object properties and their domain
and range restrictions are represented is a very impor-
tant feature of an ontology. This can be done in a num-
ber of ways, thereby defining what the ontology can
eventually be used for. Interestingly, the conversion of
entity attributes into object properties with domain and
range restrictions is handledfigirently in each of the
three approaches outlined in Table 5. This can be seen

Many of the decisions in these early proposals are thusin the row that includes the ObjectPropertyDomain and

similar to the decisions made here, having maintijet »s:

ObjectPropertyRange axiom counts, showing values of

ences in the details and in a number of extensions.that1592, 8, 1577 and 174, 6, 1576, respectively.

were not available in the earlier OWL DL.

Earlier approaches typically identified the conversien
of EXPRESS simple data types (i.@EAL, INTEGER, zsr
and so forth) into ‘slots’ or OWL datatype properties
as problematic. As they pointed out [38], the resulting
ontology would not be in OWL DL (cf. Sect. 3.5.2)«
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We have proposed to rename the non-unique object
properties (see Fragment 35 and 36), so that each at-
tribute can be converted into an object property with ex-
actly one domain and one range. So, in our proposal,
all domains and ranges are explicitly included, com-
ing forth from our éfort to stay as close as possible to

Therefore, the authors adopted an alternative appreach the original IFC schema in EXPRESS (criterion n.2 in
which was also followed here (see Fragment 17), that Sect.1.3). This decision explains the nearly equal num-

consists in ‘objectifying’ the data properties and ces-
verting them into object properties with an additional
value property.

Finally, the ifcOWL ontology generated according.te
OntoSTEP [24] comes in the OWL DL profile and its
DL expressivity is defined aBl LUHN (D), that is lesSuss
expressive than th8ROZQ(D) expressivity of the ifczass
OWL proposed in this paper. Also thELCON (D) 20
is less expressive than ti&ROIQ(D) targeted heresn

2495

ber of domain and range restrictions (1577 and 1576) in
Table 5 (cf. ObjectPropertyDomain and ObjectProper-
tyRange axioms count); the only object property with-
out an explicit domain iexpress:hasContents (see
Sect.3.4.1).

The ontology proposed by Hoang anérima [46],
however, explicitly avoids renaming of attributes as well
as the definition of domain and range (although they are
included in the OWL class declarations, as was also pro-

Nevertheless, and most importantly, the three types:of posed here in Fragment 37). This explains the low num-

DL expressivities outlined in Table SALUHN (D), 250
ALCON(D), and SROIQ(D)) are all within DL eX-2s04
pressiveness (and not in OWL Full or one of the OWL
DL subsets (EL, QL, RL) reported in Fig. 2). 2506
2507
5.2. Inverse attributes 2508

The explicit conversion of theNVERSE attributes intozses
inverse object properties is a novel contribution with
respect to the previous works in the literature (cf. #a-
verseObjectProperties axioms in Table 5 and Ihi 2s:.

SROIQ(D)), probably because of the associated cem-

ber (8 and 6) in Table 5. The result is an ifcOWL on-
tology that is very flexible (the same object property can
be reused in various contexts), but not that specific since
it is not possible to provide a unique definition for some
of the object properties.

The proposal by Barbau et al. [24] defines the domain
for all properties, but the range only for the object prop-
erties that are used to convefST, ARRAY andSET data
types. All properties are always renamed, in order to al-
low setting one domain for each property. This results
in 1592 domain definitions versus only 174 range defi-

plexity and the need of detecting unsafe conditions::as nitions in Table 5.
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5.4. WHERE rules for defined data types =65 2015). Note that all object properties defined by Hoang
66 and Torma [46] (854) are defined as functional object

statements in EXPRESS, we prepared for such aﬁ%éx_pro.per.ties (85.3)’ except for the properypr:slot, .

tension by converting all simple data types in EXPRESS which is an object property used. for the representation

into owl:Class statements. Indeed, #HERE rules in** of LIST, ARRAY, andSET aggregation data types.

EXPRESS often act upon the simple data types refer-

enced by any of the declared EXPRESS types or.en-5.6. LIST aggregation data types

tities, most of these rules can be converted into class

expressions acting upon thel:Class representations» ~ The attributes referring to RIST aggregation data

of these simple types, instead of immediately havimg type in EXPRESS are essentially considered to be func-

to rely on an additional rule language like SWRL2gr tional (or one-to-one), at least in the sense that the at-

N3Logic, as is for instance suggested in [69] and [48]. tribute links one entitywith one list This is main-

FurtherwHERE rules defined for subclasses bfcRoot 27 tained in our conversion of aIST aggregation data

can be converted into class expressions that arezgus-type, thereby following criterion n.2 in the introduction

tomized for the ifcOWL ontology, as proposed in Terkaj (i-e. match the original EXPRESS schema as closely

and Sojic [23]. 2 @S possible), so we can rightfully maintain the use of an
279 owl:FunctionalProperty also for required attributes

5.5. OPTIONAL statements and functional properties® referring to aLIST. This is an important decision, con-
sa  Sidering the options that are listed in Pauwels et al.

An important distinction between the RDF dafa [49]to convertLIST data types in EXPRESS into OWL
model and the EXPRESS data model lies in the distjnc- equivalents.

tion between an open world assumption (OWA) an a
closed world assumption (CWA) (see Sect. 1.2.3). -IZ_QJS itself, various suggestions have already been made in
has an ffect on the way in which EXPRES®TIONAL e jiterature. The minority opts to use the common
attributes should be interpreted and converted. BarbauConstruct viardf:List, rdf:first, andrdf:rest,

et al. [24] suggest thain the case of an optional at; . \yhich results in an OWL Full profile (not desired here).
tribute, the 0bjectAllValuesFrom constructis used, — gchevers and Drogemuller [38] appear to rely on this
to link the entity to the union of the attribute type and the construct, as well as the proposal in Pauwels and Van
class owl:Nothing. This solution is adopted to exphc Deursen [43]. In order to retain an OWL DL profile, di-
ity express the semantics of the OPTIONAL keyword verse variations were proposed on the theme suggested
a value is not required for this attribute: Ingtead wse3 Dy Drummond et al. [47], as we discussed before. They
we propose to convert ar§PTIONAL property Into & - 4im to translate.IST data types into appropriate OWL

commonowl:ObjectProperty, because property is . ¢jass expressions, almost all of them relying on an arti-
by default optional in RDFAIl other properties are ficially addedList construct

essentially required properties in EXPRESS (although

many typically have an empty value), so they result in

owl:FunctionalProperty statements combined witk  5.6.1. Comparison with Barbau et al. [24]

appropriate cardinality restrictions oswl:0bject— zse Our conversion pattern as well as the proposal

Property (see Fragment 35). 00 Dy Barbau et al. [24] rely on the work by Drum-
Using anowl:FunctionalProperty statement rexo mond et al. [47]. There are slight ftkrences in

sults in a one-to-one relation between a class instancethe actual implementation, however. For example,

and its (functional) property. We can use this conver- whereas we propose to use three additional properties

sion option as a default, because this one-to-oneste-only (see Fragment 2hasNext, isFollowedBy, and

lation is also the default in EXPRESS. If an attribute hasContents), the proposal by Barbau et al. [24] in-

is meant to refer to multiple elements, it always #&- cludes more specific subproperties of these three (e.g.

lies on an aggregation data type declaratiof8(, SET, 20s array_of real_is followed by), which allows to

BAG, ARRAY). In [24], the use of thewl:Functional- »0; Set more strict range and domain restrictions (similar to

Property statement is limited to the object properties Fragment 35 and 36). We propose to restrict domains

that are used to convert lists, arrays and sets. Thissex-and ranges using restrictions that are added to specific

plains the considerableféierence in the FunctionalObso additional class declarations (see Fragment 23 and 26).

jectProperty axioms count in Table 5 (62 for Barbauset This difference explains the fierence in SubObject-

al. 2012, as opposed to 1441 for Pauwels and Tekkaj PropertyOf axiom count in Table 5 (186 versus 0 versus

30

Although we did not yet fully translat@HERE rule

Regarding the actual conversion of tHEST data type
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1), as well as the dierence in object property count bes

tween Barbau et al. [24] (1778) and Pauwels and Terkaj

2015 (1578). .

In addition, Barbau et al. [24] define the 62 subprgp-
erties ofhas_next as regular object properties; the §2
subproperties ois_followed_by as transitive propery,,
ties; and the 62 subpropertiesiofs_content as func-,,
tional properties. This explains the numbers in Ja-
ble 5 for FunctionalObjectProperty, TransitiveObjegt-
Property and SubObjectPropertyOf axiom count. Also

5.7. SET aggregation data types

Barbau et al. [24] and Hoang andima [46] propose
to convert theSET aggregation data type declarations us-
ing the complex constructs that are also used 83T
andARRAY aggregation data types. This is significantly
different from what we propose here. Instead, we pro-
pose to simply convert 8ET into a non-functional ob-
ject property, and appropriate cardinality restrictiores a
added to represent the constraints on the size dEife
aggregation data type. These cardinality restrictions are

the 174 ObjectPropertyRange axioms in Table 5 Barbau possible since the transitive object propettic: is-
etal. [24] are all associated to the conversion of aggre- Fo11owedBy is not involved. This is similar to what
gation data types, since no range restrictions are addeds proposed in Schevers and Drogemuller [38].

to regular properties by Barbau et al. [24].
2676

5.6.2. Comparison with Hoang and Torma [46]
The ontology proposed by Hoang andrima [46] re-zs7
lies on an entirely other ontology for the representation
of EXPRESS aggregation data types, namely e zee
dered List Ontology (OLQ)which was originally pro-=e:
posed by Abdallah and Ferris [72]. This OLO approaeh
is a bit diferent from the proposal for ordered lists
by Drummond et al. [47], as itincludes an explicit inckex
for each of the items in the lisegpr:slot). 2685
In the proposal by Hoang andima [46], the statiszee
tics for Object property count (854), FunctionalObjeet-
Property axiom count (853), TransitiveObjectPropéity
axiom count (0), SubObjectPropertyOf axiom coepit
(0), are all considerably lower. The only meanifg>
ful numbers here (Object property count (854), Fuife-

2677

5.8. Naming conventions for object properties

As reported in Barbau et al. [24]EXPRESS at-
tributes are defined to be within the scope of the entity.
In OWL, properties have a global scopeSo, as soon
as an attribute with the same name appears in multiple
data type declarations, one has either the option to (1)
assign multiple domains to thisil:0bjectProperty
or owl:DataTypeProperty oOr to (2) rename the at-
tribute so that it becomes unique and it is agairly
in scope of the original data type it was declared for
in EXPRESS (see Fragment 8). The former option is
proposed by Hoang anddfma [46]. This explains the
lower number of object properties in Table 5 for Hoang
and Torma [46] (854), as opposed to Barbau et al. [24]
(1778) and our proposal (1578).

The proposal by Hoang andiméa [46] is an excep-

tionalObjectProperty axiom count (853)) are associated tion, since most of the early proposals include the do-
with the regular EXPRESS data types, not the aggrega- Mmains and ranges, as well as the latter (renamllng) op-
tion data types. Indeed, the aggregation data typeg©aretion (e.g. Schevers and Drogemuller [38]). Also in Bar-
all converted intoowl:Class andrdfs:subClass0f o bau etal. [24], the renaming option is chosen, using the
constructions, for which a considerable number of:e- Naming convention [ClassName] has._[Property-
strictions is added using the two additional propertigs Name] for all properties. We propose to turn this around,
expr:slot andexpr:item (which come from Abdalz>® !nto [PiropertyName] -of _[ClassName], so that one

lah and Ferris [72]). This explains the lower numbgtrs immediately sees the property name when needing to
related to property representations in Table 5 ancithe instantiate this particular class. Moreover, we propose
higher numbers related to class representations irf*Fa-{0 @dd an additionatdfs:1label annotation property

ble 5 (class count (1556) and SubClassOf axiom cétnt that retains the original name of the property, which is
(4991)). s NOt included in Barbau et al. [24]. Finally, we propose

In conclusion, there are three proposals, each witf a to rename only the properties that are not unique within

slightly different syntax. We propose here to genef&te ON€ and the same schema, allowing us to stay as close
restrictions according to the functions defined in Alge- @S POSSible to the naming used in the original EXPRESS

fithms 1 to 6. These restrictions are partially simigr Schema.

to what was proposed by Krima et al. [41] and Barbau
et al. [24], even though such proposal was not imgke-
mented in their converter [71]. These restrictionsake  The same renaming issue emerges for the individu-

considerably dterent from what is proposed by Hoarng als enumerated in an EXPRESS enumeration data type.
and Torma [46] because they rely on the OLO ontology. We proposed to rename only the duplicate individuals

31

5.9. Naming conventions for enumeration individuals
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in anENUMERATION (see Fragment 30). This results:ie
1627 named individuals, as opposed to 1155 and 1458
for Barbau et al. [24] and Hoang an@ima [46], who e
both suggest tmot rename the individuals that belong
to more than one enumeration (see Fragment 32)sIn
fact, these individuals simply belong to multiple OWhs
classes in the resulting ifcOWL schema. 2765

2766

6. Conclusions 2767

In this article, we have looked into the convéiiz
sion of EXPRESS schemas into OWL ontologigso.
We have specifically looked into the conversion2791f
IFC4_ADD1.exp into an ifcOWL ontology. Such con-

. 2772
version procedures have been proposed before. Yt=5-t7,3 as

of now, the resulting ontologies do not appear to evolve
into one referential standard or recommended ifcOMIL
ontology. 2775

Therefore, we looked into the existingf@rts in 2
obtaining an ifcOWL ontology from the EXPRESS
schemas of IFC, and we analysed which features weuld
be required in order to obtain a usable and recommend-
able (industry-wide) ifcOWL ontology. We ended up
with the following requirements or criteria for a usabie
and recommendable ifcOWL ontology:

2782

1. The ifcOWL ontology should remain in OWL2:

DL 2784
2. The ifcOWL ontology should match the originab
EXPRESS schema as closely as possible. 2786

3. The ifcOWL ontology is to be used primarily to aZ!{;7
low the conversion of IFC instance files into equiv-
alent RDF graphs.

2789

Following these criteria, we proposed a conversien
procedure that results in an ifcOWL ontology that gees
beyond the existing proposals and might indeed evg!)\zle
into a recommendable version. This mightin turn bet;tggr
support application development for construction indzgg—
try relying on semantic web technologies.

A number of open issues still needs to be addressed
by further researchforts: 2795

e RULE and FUNCTION declarationsare procedural™

e This is one of the first conversion proposals that
properly handleSNVERSE attributes in EXPRESS,
except for a small number of exceptional cases. In
a future version of the IFC schema, such excep-
tional cases might be avoided, which would likely
be beneficial for both the EXPRESS schema and
the ifcOWL ontology.

e In our conversion proposal, we have opted to
convert LIST data types using additional state-
ments éxpress:List, express:hasNext), after
Drummond et al. [47], as was also proposed by
most of previous EXPRESS to OWL conversion
proposals. In the future, it might prove to be a bet-
ter approach to use one of the conversion options
outlined in Pauwels et al. [49].

e The current proposal suggests a ‘maximal’ version
of the ifcOWL ontology, i.e. an ifcOWL ontol-
ogy that uses all available constructs available in
OWL2 DL (SROIQ(D)). In a next step, this on-
tology should be used to generate ontologies that
are in the OWL profiles with less expressiveness
(DL, EL and QL), in which a lot of the work done
by Hoang and ©rma [46] is to be relied upon.

e Through anontological analysis of IFCthe ifc-
OWL ontology might be greatly simplified and it
might become easier to use the IFC information.
This is the subject of Borgo et al. [75] and of de
Farias et al. [50].

e The EXPRESS to OWL conversion approach was
built to be general purpose, even if it was tested
mainly for IFC. The approach wilstill need to
be tested on other EXPRESS scheimasrder to
make it really general purpose.

e Exploitation of ontology-related added values
CWA validation, OWA reasoning, extension of IFC
data model and integration with other ontologies.
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