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Abstract. Spaces and elements in the built environment have emerged as platforms where materializations of observations and
actuations promise to be very profitable. The advent of the Internet of Things (IoT) paves the way to address this challenge but
the heterogeneity of the represented knowledge about these artifact systems poses a real problem. Ontologies can be considered
as part of the solution to overcome the IoT’s inherent hurdles. A wise option promoted by recent approaches is to design networks
of complementary ontologies. However, different points of view are possible and such diversity could lead to interoperability
problems. This article advocates for a networked ontology infrastructure conceived on a principled basis guided by documented
judicious conceptualizations. In this regard, this survey points towards ontologies involved in conceptualizations of observations
and actuations, where the utility of that conceptualization arises when some features of interest need to be observed or acted
upon. For each of the reviewed ontologies, their fundamentals are described, their potential advantages and shortcomings are
highlighted, and the use cases where these ontologies have been used are indicated. Additionally, use case examples are annotated
with different ontologies in order to illustrate their capabilities and showcase the differences between reviewed ontologies.
Finally, this article tries to answer two research questions: Is there a firm basis, broadly admitted by the community, for the
development of such a networked ontology infrastructure for the observations and actuations in buildings? What ontologies may
be considered helpful towards that goal?
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1. Introduction huge quantity of data not only represents observations

or actuations generated by potentially billions of de-

The Internet of Things (IoT) [1] facilitates the mon-
itoring of qualities of real-world entities and events
thanks to physical things equipped with electronic
components and ubiquitous intelligence that allow
them to connect, interact and exchange data. Further-
more, the expansion of the IoT has led to the massive
amount of data available nowadays, which has the po-
tential to enable new discoveries and improve decision
making processes. It is estimated that in 2019, the IoT
will generate more than 500 zettabytes in data [2]. This

vices, but also describes related aspects including de-
vices themselves, the location of these devices, and the
context under which the qualities of a feature of in-
terest are observed or acted upon. Without connecting
all these data with its underlying semantics, the users
of the IoT may end up in information silos that would
require different applications to access and use them.
These circumstances definitely pose a challenge for
transforming the raw data into business insight, thus
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hindering the exploitation of the data for better and
smarter decisions.

The advent of the IoT paves the way to address situ-
ations that remain challenging in various domains. One
of those domains is the AEC (Architecture, Engineer-
ing and Construction) sector, where the installation of
the IoT systems in buildings enables understanding oc-
cupants’ behaviour as well as discovering the discrep-
ancies between buildings’ expected and actual perfor-
mance [3]. This may in turn allow facing problems
that are still unsolved in most buildings such as fulfill-
ing occupants’ thermal comfort whilst reducing energy
consumption. These two aspects are equally important.
On the one hand conducted research proved that ther-
mal comfort has a direct impact on human working
efficiency [4, 5], occupants morale [6], and potential
health impairments [7] and on the other, the energy ef-
ficiency is one of the major concerns in buildings since
they consume more than 35% of global energy in the
EU [8]. These references reveal the relevance of pay-
ing attention to the building domain in particular.

Nevertheless, one of the most highlighted draw-
backs of the IoT lies in the data level heterogeneity.
Devices from different vendors may represent data in
different formats, and even when a common format is
used, the internal data model schema typically varies.
Yet devices manufactured by the same vendor may
use different data models, which further aggravates the
data heterogeneity situation. Such diversity derives in
semantic interoperability problems, where each system
can represent the same thing in different ways, hinder-
ing the integration and understanding between these
systems.

Semantic Technologies can be leveraged to rem-
edy aforementioned issues as they enable integrating
data across several data sources as well as the ade-
quate management of data semantics, data interrela-
tionships, and knowledge representation. More specif-
ically, ontologies, ontology-driven rules and ontology-
driven data access are foreseen as the main drivers to
address the aforementioned challenges. An ontology
can be defined as a formal, explicit specification of a
shared conceptualization [9, 10]. The conceptualiza-
tion specified by each ontology is usually devoted to
representing a certain phenomenon, topic, or subject
area, and designed with a certain purpose.

It has been shown that ontology-based approaches
could contribute in achieving semantic interoperabil-
ity [11], for example by annotating each data element
with ontology terms thus providing them with seman-
tics [12—-14]. Annotating the raw data with terms com-

ing from ontologies allows a better representation of
the data, structuring it and setting formal types, rela-
tions, properties and constraints that hold among them.
In addition, it allows representing data coming from
multiple sources in a uniform way, thereby support-
ing data integration [15]. Another benefit of the se-
mantic annotation lies in the additional background
knowledge about a domain that can be added to the
set of available data. This leads to the enrichment of
the dataset at hand, as well as enabling the application
of indexing techniques, which are based on resource
URIs and ensure the retrieval and navigation through
related resources [16]. Last but not least, after a seman-
tic annotation process, data is more domain-oriented
than the original source and allows more application-
independent solutions. Consequently, there is no need
for the user to be aware of the raw data’s underlying
structure.

Ontologies can be considered as part of the solu-
tion to overcome the IoT’s inherent hurdles, although
defining a single comprehensive shared ontology for
the whole IoT domain may be challenging due to the
existence of more than 200 ontologies [17]. This fact
may be motivated because the IoT scenarios tackle a
wide range of aspects such as the things used to ob-
serve or act, their configuration and capabilities, the lo-
cation where they are deployed, the modalities of the
context upon which they operate, the data accessibility
permission, or the service orchestration, among others.
Moreover, it is highly probable that these ontologies do
not share the conceptualization of the core elements,
and therefore, a proper integration of the ontologies is
very difficult, if ever possible.

A wise option promoted by recent approaches is to
design networks of complementary ontologies. How-
ever, different points of view are possible and such di-
versity could lead to interoperability problems. This
article advocates for a networked ontology infrastruc-
ture conceived on a principled basis guided by doc-
umented judicious conceptualizations. Two research
questions can be stated: Is there a firm basis, broadly
admitted by the community, for the development of
such a networked ontology infrastructure for the obser-
vations and actuations in buildings? What ontologies
may be considered helpful towards that goal?

In order to answer these research questions, the sur-
vey presented in this article has been carried out fol-
lowing the method described next:

— Establishment of the conceptualization of obser-
vation and actuation.
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Extraction of the Competency Questions (CQs)
from a sample scenario that serve as a benchmark.
Establishment of the scope of the survey and the
criteria to review ontologies.

Review of the selected ontologies.

Discussion of the obtained results and the reached
conclusions.

The notions of observation and actuation may be
considered an adequate starting core for a proper ontol-
ogy network development. According to this vision, an
explicit conceptualization of these notions should be
presented and explained. These notions can be consid-
ered variations of the more general notion of transduc-
tion. The transduction can be understood as the action
or process of converting something such as the energy
or a signal into another form. An observation outputs a
readable result from a stimulus. Likewise, an actuation
transforms a signal into a change of state of a device.

The observation term is already used in different
ways in different communities. The O&M (Obser-
vations and Measurements) model described in ISO
19156:2011! resolved this issue describing an obser-
vation as an event or activity, the result of which is an
estimate of the value of a property or quality of the
feature of interest, obtained using a specific procedure.
Although not described in this ISO, an actuation could
be similarly defined as an event or activity, the result of
which is a change of state of a quality of a feature of in-
terest, achieved using a specific procedure. In order to
reach a better conceptualization of these notions, a fur-
ther analysis may be carried out by the SW1H method
(answering What, Who, Where, When, Which, How
questions) and relating the answers with the terms of
the DUL? (DOLCE+DnS Ultralite) upper level ontol-
ogy.

For the sake of simplicity, these questions will be
expressed in terms of the observation notion but no-
tice that they are analogous for the actuation notion.
To begin with, considering an observation as described
by ISO 19156:2011 (see above) which is admittedly
shared by a wide range of the community, it may be
adequate to say that an observation is a particular kind
of dul:Event, an upper class of the DUL ontology. And
the following questions can be considered:

— What is observed? A quality of a feature of inter-
est. That notion of quality is captured by the class
dul:Quality, which is defined as: “Any aspect of

Thttps://www.iso.org/standard/32574.html
Zhttp://www.ontologydesignpatterns.org/ont/dul/DUL.owl

an Entity (but not a part of it), which cannot exist
without that Entity. For example, the way the sur-
face of a specific PhysicalObject looks like, or the
specific light of a place at a certain time, are ex-
amples of Quality". The feature of interest would
be, more specifically, an individual of the class
dul:Object, which is defined as: “Any physical,
social, or mental object, or a substance. Follow-
ing DOLCE Full, objects are always participat-
ing in some event (at least their own life), and are
spatially located”. In the context of this survey,
features of interest are elements in the domain of
buildings.

— Who is the observer? A sensor, which is a partic-
ular kind of dul:Object.

— How is the observation made? Following a pro-
cedure, which can be considered an individual
of dul:Plan which is a particular kind of the
class dul:Description®. A dul:Plan is a Descrip-
tion having an explicit goal, to be achieved by ex-
ecuting the plan.

— Where is the observation made? In a location, that
would be represented by an individual of the class
dul:Region, which is defined as: “Any region in
a dimensional space (a dimensional space is a
maximal Region), which can be used as a value
for a quality of an Entity. For example, Timeln-
terval, SpaceRegion, PhysicalAttribute, Amount,
SocialAttribute are all subclasses of Region. Re-
gions are not data values in the ordinary knowl-
edge representation sense; in order to get patterns
for modelling data, see the properties: represents-
DataValue and hasDataValue”. Notice that the lo-
cation of the observation is decoupled from the
location of the feature of interest observed.

— When is the observation made? In a time region,
represented by an individual of dul:Region.

— Which is the result of the observation? An en-
coding of a value represented by an individual of
dul:Region. This encoding can be achieved by as-
serting an xsd:_ value to that individual region
by using the property dul:hasRegionDataValue

3The textual definition in DUL documentation is quite cryp-
tic due to its desired versatility. A dul:Description is defined as
“a SocialObject that represents a conceptualization". Likewise, a
dul:SocialObject is ”any Object that exists only within some com-
munication Event, and needs to be expressed by some informa-
tion object (information objects are self-expressing)". Finally, a
dul:InformationObject is defined as “a piece of information, such as
a musical composition, a text, a word, a picture, independently from
how it is concretely realized".
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(such a xsd:_ value is a simple XML style codifi-
cation of a structured data including numbers and
strings as required).

The Figure 1 shows a diagram representing the
aforementioned analysis of the notion of observation
(and its counterpart actuation) involving classes of the
DUL ontology. The SW1H questions suggest proper-
ties of an observation (and analogously, of an actua-
tion) and the adequacy of the proposed conceptualiza-
tion arises when the features of interest that need to be
observed or acted upon and their circumstances come
into play. Attention to different domains or different
contexts can be achieved, in a loosely coupled way, by
changing specific ranges of these properties.

Relevance of the building domain has been previ-
ously highlighted in order to support the decision of
focusing on that domain in this article. Additionally,
the context of the data has been identified as a critical
aspect for any data-centric effort, including Machine
Learning [18, 19]. The lack of a context may impede
the knowledge extraction from raw data to achieve the
goals and objectives set by the different individuals
and organizations [20]. Likewise, even within a given
domain, the same observations may mean entirely op-
posite things in different contexts [21]. A prime ex-
ample of contextual variables that can be exploited
for data-centric or even human-centric approaches are
space and time [22]. Units of measurements are also a
relevant source of contextual data of observations and
actuations, which ease determining their value mean-
ing. For example, a temperature observation with a
value of 42 is very different when the observation is
measured in kelvins, in degrees Celsius or in degrees
Fahrenheit. Therefore, the analysis of the ontologies
representing observations and actuations context is of
interest.

Next, a simple working scenario is presented and
some basic requirements are extracted in the form of
CQs. These CQs can serve as a benchmark for the do-
main ontologies to be reviewed.

Consider two rooms (roomA and roomB) located in
the first floor (floor0O1) of a building (building01) with
coordinates 40.74° latitude and -73.98° longitude. A
sensor (sensor(Q1) observing the temperature in roomA
measured an observation (obs01) with a temperature of
29°C on 15™ December 2018 at 19:00 by implement-
ing a monitoring procedure (monitoringProc). Another
sensor (sensor(2) observing the temperature in roomB
and the humidity in roomA, measured two observa-
tions (obs02 and obs03) corresponding to the respec-

Table 1

Requirements of the proposed sample scenario.

D Competency Question

CQO02 | How is the observation obsO1 measured?

CQO03 | Who observed the temperature in roomA?

CQO04 | Which room does a given observed temperature belong to?
CQO5 | When was the observation obs01 generated?

CQO06 | Where is the building building01 located?

CQO07 | Which is the value of the observation obs01?

CQO8 | Which building does the floor floor01 belong to?

CQO09 | What kind of space is a floor?

CQ10 | Which floor does the room roomA belong to?

CQO1 | What are the observations performed by the sensor sensor01?

tive qualities. That is, an observation (obs02) of the
temperature in roomB and another observation (obs03)
of the humidity in roomA. These observations were
measured employing the same monitoring procedure
used by the sensor sensorOl. Taking this sample sce-
nario into consideration, the Table 1 displays a set of
basic CQs for the ontologies that should address this
scenario.

The rest of the paper is structured as follows. Sec-
tion 2 presents the scope of the survey. In Section 3
ontologies are reviewed. The outcomes of this review
are discussed and concluded in Section 4.

2. Scope of the survey

The IoT is a broad domain and many ontologies,
with different purposes and character, have been de-
signed to address it. In this regard, a recent survey by
Bajaj et al. can be found at [23]. However, the present
article is not aimed at covering the whole IoT domain.
Instead, the scope of this survey is restricted to, on the
one hand, the ontologies that consider as core concepts
the notions exposed in the SW1H analysis of the previ-
ous section and, on the other, the ontologies that con-
sider spaces and buildings elements as features of in-
terest whose qualities are commonly required to be ob-
served and actuated upon. The intended goal of this
survey is to provide grounded answers to the research
questions posed in the introduction.

Given the abundance of existing ontologies covering
the aforementioned areas of knowledge, it is advisable
to make explicit the ontology selection criteria and the
features to be reviewed in every ontology.

Four reputed sources has been consulted to re-
trieve an initial collection of relevant ontologies: the
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dul:Entity

LEGEND
----- > rdfs:subClassOf

— 5W1H questions

dul:Event dul:Object

dul:Quality

dul:Abstract

R

Observation /

Actuation dul:Description

Which? When? Where?

A

dul:Region

Fig. 1. Concepts from the DUL ontology involved in the notion of an observation/actuation.

LOV* [24] (Linked Open Vocabularies) ontology cat-
alogue, and the Google Scholar’, the IEEE Xplore®
and the ScienceDirect’ research databases. The queries
used for retrieving ontologies included the combina-
tion of the terms ‘iot’, ‘observation’, ‘actuation’, ‘sen-
sor’, ‘actuator’, ‘feature of interest’, ‘building’, ‘bim’,
‘space’, ‘context’ and ‘ontology®’. From that collec-
tion, only publicly available ontologies were selected,
that is, the ontologies offering downloadable ontology
files.

Then, the selected ontology set was filtered by the
following criteria:

— Having an explicit license. As any other intellec-
tual creation, ontologies are protected by copy-
right, so they cannot be used unless a license per-
mits so. Therefore, in order to make the ontolo-
gies reusable, specifying this piece of information
is necessary.

— Having enough documentation of its purpose, de-
sign fundamentals, CQs, etc. as typically asked
in an ORSD [25] (Ontology Requirements Spec-
ification Document). When discovering an ontol-
ogy, one of the first activities consists in reading
its documentation to understand the ontology do-
main and determine whether it describes this do-
main appropriately or not. This is why nowadays,
the ontologies should have comprehensive web

“http://lov.linkeddata.es

Shttps://scholar.google.com
Shttps://ieeexplore.ieee.org
Thttps://www.sciencedirect.com

8The keyword ‘ontology’ was not necessary for LOV.

pages describing their theoretical backgrounds
and features.

Having minimum metadata. The W3C’s Data on
the Web Best Practices [26] state that providing
metadata is a fundamental requirement that helps
human users and computer applications to under-
stand the data as well as other important aspects
that describes a dataset. Since the guidelines de-
scribed by Garijo and Poveda-Villalén [27] are
the most complete ones, having at least a label
(e.g. by means of rdfs:label) and a definition (e.g.
by means of rdfs:comment) towards describing
each class and property of the ontology is set as a
criterion.

Having explicit alignments with other ontologies.
Setting mappings to other ontologies alleviates
integration problems [15], helps to ensure clar-
ity in modelling and avoids errors that have unin-
tended reasoning implications [28].

Having evidence of ontology use. According to
the W3C’s Data on the Web Best practices [26],
the reuse of existing ontological resources is ad-
vised. The evidence of its usage can symbolize
the acceptance of an ontology by the community.
Having a principled design. Following ontology
design principles may contribute to high quality
ontologies, therefore, pointing out design basis
including ODP-based (ontologies based on On-
tology Design Patterns, which are modelling so-
Iutions to solve recurrent design problems that
arise in ontology development processes [29]),
model-based (ontologies based on existing mod-
els such as ISOs or conceptual schemas) or on-
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tologies based on the reengineering of existing as-
sets is of interest. It is worth mentioning that these
principles are not mutually exclusive, so the on-
tologies may follow more than one of them.

Since very few ontologies satisfied all these crite-
ria, the weaker requisite of satisfying most of them (at
least four) was adopted in order to include an ontol-
ogy into the surveyed collection. These requisites were
lowered for the case of the Building domain ontolo-
gies, as only a few of these ontologies satisfied them.
Moreover, some ontologies were included to illustrate
some particular points.

The resulting collection of ontologies was separated
into two sets: the ontologies related to observations
and actuations (reviewed in Section 3.1), and those
more related to the building domain (reviewed in Sec-
tion 3.3). Both sets of ontologies received the same
analysis but in a separate manner in order to ease the
reader’s understanding. For each of the reviewed on-
tology, their fundamentals are described, their poten-
tial advantages and shortcomings are highlighted, and
the use cases where these ontologies have been used
are indicated. In addition, since there are ontologies
built upon other ontologies, each ontology’s parent on-
tology from which they inherit concepts as well as its
design principles are described. Furthermore, for each
ontology the latest available version’s date is shown
(which may hint at the maintenance of the ontology),
the license is specified, and checks are assigned to
the following aspects: documentation, metadata, align-
ments’ and evidence of use. Finally, a fragment of the
proposed scenario is annotated with such an ontology
in order to illustrate its capabilities and showcase the
differences with other ontologies. The Table 3 and the
Table 5 summarize the review of each set, respectively.

Furthermore, Section 3.2 is dedicated to present
some ontologies that cover complementary but neces-
sary contextual aspects such as time and units of mea-
sure. These domains are out of scope of this survey but
a sample of them is presented in order to show a more
complete picture of the scenario, although they are not
submitted to the aforementioned reviewing criteria.

In order to avoid overwhelming the reader, links to ontology
alignments are not provided. These should be accessed by means of
the ontology’s documentation page.

3. Ontologies Review

This section presents the review of the ontologies
selected according to the scope delimited in Section 2.
Section 3.1 reviews the ontologies representing ob-
servations and actuations, Section 3.2 reviews the on-
tologies representing contextual information such as
spatio-temporal information, and Section 3.3 reviews
the ontologies representing building information.

3.1. Observations and Actuations ontologies

As mentioned before, the IoT devices generate a
vast amount of data, especially observations of the real
world and actuations triggered to change the state of
the real world. However, the raw observation and ac-
tuation results do not provide the context required to
adequately interpret and understand them. Without the
proper description of the situations under which these
observations and actuations are performed, their ex-
ploitation capabilities may be rather limited. In this re-
gard, the semantic annotation of this data with the ad-
equate ontology terms is expected to ease the exploita-
tion of their underlying semantics. Therefore, the re-
view of the ontologies available for this purpose is of
interest.

In order to illustrate the capabilities and differences
between the reviewed ontologies, the following snip-
pet from the modelling problem proposed in Section 1
will be considered:

“A sensor (sensorQl) observing the temperature
in roomA measured an observation (obsOl) by im-
plementing a monitoring procedure (monitoringProc).
Another sensor (sensor02) observing the temperature
in roomB and humidity in roomA, measured two ob-
servations (obs02 and obs03) corresponding to the re-
spective qualities. That is, an observation (obs02) of
the temperature in roomB and another observation
(0obs03) of the humidity in roomA. These observations
were measured employing the same monitoring proce-
dure used by the sensor sensor01.”

This snippet addresses the What, Who and How
questions of the SW1H method and the following sub-
set of proposed CQs:

CQO1: What are the observations performed by
the sensor sensor01?

CQO02: How is the observation obsO1 measured?
CQO03: Who observed the temperature in roomA?
CQO04: Which room does a given observed tem-
perature belong to?
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The Table 2 checks whether the ontologies reviewed
in this section correctly address the aforementioned
CQs or not.

3.1.1. SSNO

The initial Semantic Sensor Network Ontology'® [30]
(SSNO'") was developed by the W3C Semantic Sen-
sor Networks Incubator Group (SSN-XG) and it pro-
posed a conceptual schema for describing sensors, the
accuracy and capabilities of such sensors, their ob-
servations and the methods used for sensing. Con-
cepts for the operating and survival ranges were also
included, as well as the sensors’ performance within
those ranges. Finally, a structure for the field deploy-
ment was defined to describe the deployment lifetime
and sensing purposes. The SSNO was aligned with the
DUL ontology and built on top of the Stimulus-Sensor-
Observation (SSO) [31] ODP describing the relation-
ships between sensors, stimulus, and observations.

The core of the SSNO put the sensor stimulus
(ssno:Stimulus'?) as the critical event in the observa-
tion process. However, this class was rarely instan-
tiated in practice as it resides out of scope of the
typical sensor and applications use cases. Regarding
the observations, they were represented as contexts
for interpreting such stimuli and defined as instances
of ssno:Observation, which was defined as a sub-
class of dul:Situation. Taking into consideration that
dul:Situation is defined as a subclass of dul:Object,
and dul:Object is disjoint with dul:Event, this can
cause issues with the conceptualization of an observa-
tion as defined in Section 1.

The SSNO has been reused to a greater or lesser
extent by other domain ontologies including the IoT-
O ontology (reviewed in Section 3.1.6), the IoT-Lite
ontology (reviewed in Section 3.1.7) or the FIESTA-
IoT ontology (reviewed in Section 3.1.8). This usage
has been eased by the W3C Software license that en-
ables its reuse, the ontology documentation page and
the necessary metadata to facilitate the understanding
of ontological terms. Furthermore, as mentioned be-
fore, the SSNO is aligned with DUL.

The following triples would represent the previously
proposed use case example:

:sensor01l rdf:type ssno:Sensor;
ssno:implements :monitoringProc;

10http://www.w3.org/ns/ssn/

n this paper SSNO will denote the 2011 version of the SSN
ontology.

125sno is the namespace of the SSNO.

ssno:detects :stimulusOl .

:stimulusO1l rdf:type ssno:Stimulus;
ssno:isProxyFor :temp.

:temp rdf:type ssno:Property;
ssno:isPropertyOf :roomA.

:0obs01 rdf:type ssno:Observation;
ssno:involves :stimulusOl.

:sensor02 rdf:type ssno:Sensor;
ssno:implements :monitoringProc;
ssno:detects :stimulus02.

:stimulus02 rdf:type ssno:Stimulus;
ssno:isProxyFor :temp.

:temp ssno:isPropertyOf :roomB.

:obs02 rdf:type ssno:Observation;
ssno:involves :stimulus02.

:sensor02 ssno:detects :stimulus03.

:stimulus03 rdf:type ssno:Stimulus;
ssno:isProxyFor :hum.

chum rdf:type ssno:Property;
ssno:isPropertyOf :roomA.

:obs03 rdf:type ssno:Observation;
ssno:involves :stimulus03.

:monitoringProc rdf:type ssno:Process.
:roomA rdf:type ssno:FeatureOflnterest.
:roomB rdf:type ssno:FeatureOflnterest.

As mentioned before, the SSNO’s SSO ODP adds
the notion of a stimulus to a sensor-observation rela-
tionship, therefore, incrementing the number of triples
necessary to represent the proposed modelling prob-
lem’s scenario. An alternative way of codifying this
scenario is possible ignoring the Stimulus concept, as
follows:

:sensor0l rdf:type ssno:Sensor;
ssno:implements :monitoringProc;
ssno:observes :temp.

:obsO01 rdf:type ssno:Observation;
ssno:observedBy :sensor0Ol;

ssno: featureOflnterest :roomA.

:sensor02 rdf:type ssno:Sensor;
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Table 2
Observation and actuation ontologies addressing the presented CQs. *=CQ satisfied if the observation-centric style is used.
Ontology CQO1 | CQO2 | CQO03 | CQO4
SSNO v vE v'E v
SOSA/SSN v vE vE v
om-lite v
SAREF v
SEAS v v v v
IoT-O v VE vE v
IoT-Lite v vE v v
FIESTA-IoT | v vE v v
SmartEnv v vE v v
ssno:implements :monitoringProc; :temp ssno:isPropertyOf ?room.
ssno:observes :temp; ?0bs ssno:observedBy ?sensor.
ssno:observes :hum. ?70bs ssno:featureOflnterest ?room.
}
:0obs02 rdf:type ssno:Observation;
ssno:observedBy :sensor02; evaluated over the given set of triples, it retrieves
ssno: featureOfInterest :roomB. :roomA and :roomB as answers, which is a correct an-
) swer to the CQO04 in that situation.
:0bs03 rdf:type ssno:Observation; However, it is not possible to satisfy the CQO03. A
ssno :observedBy :sensor02; SPARQL query like the following
ssno: featureOfInterest :roomA. ’

:temp rdf:type ssno:Property;

ssno:isPropertyOf :roomA;

ssno:isPropertyOf :roomB.
chum rdf:type ssno:Property;

ssno:isPropertyOf :roomA.

:roomA rdf:type ssno:FeatureOfInterest.
:roomB rdf:type ssno:FeatureOflnterest.

:monitoringProc rdf:type ssno:Process.

These triples directly link a sensor to its correspond-
ing observed properties and implemented procedures,
thus avoiding the necessity of representing a stimu-
lus. However, this codification ignores the SSO pattern
in which the ontology is based. It is obvious that the
CQO1 can be satisfied with these modelling triples. But
the CQO2 cannot be satisfied if the sensor that made
the observation implements more than one procedure,
what is perfectly possible depending on the qualities
observed by the sensor. Then, the proper answer to the
CQO02 cannot be elucidated. Moreover, the CQ04 can
be satisfied by the following SPARQL query, assuming
that :temp is the given temperature:

SELECT ?room
WHERE {

?sensor ssno:observes :temp.

SELECT ?sensor
WHERE {
?7sensor ssno:observes :temp.
?70bs ssno:observedBy ?sensor.
?70bs ssno:featureOflnterest :roomA.

evaluated over the given set of triples, retrieves :sen-
sor01 and :sensor02 as answers, which is not enough
to elucidate the sensor who observed temperature
in the :roomA. This inconvenience would have been
avoided if the modelling had been more precisely ad-
justed to the definition of ssno:Property in the SSNO
documentation (i.e., “(...) an aspect of an entity that
is intrinsic to and cannot exist without the entity and
is observable by a sensor.", which corresponds to the
definition of dul:Quality in Section 1). It is clear that
:temp 1is not intrinsic to the :roomA and that it exists
as a quality of the :roomB even if the :roomA disap-
pears. An alternative modelling, using triples such as
the following, solves this issue.

:sensor01 ssno:observes :roomATemp.
:roomATemp ssno:isPropertyOf :roomA.

:sensor02 ssno:observes :roomBTemp.
:roomBTemp ssno:isPropertyOf :roomB.
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Moreover, this modelling style offers the possibility
to create subclasses of ssno:Property such as Temper-
ature or Humidity that could play a similar generic role
to :temp and :hum. However, the modelling style that
uses :temp and :hum as generic qualities is very fre-
quent in applications and should be taken into account
to be able to create sets of triples that solve the CQO03
issue. A possible solution for the CQ02 and the CQ03
will be presented in the following section, dedicated to
the SOSA/SSN ontology.

3.1.2. SOSA/SSN Ontology

The W3C Spatial Data on the Web Working Group
(SDWWG!3) proposed an update of the SSNO [32, 33]
(from now on referred to as the SOSA/SSN ontology)
that became a W3C recommendation. This new on-
tology follows a horizontal and vertical modulariza-
tion architecture by including a lightweight but self-
contained core ontology called SOSA' (Sensor, Ob-
servation, Sample, and Actuator) for its elementary
classes and properties. Furthermore, the SOSA/SSN
ontology’s scope is not limited to observations, but it
is extended to cover actuations and samplings. In line
with the changes implemented in the SOSA/SSN on-
tology, the SOSA drops the direct DUL alignment al-
though it can still be optionally achieved via the SSN-
DUL alignment module'>. Moreover, similar to the
original SSO pattern, SOSA acts as a central building
block for the new SOSA/SSN ontology but puts more
emphasis on its lightweight expressivity and the abil-
ity to be used standalone. Then, constraint axioms are
added to the vertical module extension named SSN.

Contrary to the SSNO, the SOSA/SSN ontology fo-
cuses on the complete observation as an event. In con-
sequence, sosa:Observation is defined as a subclass
of dul:Event in its alignment with the DUL ontology.
Therefore, following the conceptualization of Obser-
vation explained in Section 1.

A list of 23 ontologies that already reuse the SOSA
and the 23 datasets that use the SOSA classes and
properties to define data in their applications can be
found in the SSN Usage document'®. This usage is en-
abled by the W3C Software license, a rich documen-
tation page, metadata associated with ontology terms,
and alignments to the related ontologies including the

Bhttps://www.w3.0rg/2015/spatial
http://www.w3.org/ns/sosa/
Bhttps://www.w3.org/ns/ssn/dul
1ohttps://w3c.github.io/sdw/ssn-usage/

aforementioned DUL ontology, the SSNO, the om-lite
ontology (reviewed in Section 3.1.3) or the PROV-O!7.

Nevertheless, neither the SSNO nor the new SOSA/SSN

ontology describes the different qualities which can be
measured by sensors or acted upon by actuators. Re-
lated concepts such as the units of measurements of
these qualities, the hierarchies of sensor/actuator/sam-
pler types, or the spatio-temporal terms are not cov-
ered either. All this knowledge has to be modelled by
the user, or preferably imported from other existing
ontologies.

A literal translation of the set of triples presented
in the previous SSNO subsection to the SOSA/SSN
ontology is possible by replacing the SSNO proper-
ties with their equivalents in the SOSA/SSN ontology.
That is, replacing ssno:observedBy, ssno:observes,
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ssno:featureOfInterest, ssno:isPropertyOf and ssno:implements,

with sosa:madeBySensor, sosa:observedProperty, sosa:hasFeatureOfln

ssn:isPropertyOf and sosa:usedProcedure, respec-
tively. However, the resulting model would suffer from
the same problems noted in the section dedicated to the
SSNO. A better alternative to represent the use case
example could be the following:

:0obs01 rdf:type sosa:Observation;
sosa:usedProcedure :monitoringProc;
sosa:madeBySensor :sensorO1;
sosa:observedProperty :temp;
sosa:hasFeatureOfInterest :roomA.

:0bs02 rdf:type sosa:Observation;
sosa:usedProcedure :monitoringProc;
sosa:madeBySensor :sensor02;
sosa:observedProperty :temp;
sosa:hasFeatureOfInterest :roomB.

:obs03 rdf:type sosa:Observation;
sosa:usedProcedure :monitoringProc;
sosa:madeBySensor :sensor02;
sosa:observedProperty :hum;
sosa:hasFeatureOfInterest :roomA.

:temp rdf:type sosa:ObservableProperty;
ssn:isPropertyOf :roomA;
ssn:isPropertyOf :roomB.

chum rdf:type sosa:ObservableProperty.
ssn:isPropertyOf :roomA.

:sensor01 rdf:type sosa:Sensor.
:sensor02 rdf:type sosa:Sensor.
:monitoringProc rdf:type sosa:Procedure.

https://www.w3.org/TR/prov-o/
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:roomA rdf:type sosa:FeatureOfInterest.
:roomB rdf:type sosa:FeatureOflnterest.

Notice the observation-centric modelling instead of
a sensor-centric modelling. It is crucial to gather the set
of properties sosa:usedProcedure, sosa:madeBySensor,
sosa:observedProperty, and sosa:hasFeatureOfInterest
of an observation as reflecting an n-ary relationship.

This way, the following queries could satisfy the fol-
lowing Competency Questions:

CQO1:

SELECT ?obs
WHERE {
?7obs sosa:madeBySensor :sensorOl. }

CQO2:

SELECT 7?proc
WHERE {:0bs0O1 sosa:usedProcedure ?proc. }

CQO3:

SELECT ?sensor

WHERE {
?70bs sosa:observedProperty :temp.
?7obs sosa:hasFeatureOflnterest :roomA.
?70bs sosa:madeBySensor ?sensor.

CQO4:

SELECT ?room

WHERE {
?70bs sosa:observedProperty :temp.
?70bs sosa:hasFeatureOflInterest ?room.

It is worth mentioning that these two modelling al-
ternatives are not completely equivalent. While the
first one can be inferred from the second with rules like
[obs sosa:observedProperty qual and obs sosa:made-
BySensor sensor then sensor sosa:observes qual], the
second cannot be inferred from the first, since a sensor
can observe several qualities and therefore, it cannot
be elucidated which of the qualities is the one observed
by an observation made by that sensor.

Nevertheless, that inferencing is not possible by us-
ing only the current definitions and constraint axioms
in the SOSA/SSN ontology, since their designers pre-
ferred a lightweight ontology and avoided to include
some constraint axioms that could specify assumed re-
lationships.

3.1.3. om-lite Ontology

The om-lite ontology'® [28] is an OWL representa-
tion of the Observation Schema described in clauses
7 and 8 of ISO 19156:2011 Geographic Informa-
tion - Observations and Measurements (O&M). O&M
defines a conceptual schema for observations, and
for the features involved when observations are pro-
duced. An observation is defined as an act that re-
sults in the estimation of the value of a feature qual-
ity, and it involves the application of a specified pro-
cedure such as a sensor, an instrument, an algorithm
or a process chain. The specializations of the ob-
servation class are classified by the result-type. This
way, the class oml:Observation has subclasses such as
oml:CountObservation for the observations whose re-
sults are integer, oml:Measurement for the scaled num-
bers and oml:TruthObservation for booleans.

The om-lite ontology allows combining data unam-
biguously and referring to the observations made in-
situ, remotely, or ex-situ with respect to the location.
These observation details are also important for the
data discovery and for the data quality estimation. Fur-
thermore, the om-lite ontology removes dependencies
with pre-existing ontologies and frameworks, and can
therefore be used with minimal ontologies commit-
ment beyond the O&M conceptual model. Addition-
ally, it provides stub classes for time, geometry and
measure (scaled number), which are expected to be
substituted at run-time by a suitable concrete represen-
tation of the concept.

The ontology is accessible under a CC BY 3.0 li-
cense, it has a documentation page, the ontological
terms have adequate metadata and it is aligned with
domain ontologies including the SSNO and the PROV-
O. Nevertheless, to the extent of knowledge of authors,
there is no evidence of the om-lite ontology’s usage.

The following triples would represent the previously
proposed use case example:

:0obs01 rdf:type oml: Observation;
oml:observedProperty :temp;
oml: procedure :sensorOl;
oml: procedure :monitoringProc;
oml: featureOflnterest :roomA.

:0bs02 rdf:type oml: Observation;
oml: observedProperty :temp;
oml: procedure :sensor02;
oml: procedure :monitoringProc;

8http://def.seegrid.csiro.au/ontology/om/om-lite
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oml: featureOflInterest :roomB.

:0obs03 rdf:type oml:Observation;
oml: observedProperty :hum;
oml: procedure :sensor02;
oml: procedure :monitoringProc;
oml: featureOflnterest :roomA.

:temp rdf:type owl:Thing.

thum rdf:type owl:Thing.

:roomA rdf:type owl: Thing.

:roomB rdf:type owl:Thing.

:sensor01l rdf:type oml:Process.
:sensor02 rdf:type oml: Process.
:monitoringProc rdf:type oml: Process.

The om-lite ontology does not define any class for
the observed qualities or the features of interest. There-
fore, the individuals :roomA, :roomB, :temp and :hum
cannot be adequately represented. Furthermore, the
oml:procedure object property would lead the way to
answer the CQO1 with the following query:

SELECT ?obs
WHERE { ?o0bs oml:procedure :sensorOl1. }

However, on the one hand, the range of this ob-
ject property are individuals of the class oml:Process
which include both sensors and procedures, and on the
other hand, the om-lite ontology does not offer classes
to distinguish sensors and procedures. Therefore, the
CQO03 and the CQO04 remain unsatisfied. Furthermore,
the CQ2 cannot be satisfied with the following query:

SELECT ?proc
WHERE { :0bsO1 oml:procedure ?proc. }

3.1.4. SAREF Ontology

The Smart Appliances REFerence (SAREF) ontol-
ogy'? [34] is a shared model of consensus that facili-
tates the matching of existing assets in the smart appli-
ances domain. The ontology provides building blocks
that allow the separation and recombination of differ-
ent parts of the ontology depending on specific needs.
The central concept of the ontology is the saref:Device
class, which is modelled in terms of functions, asso-
ciated commands, states and provided services. The
ontology describes types of devices such as sensors
and actuators, white goods, HVAC (Heating, Ventila-
tion and Air Conditioning) systems, lighting and micro

https://w3id.org/saref

renewable home solutions. A device not only makes
an observation (which in the SAREF ontology is rep-
resented as saref:Measurement) which represents the
value and timestamp, but also it is associated with
a quality (saref:Property) and a unit of measurement
(saref:UnitOfMeasure).

The modular conception of the ontology allows
the definition of any new device based on building
blocks describing functions that the devices perform.
Furthermore, the SAREF ontology can be specialized
to refine the general semantics captured in the on-
tology and create new concepts. The only require-
ment is that any extension or specialization may com-
ply with the SAREF ontology. There are six exten-
sions of the ontology available in the official ETSI
portal for SAREF?: the SAREF4BLDG ontology for
the building domain (reviewed in Section 3.3.4), the
SAREF4ENVI ontology?! for the environment do-
main, the SAREF4ENER ontology?* for the energy
domain, the SAREF4CITY ontology?* for smart cities,
the SAREF4INMA ontology?* for industry and man-
ufacturing, and the SAREF4AGRI ontology? for the
agricultural domain. Furthermore, at the moment of
writing this survey there are four new planned exten-
sions for the following domains: automotive, eHealth
and Ageing-well, wearables, and water.

The SAREF ontology terms have been used in ap-
plications that range from energy efficiency semantic
models [35] to comfort management in hotels [36].
Furthermore, standards organizations and alliances,
such as CENELEC?® and the Alliance for Internet of
Things Innovation (AIOTI?), have acknowledged and
adopted the SAREF ontology in their standardization
activities [37]. The ontology’s CC BY 4.0 license, the
documentation page and the metadata of the terms may
contribute to the reuse of the SAREF ontology in fu-
ture applications and use cases. However, although the
SAREF ontology is claimed to be aligned with other
ontologies, these alignments are a set of concept pair-
ings in an Excel sheet without an explicit indication of
the precise relationship between each pair of concepts.

The following triples would represent the previously
proposed use case example:

2Ohttps://saref.etsi.org/
2lhttps://w3id.org/def/sarefdenvi
22https://w3id.org/sarefdener
2https://w3id.org/sarefdcity
24https://w3id.org/saref4inma
ZShttps://w3id.org/sarefdagri
26https://www.cenelec.eu/
2Thttps://aioti.eu/

=W N

o 0 g o

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51


https://w3id.org/saref
https://saref.etsi.org/
https://w3id.org/def/saref4envi
https://w3id.org/saref4ener
https://w3id.org/saref4city
https://w3id.org/saref4inma
https://w3id.org/saref4agri
https://www.cenelec.eu/
https://aioti.eu/

@ J oy U W N

Qs s s s s s s D DWW W W W W WwWw W W NNNNNDNNNNN R R R R R R e e P e
H O W © < o 0 W N O W Jdo W N R O VW O do s W NP O WV ®Jd o s W N R OV

12 L. Esnaola-Gonzalez et al. / Ontologies for Observations and Actuations in Buildings: A Survey

:sensor01l rdf:type saref:Sensor.
saref: measuresProperty :temp;
saref:hasFunction :monitoringProc;
saref : makesMeasurement :obsOl.

:sensor02 rdf:type saref:Sensor.
saref : measuresProperty :temp;
saref: measuresProperty :hum;
saref:hasFunction :monitoringProc;
saref : makesMeasurement :o0bs02;
saref : makesMeasurement :obs03.

:temp rdf:type saref:Property.
chum rdf:type saref:Property.
:monitoringProc

rdf:type saref:SensingFunction.
:obsO1 rdf:type saref:Measurement.
:0obs02 rdf:type saref:Measurement.
:obs03 rdf:type saref:Measurement.

These triples showcase the SAREF ontology’s device-
centric modelling in contrast to the more event-centric

modelling style of other ontologies such as the SOSA/SSN

and the om-lite ontologies. Furthermore, the SAREF
ontology cannot represent the relationship between
an observed quality (e.g. a room’s temperature) and
the feature of interest to which it belongs (e.g. the
room at hand), thus the CQ04 remains unsatisfied. As
a matter of fact, the SAREF ontology does not rep-
resent the notion of a feature of interest, so that in
the triples above, individuals :roomA and :roomB to
which the observed qualities belong cannot be ade-
quately represented. Therefore, the CQ3 cannot be ad-
dressed. Last but not least, the CQ2 cannot be satis-
fied for situations when the sensor in charge of mak-
ing an observation has more than one value for the
object property saref:hasFunction. This is caused by
the lack of constraint axioms for saref:Sensor over
saref:hasFunction, and the fact that saref:hasFunction
is not a functional object property.

3.1.5. SEAS Ontology

The SEAS ontology?® [38] is an ontology designed
as a set of simple core ODPs that can be instanti-
ated for multiple engineering related verticals and it
is planned to be consolidated with the SAREF on-
tology as part of ETSI’s Special Task Force 556%°.
The SEAS ontology modules are developed based
on the following three core modules: the SEAS Fea-

28https://w3id.org/seas/
2https://portal.etsi.org/STF/STFs/STFHomePages/STF556

ture of Interest ontology®® which defines features of
interest (seas:FeatureOfInterest) and their qualities
(seas:Property), the SEAS Evaluation ontology?' de-
scribing the evaluation of these qualities, and the
SEAS System ontology®’ representing virtually iso-
lated systems connected with other systems. The Pro-
cedure Execution (PEP) ontology®}, which is not
strictly a SEAS ontology module but it is contained
under the same SEAS project, defines procedure ex-
ecutors that implement procedure methods, and gen-
erate procedure execution activities. Furthermore, the
PEP defines an ODP as a generalization of SOSA’s
sensor-procedure-observation and actuator-procedure-
actuation models.

On top of these core modules, several vertical SEAS
ontology modules are defined, which are dependent
of a specific domain. Some of these modules include
the SEAS Electric Power System ontology>* and the
SEAS Building ontology (reviewed in Section 3.3.8).

The SEAS ontology and its modules are licensed
under Apache License, version 2.0 and have a thor-
ough documentation and a complete metadata, which
eases its understanding and their potential reuse. One
of the few examples of its usage is EROSO [39], a
framework that is aimed at ensuring thermal comfort
in workplaces and extends the SEAS Forecasting on-
tology>>. Additionally, the SEAS ontology offers a set
of alignments to other domain ontologies such as the
SOSA/SSN ontology.

The following triples would represent the previously
proposed use case example. Namespace pep belongs
to the PEP ontology.

:obsO1 rdf:type pep:ProcedureExecution;
pep:madeBy :sensorO1;
pep:usedProcedure :monitoringProc;
seas:observesProperty :roomATemp.

:roomATemp rdf:type seas:Property;
seas:isPropertyOf :roomA.

:0bs02 rdf:type pep:ProcedureExecution;
pep : madeBy :sensor02;
pep:usedProcedure :monitoringProc;
seas:observesProperty :roomBTemp.

3Ohttps://w3id.org/seas/FeatureOfInterestOntology
31https://w3id.org/seas/EvaluationOntology
3https://w3id.org/seas/SystemOntology
Bhttps://w3id.org/pep/
3https://w3id.org/seas/ElectricPowerSystemOntology
3Shttps://w3id.org/seas/ForecastingOntology
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:roomBTemp rdf:type seas:Property;
seas:isPropertyOf :roomB.

:0obs03 rdf:type pep:ProcedureExecution;
pep:madeBy :sensor02;
seas:observesProperty :roomAhum.

:roomAhum rdf:type seas:Property;
seas:isPropertyOf :roomA.

:sensor01l rdf:type pep:ProcedureExecutor.
:sensor02 rdf:type pep:ProcedureExecutor.
:monitoringProc rdf:type pep:Procedure.
:roomA rdf:type seas:FeatureOflnterest.
:roomB rdf:type seas:FeatureOflnterest.

The aforementioned three observations on two
rooms are appropriately codified in the SEAS ontol-
ogy for adequately answering the proposed four com-
petency questions CQO1, CQ02, CQO03, and CQO4. It
should be noted that the object property seas:isPropertyOf
is declared functional and, therefore, the SEAS ontol-
ogy supports the notion that a quality is intrinsic to the
feature of interest to which it belongs.

3.1.6. 1oT-O Ontology

The IoT-O ontology®® [40] is an IoT domain mod-
ular ontology describing connected devices and their
relationship with the environment. It is intended to
model knowledge about the IoT systems and to be
extended with application specific knowledge. It has
been designed in five separated modules to facilitate its
reuse and extension:

1. A sensing module, based on the SSNO and par-
ticularly on the SSO pattern.

2. An acting module, based on the SAN (Semantic
Actuator Network) ontology?’, and particularly
on the AAE (the Actuation-Actuator-Effect) pat-
tern, which intends to model the relationship be-
tween an actuator and the effect it has on its en-
vironment through actuations.

3. A service module, based on the MSM?® (Mini-
mal Service Model) and the hRESTS ontology>°.

36https://www.irit.fr/recherches/MELODI/ontologies/IoT-O
3Thttps://www.irit.fr/recherches/MELODI/ontologies/SAN
38http://iserve kmi.open.ac.uk/ns/msm
http://www.wsmo.org/ns/hrests/

4. A lifecycle module*’, based on a lifecycle ontol-
ogy (a lightweight ontology defining state ma-
chines) and an IoT-specific extension.

5. An energy module, based on the PowerOnt*!.

Furthermore, to maximize its reusability and exten-
sibility, the IoT-O imports the DUL and aligns all its
concepts and imported modules with it.

The ontology as a whole has been used by an ap-
plication aimed at distributing semantic data process-
ing in the Fog [41] as well as an ontology to repre-
sent interactions between an entity and an IoT sys-
tem [42]. Likewise, the SAN ontology module (which
is part of the IoT-O ontology) has been reused by
the BCI (Brain-Computer Interaction) ontology*? [43].
The reuse of the IoT-O is facilitated by its CC BY 4.0
license, the documentation page, the metadata of its
ontological terms, and its alignment with the DUL on-
tology, the SSNO and the rest of imported ontologies.

Being based on the SSNO, the previously proposed
use case example would be represented with the same
triples proposed in Section 3.1.1.

3.1.7. IoT-Lite Ontology

The IoT-Lite ontology*® [44] is a lightweight on-
tology planned to be used by other independent plat-
forms in the open calls of H2020 project FIESTA-
IoT*. It is a specialization of the SSNO designed with
the purpose of defining only the most used terms when
searching for IoT concepts in the context of data an-
alytics such as sensory data, location and type. The
ontology’s lightweight allows the representation and
use of [oT platforms without consuming excessive pro-
cessing time when querying the ontology. However,
it is also an ontology that can be extended in order
to represent IoT concepts in a more detailed way in
different domains. The ontology is aimed to be sim-
ple, as it is considered as one of its requirements, and
it is aligned with other well-known and widely used
ontologies such as the SWEET* (Semantic Web for
Earth and Environmental Terminology) and the SSNO.

The IoT-Lite ontology is built around the main three
concepts which, according to the IoT-Lite authors, are
necessary in any ontology describing the IoT: object-

4Onttps://www.irit.fr/recherches/MELODI/ontologies/
IoT-Lifecycle

4ttp://elite.polito.it/ontologies/poweront.owl

“https://w3id.org/BCI-ontology

“http://purl.oclc.org/NET/UNIS/fiware/iot-lite

“http://fiesta-iot.eu/

“https://sweet jpl.nasa.gov/
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s/entities, resources/devices, and services. However,
the coverage of the ontology is limited to upper-level
concepts, rather than representing the types of de-
vices as subclasses of ssno:SensingDevice (e.g. ther-
mometer) or the units of measurements as subclasses
of qu:Unit (e.g. degrees Celsius). Although the terms
used in the IoT-Lite ontology are aligned with their
generalized counterparts, the representation of the key
concepts in sensor-related environments (e.g. sensor,
action and observation) is limited.

As mentioned before, the IoT-Lite ontology is devel-
oped to being used by platforms in the open calls of the
Fiesta-10oT project. To the extent of knowledge of au-
thors, the ontology has been reused only by the Fiesta-
IoT ontology reviewed next. Being licensed under CC
BY 3.0 and having a documentation page with the
ontology’s instantiation examples, fosters its potential
reuse. However, the lack of the adequate metadata of
ontological terms may prevent users from reusing it.

Being based on the SSNO, the previously proposed
use case example would be represented with the same
triples proposed in Section 3.1.1.

3.1.8. FIESTA-IoT Ontology

The FIESTA-IoT ontology*® [45] aims at creating a
lightweight ontology that achieves semantic interoper-
ability among heterogeneous testbeds. The ontology is
focused on the description of the underlying testbeds’
resource descriptions and the observations gathered
from their physical devices. Furthermore, the design of
the ontology is guided by the methodologies of ontol-
ogy reuse and alignment. Some of the reused ontolo-
gies and taxonomies include the SSNO, the IoT-Lite
ontology and the DUL ontology.

The SSNO has a strong influence in the FIESTA-IoT
ontology when describing sensors and observations.
The central class is ssno:Observation, which is related
with the ssno:Sensor which generates it, the quality it
observes (qu:QuantityKind) and the temporal and lo-
cation context.

The M3-lite taxonomy*” is a light version of the M3
ontology [46], designed to meet the FIESTA-IoT on-
tology’s requirements. M3-lite follows a modular de-
sign and provides links with other IoT-related ontolo-
gies to facilitate interoperability. These links are repre-
sented with the rdfs:seeAlso utility property. The main
purpose of the M3-lite taxonomy is to extend the repre-
sentation of concepts that are not covered by the SSNO

in a rather detailed way. In fact, the M3-lite taxon-
omy defines over 30 types of actuators (as subclasses
of iot-lite:ActuatingDevice), over 100 types of sensors
(as subclasses of ssno:SensingDevice), over 170 types
of quantities (as subclasses of qu:QuantityKind) and
over 90 classes of units of measure (as subclasses of
qu:Unit). Furthermore, the scope of the taxonomy is
not limited to a single domain. As a matter of fact, it
covers 12 different IoT application domains.

The FIESTA-IoT ontology has been used to federate
eleven IoT deployment testbeds from heterogeneous
application domains including smart cities, maritime
and smart grids [47]. Furthermore, the M3-lite taxon-
omy, which is part of the FIESTA-IoT, has been used
in an outlier detection framework in Wireless Sensor
Networks [48]. Furthermore, the ontology has a com-
plete documentation and metadata, a set of alignments
with other ontologies including the SSNO, and an ex-
plicit license towards fostering its potential reuse.

Being based on the SSNO, the previously proposed
use case example would be represented with the same
triples proposed in Section 3.1.1.

3.1.9. SmartEnv Ontology

The SmartEnv ontology*® [49] proposes an ontol-
ogy for sensorized environments. The ontology is a
network of 8 different ontology modules designed in
the form of patterns, which are represented as general
as possible avoiding strong dependencies between the
modules to manage the representational complexity of
the ontology. Furthermore, the modularization allows
the update of concepts with minimum change propa-
gation on the entire ontology, and individual patterns
can also be used in isolation for some specific reason-
ing tasks (e.g. in order to avoid issues with reasoning
complexity or clashes in the relations to foundational
ontologies). The basis of these ontology modules are
extracted from the SOSA/SSN ontology and the DUL
ontology, and a number of specializations are defined,
either in the form of extension of class hierarchies or
updating links between concepts.

Although the SmartEnv ontology and its modules
were developed under the E-care@home project®, it
still needs to be extended to achieve semantic interop-
erability in healthcare monitoring to provide different
services for the patient [50], which is one of the goals
of the project. To the extent of knowledge of authors,
neither the SmartEnv Ontology nor its modules have

46http://ontology.fiesta-iot.eu/ontologyDocs/fiesta-iot/doc
“Thttp://purl.org/iot/vocab/m3-lite

“8https://w3id.org/smartenvironment/smartenv.owl
“Ohttp://ecareathome.se
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been used in other use cases, which might be motivated
by the lack of an ontology license and an ontology doc-
umentation page. However, it is worth mentioning that
the ontological terms defined in each module have the
necessary metadata assigned, and that the alignments
with the SOSA/SSN ontology terms are specified.

Being based on the SOSA/SSN ontology, the previ-
ously proposed use case example would be represented
with the same triples proposed in Section 3.1.2.

3.1.10. Summary

The representation of the notion of an observation
is the central element in most reviewed ontologies, al-
though its counterpart actuation is also addressed by
certain ontologies. The main ontology in this regard is
the SOSA/SSN ontology, which is based on the reengi-
neering of the SSNO. There are also other ontologies
based on the SSNO (e.g. the FIESTA-IoT and the IoT-
O ontologies) and likewise, there are ontologies based
on the new SOSA/SSN ontology (e.g. the SmartEnv
ontology). However, thanks to the alignment between
the initial SSNO and the new SOSA/SSN ontology
versions, interoperability issues among these ontolo-
gies may be alleviated.

Furthermore, there are ontologies that differ from
the SSNO’s stimuli-centric modelling or the SOSA’s
event-centric modelling. For example, the SAREF on-
tology takes a more device-centric modelling, while
the om-lite ontology tries to make a more faithful rep-
resentation of an [SO schema model.

Most of the reviewed ontologies offer explicit classes
for representing the notions of Observation, Actuation,
Sensor, Actuator, Feature of Interest, and Quality, but
some of them miss Feature of Interest (i.e., the om-lite
and the SAREF ontologies) or Quality (i.e., the om-lite
ontology), and the SAREF ontology does not relate a
quality to its feature of interest.

The SOSA/SSN ontology allows different ways of
modelling observable properties, although this flexibil-
ity means that different stakeholders may adopt differ-
ent modelling options that can derive in interoperabil-
ity problems. In this regard, there are ontologies such
as the SEAS ontology that renounce to this flexibility
and propose the notion that a quality is functionally
related to its feature of interest, being therefore more
aligned with the DUL ontology’s conceptualization.

It is worth mentioning that all of the reviewed on-
tologies provide an explicit license and documentation
page, except for the SmartEnv ontology. Likewise, the
metadata of terms, the alignments to other ontologies

and the evidence of the usage are present in most of
the reviewed ontologies.

The Table 3 summarizes the features of the ontolo-
gies reviewed in this section.

3.2. Context ontologies

Observations and actuations are the central elements
of the problem tackled in this survey. However, the
spatial, temporal, and units of measurements aspects
of their values are a contextual information of utmost
importance in buildings. This context information may
differ in nature and granularity levels, and responds
to the When, Where, Which questions of the SWI1H
analysis of Section 1. Next, the ontologies represent-
ing such a context of observations and actuations are
reviewed.

3.2.1. Time

Since nearly everything is liable to undergo change,
the notion of time features in the discourse about any
subject. Many ontologies defining the temporal con-
text exist [51-55], including the DAML-Time*° and
the SmartEnv’s Time Pattern®!. However, the most
commonly used ontology is the Time Ontology in
OWL>? [56] (OWL-Time).

The OWL-Time is a W3C recommendation repre-
senting temporal concepts for describing the tempo-
ral properties of resources. The ontology expresses
facts about the topological relations among instants
and intervals, together with information about dura-
tions and temporal positions including date-time infor-
mation. The time positions and durations may be ex-
pressed using either the conventional (Gregorian) cal-
endar and clock or using another temporal reference
system such as the Unix-time, the geologic time, or
different calendars.

The following triples would represent an obser-
vation (obs01) generated on 15" December 2018 at
19:00. Namespace xsd belongs to the XML Schema
Datatypes.

:0obs01 time:hasTime :obsOlTime.

:obsOltime rdf:type time:Instant;
time :inXSDDateTimeStamp
"2018—12—15T19:00:00+08:00"
AMxsd:dateTimeStamp .

SOhttps://www.cs.rochester.edu/~ferguson/daml/
Sthttps://w3id.org/smartenvironment/patterns/time.owl
S2https://www.w3.org/TR/owl-time/
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Table 3
Summary of the reviewed Observations and Actuations domain ontologies.

Ontology Latest Version | License Documentation | Metadata | Alignments | Use
SSNO 2011-06 W3C v v v v
SOSA/SSN | 2017-04 W3C v v v v
om-lite 2016-10 CCBY 3.0 v v v

SAREF 2018-05 CCBY 4.0 v v v
SEAS 2017-08 Apache 2.0 v v v v
IoT-O 2016-02 CCBY 4.0 v v v v
Fiesta-IoT 2017-11 EU H2020 Fiesta-IoT | v v v v
IoT-Lite 2017-06 CCBY 3.0 v v v
SmartEnv 2017-10 Undefined v v

This example addresses the When questions of the
5W1H method and the following proposed CQ:

— CQO5:When was the observation obsOl1 gener-
ated?

3.2.2. Location

Together with time, the spatial location is the other
primary aspect that may help specifying a context. The
WGS84 Geo Position®? is an ontology for representing
the latitude, the longitude and the altitude information
in the WGS84 geodetic reference datum.

The following triples would represent the location
of a building (building01) with coordinates 40.74° lat-
itude and -73.98° longitude with the WGS84 Geo Po-
sition terms:

:building01
:geo:location :buildingOl1Location.

:buildingO1Location rdf:type geo:Point;
geo:lat "40.74";
geo:long "—73.98".

This example addresses the Where questions of the
5W1H method and the following proposed CQ:

— CQO6: Where is the building building01 located?

Another approach proposes a more detailed ontol-
ogy to describe the location of device-based services
that occur in ubiquitous computing environments [57].
GeoSPARQL [58] is the OGC (Open Geospatial Con-
sortium) standard that not only defines an extension to
the SPARQL query language, but also defines an on-
tology for representing geospatial data in RDF.

Shttps://www.w3.0rg/2003/01/geo/

3.2.3. Units of measurements and Quantities

Units of measurement play a key role in many en-
gineering and scientific applications, and the correct
handling of the scale is of utmost importance in most
fields. Therefore, nowadays there are numerous on-
tologies describing the units of measurement and their
relations. Keil et al. [59] evaluate and compare dif-
ferent ontologies for modelling units of measurements
and one of the main findings is that the reviewed on-
tologies use different terms to refer to the same con-
cepts. For example, the concept “kind of quantity”, is
denoted as “physical quality” by the MUO>* (Mea-
surement Units Ontology), and as “quantity kind” by
the QU ontology> (Ontology for Quantity Kinds and
Units) and the QUDT>® (Quantities, Units, Dimen-
sions and Data Types Ontologies). The OBOE? (Ex-
tensible Observation Ontology), the OM>® (Ontology
of Units of Measure) and the SWEET ontologies do
not provide an explicit class for this concept, but they
model the respective notions as subclasses of “physical
characteristic” (OBOE), “quantity” (OM), and “prop-
erty” (SWEET).

The use of any of the aforementioned ontologies
for representing the observation results, means that the
quantity values are usually represented as OWL indi-
viduals linked to the numeric values and a unit of mea-
sure. Next, QUDT and another approach (which is not
covered in the aforementioned survey) are reviewed.

QUDT. The QUDT’ is an initiative sponsored by the
NASA to formalize Quantities, Units of Measure, Di-
mensions and Types using ontologies. The QUDT is

S4http://idi.fundacionctic.org/muo/
SShttps://www.w3.0rg/2005/Incubator/ssn/ssnx/qu/qu.owl
SOhttp://www.qudt.org/
SThttps://code.ecoinformatics.org/code/semtools/trunk/dev/oboe/
S8http://www.ontology-of-units-of-measure.org/page/om-2
Shttp://www.qudt.org/
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organized as a catalogue of quantity kinds and units of
different disciplines (e.g. acoustics or climatology). A
quantity (qudt:Quantity) is the central element which
represents a measurement of an observable quality of a
particular object, event or physical system. The quan-
tity is related with the context of the measurement, and
the underlying quantity kind remains independent of
any particular measurement. A quantity kind is distin-
guished from a quantity in that the former is a type
specifier, while the latter carries a value.

The dimensional approach of the QUDT relates
each unit to a system of base units using numeric fac-
tors and a vector of exponents defined over a set of fun-
damental dimensions. By this means, each base unit’s
role is precisely defined in the derived unit. Further-
more, this allows reasoning over the quantities as well
as the units.

Although at the moment of writing this survey there
are efforts towards the development of a second ver-
sion of the QUDT, these ontologies have only been
partly published.

The following triples would represent a 29°C quan-
tity value in the QUDT:

:0obsOl sosa:hasResult :tempOl.

:tempO1 rdf:type qudt:QuantityValue;
qudt:unit unit:DegreeCelsius;
qudt:numericValue "29"~"xsd:double.

This example addresses the Which questions of the
5W1H method and the following proposed CQ:

— CQO7: Which is the value of the observation
obs01?

UCUM Datatypes. The work presented by Lefran-
¢ois et al. [60] leverages the UCUM (Unified Code of
Units of Measure), a code system which aims at in-
cluding the units of measures currently used in inter-
national sciences, engineering, and business.

This proposal is different to the rest of the aforemen-
tioned ontologies representing units of measurements
and related concepts. The proposed lexical space is
the concatenation of a xsd:decimal value, at least one
space, and a unit chosen from the case sensitive ver-
sion of the UCUM code system. The value space cor-
responds to the set of measures, or the quantity values
as defined by the International Systems of Quantities.
Using the UCUM datatypes requires only one triple to
link a quantity to a fully qualified value, which is a

reduction from the at least three triples needed in the
aforementioned proposals.

The following triples would represent a 29°C quan-
tity value in the UCUM Datatypes:

:0obs01l sosa:hasSimpleResult
"29 Cel"Mcdt:temperature.

Furthermore, custom mechanisms to canonicalize
literals based on external descriptions of units of mea-
surements are not required. Therefore, one of the main
advantages of the use of the UCUM Datatypes lies in
the lighter datasets and simpler queries achieved. How-
ever, although the specification is stable, at the time
of writing this survey authors acknowledged that this
work has not yet been implemented in the main RDF
stores.

3.3. Building domain ontologies

BIM (Building Information Modelling) is a process
used by different stakeholders involved in the con-
struction process of a building and deals with the dig-
ital representation of the functional and physical char-
acteristics of a building [61]. Each of these stakehold-
ers adds domain knowledge to a common model which
keeps the information of the whole building life cy-
cle. As a consequence, the model serves as a valuable
source of information.

A BIM model may contain the static information of
a building element. For example, in the case of a win-
dow, the data about its location, the material it is made
of, and even when it was installed is available in the
BIM model and it can be queried. Nevertheless, BIM
models are not aimed at containing more dynamic in-
formation such as the data stemming from IoT sources.
On the contrary, IoT data, which is characterized by
its abundance, is recommended to be stored in suit-
able storage systems such as Time Series Databases®.
These databases are optimized for time series data,
thus being able to manage such an amount of data
while ensuring a high performance. Unlike Time Se-
ries Databases, BIM models are files that, if contained
IoT data, could end up being too big to manage or to
be exchanged.

Therefore, the integration of the static building in-
formation and the IoT data becomes a prime chal-
lenge [62]. Furthermore, it can be stated that more of-
ten than not, easy and intuitive ways to rapidly browse,

Ohttps://www.influxdata.com/time- series-database/
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query and use the BIM information combined with the
IoT data are not available [63].

Semantic Technologies can be leveraged to remedy
these issues, as they allow a more dynamic manipu-
lation of the building information in RDF graphs via
query and rule languages [63]. Furthermore, the on-
tology modelling paradigm for providing and imple-
menting a BIM model of a target building increases its
value [64] and supports a variety of advantages such as
the reusability and the automated reasoning upon the
modelled entities. There are a variety of technologies
that offer conceptual modelling capabilities to describe
a domain of interest, but only ontologies combine this
feature with Web compliance, formality and reasoning
capabilities [65].

There are many building domain ontologies, each
designed to fulfil the specific information requirements
of a certain use case within the AEC domain. However,
the lack of a common building model for representing
data prevents the interoperability and limits the scala-
bility of applications. Next, a set of the most relevant
ontologies for modelling buildings are reviewed.

Ontologies that do not cover building topology rep-
resentation but instead they cover areas that are indi-
rectly related to buildings are out of scope of this sur-
vey. For example, the HBC (Human Comfort in Build-
ing) ontology®! [66] focusing on occupants’ comfort.
Furthermore, ontologies such as the EEOnt [67] (En-
ergy Efficiency Ontology) and the BIMSO [68] (BIM
Shared Ontology) that are not available online at the
moment of writing this survey, are also left out of the
review.

In order to illustrate the capabilities and differences
between the reviewed ontologies, the following snip-
pet from the modelling problem proposed in Section 1
is considered:

“The location of a room (roomA) in the first floor
(floor01) of a building (building01)”.

This snippet addresses the following subset of pro-
posed CQs:

— CQO08: Which building does the floor floor0O1 be-
long to?

— CQO09: What kind of space is a floor?

— CQ10: Which floor does the room roomA belong
to?

61 https://w3id.org/ibp/hbe

Table 4

Building domain ontologies addressing the presented CQs.
Ontology CQo08 | CQ09 | CQ10
ifcOWL v v v
BOT v v v
DogOnt v v v
SAREF4BLDG | v
ThinkHome v v
FIEMSER v
Brick v v v
SEAS Building | v v v
SBIM v v v
REC v v v

The Table 4 checks whether the ontologies reviewed
in this section correctly address the aforementioned
CQs or not.

3.3.1. ifcOWL Ontology

The ifcOWL ontology®® [69] provides an OWL
representation of the EXPRESS schemas of the ISO
16739:2013%% IFC (Industry Foundation Classes), which
is the open standard developed by buildingSMART®*
for representing building and construction data. Us-
ing the ifcOWL ontology, IFC-based building models
can be represented as directed labelled graphs. Further-
more, the resulting RDF graphs can be linked to related
data including material data, GIS (Geographic Infor-
mation Systems) data or product manufacturer data. At
the moment of writing this survey, the latest ifcOWL
ontology is based on the IFC4 Addendum 2%°.

The ifcOWL ontology aims at supporting the con-
version of IFC instance files into equivalent RDF files.
This means that it is of secondary importance that an
instance RDF file can be modelled from scratch us-
ing the ifcOWL ontology and an RDF editor. Further-
more, the ifcOWL ontology defines a faithful map-
ping of the IFC EXPRESS schema, replicating its con-
ceptualization which has been found inconvenient for
some practical engineering use cases [63]. For exam-
ple, the ifcOWL ontology’s conceptualization of some
relationships and properties as instances of classes
(i.e., ifc:IfcRelationship and ifc:IfcProperty) is coun-
terintuitive to the Semantic Web modelling princi-
ples that would expect OWL properties to represent
them. In this regard, a systematic transformation of

%2http://ifcowl.openbimstandards.org/IFC4_ADD2.owl

63 https://www.iso.org/standard/51622.html
https://www.buildingsmart.org/

S http://www.buildingsmart-tech.org/ifc/IFC4/Add2/html/
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this modelling issue has been proposed in the IfcWoD
(IFC Web of Data) ontology®® [70], which claims to
simplify the query writing, optimize the execution of
queries and maximize the inference capabilities. There
are also other initiatives which focus on addressing the
ifcOWL ontology weaknesses such as making the IFC-
based exchanged data more semantically robust [71]
or making the ontology more flexible in terms of its
capability to deal with real-world scenarios [72].

The ifcOWL ontology is a necessary tool to incor-
porate IFC models to the Semantic Web infrastructure
but resulting graphs will be at least as large and com-
plex as the original IFC models, which may be too
complicated and even inconvenient for some scenar-
ios. In this regard, efforts were made to split the ontol-
ogy into modules representing different domains [73],
but it is still closer to the concepts introduced within
EXPRESS and IFC than to those of the Semantic Web
modelling style [74]. The lack of such a modular ap-
proach may be one of the reasons behind the lack of
evidence of usage of the ontology. Additionally, the
scarce metadata related to ifcOWL terms definitely do
not contribute to the reuse of the ontology. However, it
is worth mentioning that, it has an explicit CC BY 3.0
license, a publicly available documentation page and
since it follows the EXPRESS schema of the IFC in
order to allow bidirectional conversion, many ontolo-
gies from the building domain offer a set of mappings
to the ifcOWL ontology.

The following triples would represent the previously
proposed use case example:

:building01 rdf:type ifc:IfcBuilding;
ifc:isDecomposedBy_IfcObjectDefinition
:ifcRelAggregates_01.

:ifcRelAggregates_01
rdf:type ifc:IfcRelAggregates;
ifc:relatedObjects_IfcRelAggregates
:floor0O1 .

:floor01 rdf:type ifc:IfcBuildingStorey;
ifc:isDecomposedBy_IfcObjectDefinition
:ifcRelAggregates_02.

:ifcRelAggregates_02
rdf:type ifc:IfcObjectDefinition;
ifc:relatedObjects_IfcRelAggregates
:roOmA .

66 At the moment of writing this survey, the ontology is not pub-
licly available.

:roomA rdf:type ifc:IfcSpace.

In the IFC standard, the relationship between the
buildings, the storeys and the spaces are represented
using intermediate IfcRelAggregates instances. How-
ever, these instances are unnecessary in most of the ap-
plications and services that may use or query this in-
formation. Therefore, their presence in the RDF graph
raises its complexity unnecessarily.

3.3.2. BOT

The Building Topology Ontology®” [75] (BOT) is
a minimal OWL DL ontology developed by the W3C
LBD (Linked Building Data) Community Group®® for
covering core concepts of a building and for defining
the relationships between their subcomponents. Fol-
lowing the general W3C guidelines, a first design prin-
ciple for BOT has been to keep a light schema that
could promote its reuse as a central ontology in the
AEC domain.

The BOT describes sites comprising buildings, com-
posed of storeys, which have spaces that can contain
and be bounded by building elements. Sites, buildings,
storeys and spaces are all non-physical objects defin-
ing a spatial zone [76]. These basic concepts and prop-
erties make the schema no more complex than neces-
sary and this design makes the ontology a baseline ex-
tensible with concepts and properties from more do-
main specific ontologies. Therefore, the BOT serves as
an ontology to be shared.

Moreover, the W3C LBD is aimed at producing
more ontologies addressing geometry, products and
other requirements across the life cycle of buildings
that will extend from the BOT concepts. The Building
Product Ontology (PRODUCT®’) is aimed at describ-
ing building elements (e.g. doors and windows), fur-
nishings (e.g. chairs and tables), and MEP (Mechan-
ical, Electrical and Plumbing) elements (e.g. humid-
ifiers and energy meters) by means of different on-
tology modules. Furthermore, the iterative nature of a
building design entails that information which is valid
at one point in time might no longer be valid in the fu-
ture. In order to manage that value variability and to
keep track of property evolution history, the OPM (On-
tology for Property Management) ontology’® [77] is
proposed. Finally, the emergence of a need for a stan-

7https://w3id.org/bot

8 https://www.w3.org/community/Ibd/
https://github.com/w3c-Ibd-cg/product
TOhttps://github.com/w3c-1bd-cg/opm/blob/master/opm.ttl
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dardized approach towards building-related properties
derives in the future creation of the PROPS ontology’!.
It is worth mentioning that the W3C LBD group is
working on IFCtoLBD’? to transform IFC files into
RDF triples that follow the aforementioned ontologies.

The BOT has been reused by other ontologies lever-
aged for different use cases that range from Build-
ing Automation and Control Systems (BACS) [78]
to applications that support the design decisions re-
lated to thermal comfort and indoor climate [79], as
well as the management of Demand Response ac-
tions in the H2020 RESPOND project’? [80]. This
reuse may be fostered by a CC BY 1.0 license, a self-
explanatory documentation page and the presence of
metadata in various languages. Likewise, the ontol-
ogy is aligned with other related domain ontologies in-
cluding the ifcOWL ontology, the DogOnt (reviewed
in Section 3.3.3) and the Brick ontology (reviewed in
Section 3.3.7) [81].

The following triples would represent the previously
proposed use case example:

:building01 rdf:type bot:Building;
bot:hasStorey :floor0O1l.

:floor01 rdf:type bot:Storey;
bot:hasSpace :roomA.

:roomA rdf:type bot:Space.

3.3.3. DogOnt

The DogOnt ontology’ [82] formalizes IDE (In-
telligent Domotic Environment) aspects and it is de-
signed with a particular focus on the interoperation be-
tween domotic systems. Although it primarily models
devices, states and functionalities, the DogOnt ontol-
ogy also supports the description of the residential en-
vironments where devices are located.

Environment modelling in the DogOnt is rather ab-
stract and mainly aimed at locating indoor devices at
room granularity. Reflecting this general design goal
the available concepts permit to represent: (a) build-
ings, (b) storeys, as part of multi-storey buildings, (c)
flats, either located on single or multiple storeys, (d)
the rooms inside flats and other indoor locations lo-
cated outside flats (e.g. garages), (e) the walls, ceil-

Tl https://github.com/w3c-1bd-cg/props
72https://github.com/jyrkioraskari/IFCtoLBD
T3http://project-respond.eu/
T4http://elite.polito.it/ontologies/dogont.owl

ings, floors, partitions, doors and windows composing
both rooms and building boundaries, and (f) the objects
contained in an indoor environment including furniture
(e.g. chairs and desks) [83].

The DogOnt influenced the design principles of
other ontologies such as the EEOnt and it has been
used in research projects that encompass different do-
mains such as the smart grid domain in the case of
the JEERP (Java Energy-Aware ERP) project [84]. The
DogOnt authors claim that, since these ontologies and
projects have the DogOnt as a common origin, it could
be reused as a foundation towards a shared and unified
schema for the AEC ontologies interoperability. Addi-
tionally, the DogOnt terms are aligned with the DUL
ontology and the SSNO terms. However, even though
it is licensed under Apache License version 2.0 and it
has a documentation page, the latest DogOnt version
available at the moment of writing this survey (ver-
sion 4.0.2) counts with over 1,000 classes and over
70 properties, which may be rather large to reuse in
some cases. Moreover, the scarce ontology metadata
may hinder the DogOnt terms’ understanding and con-
sequently, its usage as a unified schema.

The following triples would represent the previously
proposed use case example:

:building01 rdf:type dogont:Building;
dogont:contains :floorO1.

:floor01 rdf:type dogont:Storey;
dogont:contains :roomA.

:roomA rdf:type dogont:Room.

3.3.4. SAREF4BLDG

The SAREF4BLDG ontology” [85] is an extension
of the SAREF ontology (reviewed in Section 3.1.4)
based on the IFC standard. This extension is limited
to the annotation of smart devices and appliances, fo-
cusing on the devices themselves and their location
within buildings. Therefore, unlike in the ifcOWL on-
tology where the whole IFC is translated, only the cor-
responding part of the standard is transformed. In fact,
it includes definitions from the IFC4 Addendum 176
to enable the representation of such devices and other
physical objects in building spaces.

According to its representation, a building may
have different spaces, which may also have other sub

TShttps://w3id.org/def/saref4bldg
Tohttp://www.buildingsmart-tech.org/ifc/IFC4/Add1/html/
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spaces within themselves. These classes alongside
with the class representing physical objects, are de-
clared as subclasses of geo:SpatialThing in order to
reuse the conceptualization for locations already pro-
posed by the Basic Geo vocabulary (also known as
the WGS84 Geo Position vocabulary). Moreover, the
SAREF4BLDG ontology’s current list of building de-
vices should not be considered exhaustive, and it might
be needed to extend this hierarchy if needed by a par-
ticular use case. At the moment of writing this sur-
vey, there is no evidence of the usage of this ontol-
ogy. However, it has a rich documentation and on-
tology metadata, and it is licensed under CC BY 4.0
terms. The SAREF4BLDG ontology sets mappings to
the ifcOWL ontology (IFC4 Addendum 1) using the
property rdfs:seeAlso, but this property does not ad-
equately represent the relationship of mapped terms.
On the contrary, the mappings with the SAREF ontol-
ogy classes are explicit and the relationship between
these terms is clear, as some of the SAREF4BLDG
ontology classes are defined as subclasses of the
SAREF ontology classes (e.g. s4bldg:BuildingDevice
rdfs:subClassOf saref:Device).

The following triples would represent the previously
proposed use case example:

:building01 rdf:type s4bldg:Building;
s4bldg:hasSpace :floor0O1.

:floor01 rdf:type s4bdlg:BuildingSpace;
s4bldg : hasSpace :roomA.

:roomA rdf:type s4bldg:BuildingSpace.

The SAREF4BLDG ontology does not define a
class for storeys, so they may be represented with class
s4bldg:BuildingSpace. That is, the CQ09 cannot be
satisfied, and consequently, the CQ10 neither.

3.3.5. ThinkHome Ontology

The ThinkHome ontology’’ [86] formalizes all the
relevant concepts needed to realize energy analysis in
residential buildings. The knowledge captured in the
ontology spans different domains, and it is logically
segmented in different modules such as the Weath-
erOntology’® and the EnergyResourceOntology .

TThttps://www.auto.tuwien.ac.at/downloads/thinkhome/ontology/

T8https://www.auto.tuwien.ac.at/downloads/thinkhome/ontology/
WeatherOntology.owl

TOhttps://www.auto.tuwien.ac.at/downloads/thinkhome/ontology/
EnergyResourceOntology.owl

The building information module (BuildingOntol-
ogy®) describes knowledge that supports optimized
control strategies striving for energy-efficient opera-
tion of smart homes. It consists of a set of basic classes,
properties and customized datatypes that have been
generated through XSLTs (Extensible Stylesheet Lan-
guage Transformation) from gbXML (Green Building
XML) Schema version 5.10%!. The gbXML was cho-
sen over the IFC because it focuses on the exchange
of information for energy simulation and calculation,
which is the ThinkHome system’s focal point.

There are enough concepts to model whole build-
ings including wall layers, window sizes and types,
door sizes and positions, room areas and volumes as
well as room purposes and orientation of buildings. Al-
though the M3 framework [46] reused terms designed
by the ThinkHome ontology for the weather domain,
there is no evidence of usage of the reviewed building
information module. This fact may be influenced by
the lack of an ontology documentation page, the ontol-
ogy metadata, the alignments to other ontologies and
especially, the lack of an ontology license.

The following triples would represent the previously
proposed use case example:

:building01 rdf:type bo:Building;
bo:containsBuildingStorey :floor0O1.

:floor01 rdf:type bo:BuildingStorey;
:roomA rdf:type bo:Space.

The BuildingOntology does not define a relationship
between a storey and a room within that storey, there-
fore, this connection cannot be represented. That is, the
CQI10 cannot be satisfied.

3.3.6. FIEMSER Ontology

The FIEMSER ontology®? describes an energy-
focused BIM model and the Wireless Sensor Net-
work related data for residential buildings. With re-
gards to the building-related concepts, it takes into ac-
count other approaches such as the IFC. The ontology
describes buildings which consist of some building
spaces representing flats or common areas. Likewise,
these spaces consist of some other physical spaces.

80https://www.auto.tuwien.ac.at/downloads/thinkhome/ontology/
BuildingOntology.owl

81 http://www.gbxml.org/schema/5- 10/GreenBuilding XML_
Ver5.10.xsd

82https://sites.google.com/site/smartappliancesproject/
ontologies/fiemser-ontology
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Furthermore, a building zone defines a functional area
in the building that will be controlled as a unique zone
and which can be an aggregation of one or more build-
ing spaces. The source used to create the FIEMSER
ontology is a secured PDF file from which the infor-
mation could not be automatically copied. As a conse-
quence, comments that could better explain the ontol-
ogy may be missing.

The FIEMSER data model represents one of the
main trends identified in the context of the Smart Ap-
pliances study of the SAREF ontology. The SAREF
ontology authors claim that the saref:BuildingSpace
class provides the link to the FIEMSER data model,
however, at the moment of writing this survey, there
is no alignment between the two ontologies. Fur-
thermore, although having a publicly available ontol-
ogy documentation page, the metadata related to the
FIEMSER terms are rather infrequent, and even worse,
no license is specified. This may explain the lack of
the FIEMSER ontology’s usage evidence.

The following triples would represent the previously
proposed use case example:

:building01 rdf:type fi:Building;
fi:consistOf :floor01;

:floor01 rdf:type fi:BuildingPartition;
fi:consistsOf :roomA.

:roomA rdf:type fi:Space.

Although the FIEMSER ontology does not contain
the notion of a storey, this may be represented with the
class fi:BuildingPartition. However, the CQ09 cannot
be adequately satisfied, and consequently, the CQ10
neither.

3.3.7. Brick Ontology

The Brick ontology® [87, 88] is a uniform schema
for representing the metadata in buildings and defines
a concrete ontology for sensors, their subsystems and
the relationships among them. While other ontologies
focus on BIM which is more oriented towards design
and construction efforts, the Brick ontology has a spe-
cific emphasis on BMS (Building Management Sys-
tems) focused on the building operation. The ontology
captures the hierarchies, the relationships and the prop-
erties for describing the building metadata and has a
clear focus on commercial buildings.

83https://brickschema.org/

The design of the Brick ontology follows a method-
ology that combines tagging (like in the Project
Haystack®*) and semantic models. The resulting ter-
minology allows describing real buildings but at the
cost of a counterintuitive hierarchy of classes and a
biased set of properties. Moreover, although offering
a rich documentation and enabling the reuse of the
ontology with their own license, the explanatory an-
notations accompanying the term definitions are very
scarce and alignments to other domain ontologies are
non-existent. The authors of the Brick ontology show-
case the effectiveness of their schema by converting six
buildings with a wide range of BMS, metadata formats
and building infrastructures.

The following triples would represent the previously
proposed use case example. Namespace bf belongs
to BrickFrame, an ontology module imported by the
Brick ontology.

:building01 rdf:type brick:Building;
bf:contains :floor0O1.

:floor01 rdf:type brick:Floor;
bf:contains :roomA.

:roomA rdf:type brick:Room.

3.3.8. SEAS Building Ontology

The SEAS Building ontology®® is a module of the
SEAS ontology (reviewed in Section 3.1.5) which de-
scribes a taxonomy for defining the structure of build-
ings or more general facilities (e.g. rooms and spaces)
and the zones related to measurement and control ac-
tions. It offers a hierarchy of types of spaces and build-
ings including offices, educational buildings and build-
ings categorized based on their energy efficiency such
as the passive houses and the ZEB (Zero Energy Build-
ings). It leverages the SEAS Zone ontology®® to de-
scribe the relationship between the different parts of a
building.

Likewise the rest of the SEAS ontology modules, it
is licensed under Apache 2.0, and it has a rich doc-
umentation page and metadata which eases its under-
standing. However, at the moment of writing this sur-
vey, the SEAS Building ontology is not used in any
project or known use case. Furthermore, the SEAS

84http://project-haystack.org/
85https://w3id.org/seas/BuildingOntology
86https://w3id.org/seas/ZoneOntology
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Building ontology has no alignments with other do-
main ontologies.

The following triples would represent the previously
proposed use case example:

:building01 rdf:type seas:Building.

:floor01 rdf:type seas:BuildingStorey;
seas :subZoneOf :buildingO1.

:roomA rdf:type seas:BuildingSpace;
seas :subZoneOf :floor01.

The seas:subZoneOf object property links a zone to
another it is contained in, which may be the inverse to
the relationship defined in other reviewed ontologies
(e.g. bot:containsZone).

3.3.9. SBIM Ontology

The Semantic BMS (SBMS) ontology87 [89] aims to
provide a semantic description of the building automa-
tion systems and the data available for operation analy-
sis. It contains a simplified model of selected elements
from BIM models in the SBIM ontology®® which is
imported by the main SBMS ontology.

The SBIM ontology contains concepts describing
the locations and the parts of the facilities adapted
from the IFC 4 specification. The representation of the
BIM individuals is modelled as subclasses of classes
defined in the BOT (reviewed in Section 3.3.2) us-
ing rdfs:subClassOf axioms. Authors of this ontol-
ogy state that the BOT serves for the SBIM ontol-
ogy’s identical purposes but lacks the representation
of sites, the universal transitive isPartOf property and
the representation of device types. The first two is-
sues are covered in the BOT version 0.2 by means
of the class bot:Site and the transitive object property
bot:containsZone respectively. Therefore, the SBIM
ontology could be updated to be defined as an exten-
sion of devices that are out of scope of the BOT.

Regarding the ontology’s usage, the SBIM ontol-
ogy (as part of the SBMS ontology) is used to eval-
uate the environment of a room and an energy effi-
ciency use case at the University Campus of Masaryk
University (Czech Republic). Furthermore, the on-
tology is aligned with the DUL ontology, defin-
ing the SBIM ontology’s concepts as subclasses of
dul:DesignedArtefact and dul:PhysicalPlace, and ob-
ject properties as subproperties of some DUL proper-

87 https://is.muni.cz/www/akucera/sbms/v1_0/SemanticBMS.owl
88https://is.muni.cz/www/akucera/sbms/v1_0/SemanticBIM.owl

ties. Nevertheless, the SBIM ontology’s reuse for fu-
ture use cases is definitely hindered by the absence of
a documentation page, the scarcity of metadata related
to ontological terms, and especially by the lack of an
explicit license.

The following triples would represent the previously
proposed use case example:

:building01 rdf:type sbim:Building;
sbim: hasFloor :floor0Ol1l.

:floor01 rdf:type sbim:Floor;
sbim : hasRoom :roomA.

:roomA rdf:type sbim:Room.

3.3.10. REC Building

The REC (RealEstateCore) Building Module® is
part of the REC ontology, a domain ontology preparing
buildings to interact with the Smart City. The REC on-
tology is developed in a modular way, where the Core
module collects the top-level classes and properties
that span over or are reused within multiple REC mod-
ules. The second-level REC modules include a mod-
ule for the device types and a module for the different
types of agents and the relationships they have, among
others. As for the REC Building module, it is focused
on the representation of building architectonic compo-
nents (e.g. facade and wall) and an extensive list of the
different types of rooms (e.g. conference rooms and
reception).

The REC ontology and its modules are published
as open source under the MIT License to ensure its
free access for commercial use to property owners,
suppliers, integrators, etc. It provides a documenta-
tion page which includes simple examples on how to
make use of the ontology. However, at the moment
of writing this survey, there is no evidence of its us-
age. Although the REC ontology contains a Meta-
data module, the metadata associated with ontology
terms is incomplete as most of them lack a description,
which may hinder its understanding in many cases
(e.g. the difference between building:DishingRoom
and building:DiningRoom). Regarding the alignments
to other ontologies or standards, the REC ontology’s
documentation page claims to have them in sepa-
rate alignment files. However, the URIs of the tar-
get ontologies of these alignments are not the correct
ones for referencing the corresponding ontology terms

89https://w3id.org/rec/building/
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(e.g. https://w3id.org/rec/alignments/IFC/IfcBuilding
for the IFC ontology’s IfcBuilding class, even when
this class URI is http://ifcowl.openbimstandards.org/
IFC4_ADD?2#IfcBuilding), and the relationships be-
tween the aligned source and target terms are not clear
as they use the rdfs:seeAlso property (e.g. the same
term may have various rdfs:seeAlso properties).

The following triples would represent the previously
proposed use case example. Namespace core belongs
to the REC Core module®.

:building01 rdf:type core:Building;
core:hasBuildingComponent :floorO1.

:floor01 rdf:type building: StoreyLevel;
core:hasSubBuildingComponent :roomA.

:roomA rdf:type core:Room.

3.3.11. Summary

Ontologies like the ifcOWL ontology are neces-
sary to convey the data registered in standard formats
(e.g. IFC files) to the semantic realm (e.g. RDF files).
These ontologies enable the automatic conversion of
big quantities of data to leverage capabilities offered
by the Semantic Technologies. However, such ontolo-
gies may be inadequate for a direct use in some scenar-
ios due to their inconvenient, complex and often coun-
terintuitive conceptualization of data for the task at
hand. This aspect has been demonstrated by the triples
annotated with the ifcOWL ontology to represent the
use case example.

It is remarkable that many of the reviewed on-
tologies have the IFC specification as a reference,
although the influence on some of them is bigger
(e.g. the ifcOWL ontology) than on others (e.g. the
SAREF4BLDG or the SBIM ontologies). However,
there are also ontologies that follow other standards
that are more suitable for their use cases, such as
the ThinkHome’s BuildingOntology which is based on
the gbXML or the Brick ontology which follows the
Haystack project’s foundation.

Some ontologies such as the DogOnt, the ThinkHome
ontology and the FIEMSER ontology are more fo-
cused on the residential sector, while others are more
independent from the type of building. Furthermore,
there are ontologies that do not represent the no-
tion of a storey (e.g. the FIEMSER ontology and the
SAREF4BLDG ontology) or the relationship between

9Ohttps://w3id.org/rec/core/

storeys and rooms (e.g. the BuildingOntology), which
may be rather recurrent concepts when describing the
topology of a building.

The number of ontologies that show evidence of
their usage in a variety of real-world use cases is rather
limited (e.g. the BOT and the DogOnt), although the
rich documentation and metadata puts some of these
ontologies in a good position to be reused (e.g. the
SAREF4BLDG ontology and the SEAS Building on-
tology). Obviously, ontologies without a license (e.g.
the ThinkHome ontology, the FIEMSER ontology and
the SBIM ontology) have high possibilities to be dis-
carded for a potential reuse, because the terms of its
reusability are not specified.

In this section, focus is placed on a rather limited
scope of the building domain, namely in the building
topology. However, this did not prevent us from finding
ontologies re-defining overlapping concepts over and
over again. Even worse, the relationships of the terms
defined by the different ontologies are not known, due
to a generalized lack of metadata and alignments of
terms. Therefore, a user cannot determine whether a
Space defined in the SAREF4BLDG ontology and in
the BOT represents the same concept or not.

The Table 5 summarizes the features of the ontolo-
gies reviewed in this section.

4. Discussion & Conclusions

According to Ferndndez-Lopez et al. [90], the defi-
ciencies in existing ontologies are important obstacles
for reusing ontologies. As a matter of fact, the potential
ontology users may be tempted to design their own on-
tologies rather than reusing/reengineering/extending
an existing one when they are faced with the following
problems: technical difficulties for locating and down-
loading a desired ontology; insecurity about the rights
to use a located ontology; unclear or non-existent ex-
planations of the goal or the scope of a downloaded on-
tology; and doubts about the meaning of the terms ap-
pearing in a candidate ontology. In view of the prolif-
eration of ontologies in the observations and actuations
domain as well as the building domain, such problems
appear to be very frequent.

Providing the means for a correct download of an
ontology is only a technical matter and it is surprising
that downloading fails happen so often if the authors of
the ontology have real desires to share it. Nowadays,
there are enough tools and services to successfully ac-
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Table 5

Summary of the reviewed Building domain ontologies.

Ontology Latest Version | License Documentation | Metadata | Alignments | Use
ifcOWL 2016-12 CCBY 3.0 v

BOT 2019-07 CCBY 1.0 v v v v
DogOnt 2019-03 Apache 2.0 v v v
SAREF4BLDG 2017-01 CCBY 4.0 v v v
BuildingOntology (ThinkHome) | 2014-03 Undefined

FIEMSER 2014-01 Undefined v

Brick 2018-04 Brick license | v/ v
SEAS Building 2016-05 Apache 2.0 v v

SBIM 2017-05 Undefined v v
REC Building 2019-04 MIT v

complish this task, and by no means can it be consid-
ered an inconvenience for sharing ontologies.

The fact that an ontology is actually available on-
line does not imply that it can be legally reused. The
lack of an explicit license that specifies the terms un-
der which they can be used is another issue that limits
the reusability of ontologies. But, similar to the pre-
vious issue, this can be easily solved by assigning a
license selected from one of the standardized propos-
als [91], including Creative Commons (CC) or Apache
licenses. Most of the ontologies reviewed in this sur-
vey exhibit this kind of licenses, although there are on-
tologies which do not show any (e.g. the SmartEnv, the
ThinkHome, the FIEMSER and the SBIM ontologies).
Creating new usage agreement terms as an alternative
to standard proposals, as in the case of the Brick ontol-
ogy, may discourage potential ontology reuse, as users
may face unfamiliar terms.

Certainly, a good documentation increases the un-
derstandability and potential usability of ontologies,
both by experts in semantics and by people who are
not necessarily experts in semantics and languages like
OWL, RDF or RDFS [92]. However, generating a good
documentation requires dedicated work to publicly ex-
plain the goal, the requirements, the covered scope, the
design foundation, and the collection of terms of the
ontology. The good news is that there is a prolifera-
tion of available tools for the automatic generation of
an HTML documentation from ontologies. These tools
minimize the efforts of writing a proper documenta-
tion and enable the interactive exploration of the ontol-
ogy with the use of hyperlinks and/or Javascript mech-
anisms. The bad news is that the quality and complete-
ness of such explanations for current ontologies are so
different among each other that it is difficult to accept
the mere existence of a documentation page as a cri-
terion for awarding a fundamental reference role to an

ontology. We should be more demanding with the doc-
umentation quality of the ontologies that are supposed
to play a basic role in a networked ontology infras-
tructure to be shared by the community. A clear exam-
ple of the ontologies offering a nice documentation are
the SOSA/SSN ontology, the SEAS ontology and the
BOT, which accompany the basic documentation pro-
duced by the aforementioned tools with examples of
its usage or the rationale behind some ontology design
choices.

However, the documentation alone is not enough to
support a general basis of agreement. Apart from of-
fering an ontology documentation page, it is of utmost
importance to provide proper descriptions of the on-
tology itself (e.g. the ontology namespace URI or ver-
sion dates) as well as of the classes and properties (e.g.
labels and textual definitions) defined in the ontology
if its reuse is aimed. These descriptions should be suf-
ficiently clear to convey the conceptualization consid-
ered for these terms to the reader. This is especially
advisable for ontologies with a high number of classes
and/or properties, since a lack of careful metadata with
explanatory descriptions of the intended meanings of
their terms becomes a hurdle to their usage. This sit-
uation arises in ontologies such as the DogOnt, the
ThinkHome, the ifcOWL, the Brick and the IoT-Lite
ontologies.

Names are not enough to convey a conceptualiza-
tion, so careful explanations with adequate examples
are necessary. Sometimes, similar names hide differ-
ences in their conceptualization. And a mismatch in
the conceptualization is one of the most critical points
that prevents the consolidation of a firm basis for an
agreed networked ontology infrastructure. For exam-
ple, the conceptualization of a process defined by the
om-lite ontology (oml:Process) includes sensors, pro-
tocols or workflows, while the SOSA/SSN ontology’s
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procedure (sosa:Procedure) does not consider sensors,
as part of its conceptualization. Another example of
the mentioned issue is showcased in the definition of
a space made by different ontologies. According to
the SAREF4BLDG ontology, a space (s4bldg:Space)
refers to an entity used to define physical spaces of a
building, and the BOT (bot:Space) defines these spaces
physically or notionally.

A trend towards a pattern-based design tends to pro-
duce modular ontologies that are more understandable
and more easily extended or reengineered when nec-
essary. The SSNO may be an example of this pattern-
based design, and the [oT-O and the FIESTA-IoT on-
tologies may be considered extensions of the SSNO.
Moreover, when some undesirable design decisions
on the the SSNO were spotted, its reengineering to
the new SOSA/SSN ontology was clearly reasonable.
The ODP design promotes the conceptualization of
concise and simple ideas and, moreover, encourages
to provide good metadata descriptions that may ease
the usage, reuse and extension of the ontologies. For
example, the SmartEnv modules were developed as
the SOSA/SSN ontology extensions. The SEAS on-
tology and the BOT are other representative ontolo-
gies of this pattern-based design. As a matter of fact,
this trend towards lightweight ontologies is preferred
by the Linked Data and Schema.org communities [33].
Conversely, ontologies such as the ifcOWL ontology
or the DogOnt which contain hundreds of terms are
more likely to incur in conceptual disagreements with
other community partners.

Finally, the explicit alignment of terms from differ-
ent ontologies as well as the mapping to upper-level
ontologies promotes interoperability. More compre-
hensive alignments are favoured between the clearly
conceptualized and well documented ontologies. The
BOT offers a set of mappings to other domain ontolo-
gies such as the ifcOWL ontology, the Brick ontology,
and the DogOnt. Both the SOSA/SSN and the SEAS
ontologies publish collections of precise mapping files
to other related ontologies. Unfortunately, few ontolo-
gies follow this practice, which may further impede
the achievement of an interoperable ontology space.
At times, it is claimed that ontologies include align-
ments with other ontologies, although in fact they are
only imprecise relationships between concepts (e.g.
the SAREF, the SAREF4BLDG and the REC Building
ontologies).

In conclusion, when new ontology proposals appear
and they overlap with existing ones but differ in funda-
mental aspects, it is difficult to say that an agreement

has been reached on the ontologies that should form
the basis on which to develop a infrastructure of inter-
operable ontologies in the domain of observations and
actuations carried out in buildings. Nevertheless, it can
be said that there exist some good ontologies which
could be selected for being discussed in depth with
the community, towards their polishing or completing
their design, promoting updated versions of them that
would achieve a wider consensus. After the review fol-
lowed in this survey, authors would like to suggest
ontologies like the SOSA/SSN and the SEAS ontolo-
gies in the observations and actuations domain, and the
BOT in the building domain, to continue developing
a firm basis towards the development of a networked
ontology infrastructure for observations and actuations
in buildings. Special attention should be paid to their
appropriate networking with ontologies representing
contextual information for observations and actuations
in buildings, including spatio-temporal ontologies and
ontologies about measurements and units topics.

5. Acknowledgements

This work is partly supported by the projects In-
ternet of Food & Farms 2020 and RESPOND (in-
tegrated demand REsponse Solution towards energy
POsitive NeighbourhooDs) which have received fund-
ing from the European Union’s Horizon 2020 research
and innovation programme under grant agreement no.
731884 and no. 768619 respectively. This work is also
supported by PRE-2016-1-0303, IT1041-16-GBV and
FEDER/TIN2016-78011-C4-2-R.

References

[1] J. Gubbi, R. Buyya, S. Marusic and M. Palaniswami, Internet
of Things (IoT): A vision, architectural elements, and future
directions, Future generation computer systems 29(7) (2013),
1645-1660. doi:10.1016/j.future.2013.01.010.

[2] CISCO, Cisco Global Cloud Index: Forecast and Method-
ology, 2016 - 2021 White Paper, Technical Report,
1513879861264127, 2018.

[3] A.C. Menezes, A. Cripps, D. Bouchlaghem and R. Buswell,
Predicted vs. actual energy performance of non-domestic
buildings: Using post-occupancy evaluation data to reduce
the performance gap, Applied energy 97 (2012), 355-364.
doi:10.1016/j.apenergy.2011.11.075.

[4] B.P. Haynes, The impact of office comfort on productiv-
ity, Journal of Facilities Management 6(1) (2008), 37-51.
doi:10.1108/14725960810847459.

=W N

o 0 g o

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51



@ J oy U W N

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

(51

[6

—_

[7

—

[8

—_

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

I. Esnaola-Gonzalez et al. / Ontologies for Observations and Actuations in Buildings: A Survey 27

A. Hedge and D.E. Gaygen, Indoor Environment Conditions
and Computer Work in an Office, HVAC&R Research 16(2)
(2010), 123-138. doi:10.1080/10789669.2010.10390897.

M. Mulville, N. Callaghan and D. Isaac, The impact of the
ambient environment and building configuration on occupant
productivity in open-plan commercial offices, Journal of Cor-
porate Real Estate 18(3) (2016), 180-193, ISSN 1463-001X.
doi:10.1108/JCRE-11-2015-0038.

K. Parsons, Human Thermal Environments: The Effects of Hot,
Moderate, and Cold Environments on Human Health, Comfort,
and Performance, 3rd edn, CRC Press, Inc., Boca Raton, FL,
USA, 2014. ISBN 9781466595996.

T. Abergel, B. Dean and J. Dulac, Towards a zero-emission, ef-
ficient, and resilient buildings and construction sector: Global
Status Report, UN Environment and International Energy
Agency (2017) (2017). ISBN 978-92-807-3686-1.

R. Studer, V.R. Benjamins and D. Fensel, Knowledge engineer-
ing: principles and methods, Data and knowledge engineering
25(1) (1998), 161-198, ISSN 0169-023X. doi:10.1016/S0169-
023X(97)00056-6.

N. Guarino, D. Oberle and S. Staab, What is an ontology?, in:
Handbook on ontologies, Springer, 2009, pp. 1-17. ISBN 978-
3-540-92673-3. doi:10.1007/978-3-540-92673-3_0.

S.N.A.U. Nambi, C. Sarkar, R.V. Prasad and A. Rahim, A uni-
fied semantic knowledge base for IoT, in: 2014 IEEE World
Forum on Internet of Things (WF-1oT), 2014, pp. 575-580.
doi:10.1109/WF-I0T.2014.6803232.

Y. Liao, M. Lezoche, H. Panetto, N. Boudjlida and
E.R. Loures, Formal Semantic Annotations for Models Inter-
operability in a PLM environment, IFAC Proceedings Volumes
47(3) (2014), 2382-2393, 19th IFAC World Congress, ISSN
1474-6670. doi:10.3182/20140824-6-ZA-1003.02551.

Y. Liao, M. Lezoche, H. Panetto and N. Boudjlida,
Semantic annotations for semantic interoperability in a
product lifecycle management context, International Jour-
nal of Production Research 54(18) (2016), 5534-5553.
doi:10.1080/00207543.2016.1165875.

Y. Lin and H. Ding, Ontology-based Semantic Annotation
for Semantic Interoperability of Process Models, in: Inter-
national Conference on Computational Intelligence for Mod-
elling, Control and Automation and International Confer-
ence on Intelligent Agents, Web Technologies and Internet
Commerce (CIMCA-IAWTIC’06), Vol. 1, 2006, pp. 162-167.
doi:10.1109/CIMCA.2005.1631259.

N.F. Noy, Semantic integration: a survey of ontology-
based approaches, ACM Sigmod Record 33(4) (2004), 65-70.
doi:10.1145/1041410.1041421.

P. Andrews, I. Zaihrayeu and J. Pane, A classification of se-
mantic annotation systems, Semantic Web 3(3) (2012), 223—
248. doi:10.3233/SW-2011-0056.

A. Gyrard, C. Bonnet, K. Boudaoud and M. Serrano,
LOV4IoT: A second life for ontology-based domain knowl-
edge to build Semantic Web of Things applications, in: 2016
IEEE 4th International Conference on Future Internet of
Things and Cloud (FiCloud), IEEE, 2016, pp. 254-261.

J.M. Hellerstein, V. Sreekanti, J.E. Gonzalez, J. Dalton,
A.Dey, S. Nag, K. Ramachandran, S. Arora, A. Bhattacharyya,
S. Das et al., Ground: A Data Context Service., in: CIDR,
2017.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

J. Urner, D. Bucher, J. Yang and D. Jonietz, Assessing the
influence of spatio-temporal context for next place prediction
using different machine learning approaches, ISPRS Interna-
tional Journal of Geo-Information 1(5) (2018), 166.

G. Seymour and A. Peterman, Context and measurement: an
analysis of the relationship between intrahousehold decision
making and autonomy, World Development 111 (2018), 97—
112.

A. Malhotra, S.R. Schuler and C. Boender, Measuring
women’s empowerment as a variable in international develop-
ment, in: background paper prepared for the World Bank Work-
shop on Poverty and Gender: New Perspectives, Vol. 28, 2002.
M.A. Calderon, S.E. Delgadillo and J.A. Garcia-Macias, A
more human-centric Internet of Things with temporal and spa-
tial context, Procedia Computer Science 83 (2016), 553-559.

G. Bajaj, R. Agarwal, P. Singh, N. Georgantas and V. Issarny,
4W1H in IoT semantics, IEEE Access 6 (2018), 65488—-65506.
doi:10.1109/ACCESS.2018.2878100.

P-Y. Vandenbussche, G.A. Atemezing, M. Poveda-Villalén
and B. Vatant, Linked Open Vocabularies (LOV): a gateway to
reusable semantic vocabularies on the Web, Semantic Web 8(3)
(2017), 437-452. doi:10.3233/SW-160213.

M.C. Sudrez-Figueroa and A. G6mez-Pérez, Ontology Re-
quirements Specification, in: Ontology Engineering in a
Networked World, M.C. Sudrez-Figueroa, A. Gémez-Pérez,
E. Motta and A. Gangemi, eds, Springer Berlin Heidelberg,
Berlin, Heidelberg, 2012, pp. 93—-106. ISBN 978-3-642-24794-
1. doi:10.1007/978-3-642-24794-1_5.

N. Calegari, C. Burle and B.F. Loscio, Data on the
Web Best Practices, W3C Recommendation, W3C, 2017,
https://www.w3.org/TR/2017/REC-dwbp-20170131/.

D. Garijo and M. Poveda-Villalon, A checklist for complete
vocabulary metadata, Technical Report, 2017. https://w3id.org/
widoco/bestPractices.

S. Cox, Ontology for observations and sampling features, with
alignments to existing models, Semantic Web 8(3) (2016), 453—
470. doi:10.3233/SW-160214.

A. Gangemi and V. Presutti, Ontology Design Patterns,
in: Handbook on Ontologies, S. Staab and R. Studer,
eds, Springer Berlin Heidelberg, Berlin, Heidelberg, 2009,
pp. 221-243. ISBN 978-3-540-92673-3. doi:10.1007/978-3-
540-92673-3_10.

M. Compton, P. Barnaghi, L. Bermudez, R. Garcfa-Castro,
0. Corcho, S. Cox, J. Graybeal, M. Hauswirth, C. Henson
and A. Herzog, The SSN ontology of the W3C semantic sen-
sor network incubator group, Web Semantics: Science, Ser-
vices and Agents on the World Wide Web 17 (2012), 25-32.
doi:10.1016/j.websem.2012.05.003.

K. Janowicz and M. Compton, The Stimulus-Sensor-
Observation Ontology Design Pattern and its Integration into
the Semantic Sensor Network Ontology., K. Taylor, A. Ayya-
gari and D.D. Roure, eds, 2010, ISSN 1613-0073.

A. Haller, K. Janowicz, S. Cox, M. Lefrancois, K. Taylor,
D.L. Phuoc, J. Lieberman, R. Garcia-Castro, R. Atkinson and
C. Stadler, The modular SSN ontology: A joint W3C and
OGC standard specifying the semantics of sensors, observa-
tions, sampling, and actuation, Semantic Web 10(1) (2019), 9—
32. doi:10.3233/SW-180320.

K. Janowicz, A. Haller, S.J. Cox, D.L. Phuoc and
M. Lefrangois, SOSA: A lightweight ontology for sen-
sors, observations, samples, and actuators, Journal of

=W N

o 0 g o

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51


https://w3id.org/widoco/bestPractices
https://w3id.org/widoco/bestPractices

@ J oy U W N

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

28

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

L. Esnaola-Gonzalez et al. / Ontologies for Observations and Actuations in Buildings: A Survey

Web  Semantics 56 (2019), 1-10,
doi:10.1016/j.websem.2018.06.003.

L. Daniele, F. den Hartog and J. Roes, Created in close interac-
tion with the industry: the smart appliances reference (SAREF)
ontology, in: International Workshop Formal Ontologies Meet
Industries, Springer, 2015, pp. 100-112. doi:10.1007/978-3-
319-21545-7_9.

M.V. Moreno, F. Terroso-Sdenz, A. Gonzilez-Vidal,
M. Valdés-Vela, A.F. Skarmeta, M.A. Zamora and V. Chang,
Applicability of big data techniques to smart cities deploy-
ments, I[EEE Transactions on Industrial Informatics 13(2)
(2016), 800-809. doi:10.1109/T11.2016.2605581.

D. Spoladore, S. Arlati, S. Carciotti, M. Nolich and
M. Sacco, RoomFort: An Ontology-Based Comfort Manage-
ment application for Hotels, Electronics 7(12) (2018), 345.
doi:10.3390/electronics7120345.

L. Daniele, M. Solanki, F. den Hartog and J. Roes, Interoper-
ability for Smart Appliances in the IoT World, in: The Seman-
tic Web — ISWC 2016, Springer International Publishing, 2016,
pp. 21-29. ISBN 978-3-319-46547-0. doi:10.1007/978-3-319-
46547-0_3.

M. Lefrancois, Planned ETSI SAREF Extensions based on the
W3C&OGC SOSA/SSN-compatible SEAS Ontology Patterns,
in: Proceedings of Workshop on Semantic Interoperability and
Standardization in the loT, SIS-10T,, 2017.

1. Esnaola-Gonzalez, J. Bermudez, I. Fernandez and A. Arnaiz,
EROSO: Semantic Technologies Towards Thermal Comfort in
Workplaces, in: Proceedings of the 21th International Confer-
ence on Knowledge Engineering and Knowledge Management
(EKAW 2018), C.F. Zucker, C. Ghidini, A. Napoli and Y. Tou-
ssaint, eds, Springer International Publishing, 2018, pp. 519—
533. doi:10.1007/978-3-030-03667-6_33.

N. Seydoux, K. Drira, N. Hernandez and T. Monteil, IoT-
0O, a Core-Domain IoT Ontology to Represent Connected
Devices Networks, in: Knowledge Engineering and Knowl-
edge Management: 20th International Conference, EKAW
2016, Bologna, Italy, November 19-23, 2016, Proceedings 20,
Vol. 10024, Springer, 2016, pp. 561-576. doi:10.1007/978-3-
319-49004-5_36.

N. Seydoux, K. Drira, N. Hernandez and T. Monteil, A Dis-
tributed Scalable Approach for Rule Processing: Computing in
the Fog for the SWoT, in: 2018 IEEE/WIC/ACM International
Conference on Web Intelligence (WI), IEEE, 2018, pp. 112—
119.

N. Verstaevel, G. Garzone, T. Monteil, N. Guermouche,
J. Barthelemy and P. Perez, An Ontology Based Context-Aware
Architecture for Smart Campus Applications, in: 2018 IEEE
Intl Conf on Parallel & Distributed Processing with Applica-
tions, Ubiquitous Computing & Communications, Big Data &
Cloud Computing, Social Computing & Networking, Sustain-
able Computing & Communications (ISPA/IUCC/BDCloud/-
SocialCom/SustainCom), IEEE, 2018, pp. 1056-1063.

S.J.R. Méndez and J.K. Zao, BCI Ontology: A Context-based
Sense and Actuation Model for Brain-Computer Interactions,
in: Proceedings of the 9th International Semantic Sensor Net-
works Workshop-SSN2018: 17th International Semantic Web
Conference, ISWC, Vol. 2213, CEUR-WS, 2018, pp. 32-47,
ISSN 1613-0073.

M. Bermudez-Edo, T. Elsaleh, P. Barnaghi and K. Taylor,
IoT-Lite: A Lightweight Semantic Model for the Internet of
Things and its use with dynamic semantics, Personal and

ISSN  1570-8268.

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[571

[58]

Ubiquitous Computing 21(3) (2017), 475-487, ISSN 1617-
4909. doi:10.1007/s00779-017-1010-8.

R. Agarwal, D.G. Fernandez, T. Elsaleh, A. Gyrard, J. Lanza,
L. Sanchez, N. Georgantas and V. Issarny, Unified IoT On-
tology to Enable Interoperability and Federation of Testbeds,
in: 3rd IEEE World Forum on Internet of Things, 2016.
doi:10.1109/WF-10T.2016.7845470.

A.G.S.K. Datta, C. Bonnet and K. Boudaoud, Cross-Domain
Internet of Things Application Development: M3 Framework
and Evaluation, in: 2015 3rd International Conference on Fu-
ture Internet of Things and Cloud, 1IEEE, 2015, pp. 9-16.
doi:10.1109/FiCloud.2015.10.

L. Sénchez, J. Lanza, J. Santana, R. Agarwal, P. Raverdy, T. El-
saleh, Y. Fathy, S. Jeong, A. Dadoukis, T. Korakis et al., Fed-
eration of Internet of Things testbeds for the realization of a
semantically-enabled multi-domain data marketplace, Sensors
18(10) (2018), 3375. doi:10.3390/s18103375.

1. Esnaola-Gonzalez, J. Bermudez, I. Fernandez, S. Fernan-
dez and A. Arnaiz, Towards a Semantic Outlier Detection
Framework in Wireless Sensor Networks, in: Proceedings of
the 13th International Conference on Semantic Systems, Se-
mantics2017, ACM, New York, NY, USA, 2017, pp. 152-159.
ISBN 978-1-4503-5296-3. doi:10.1145/3132218.3132226.

M. Alirezaie, K. Hammar and E. Blomqvist, SmartEnv as a
Network of Ontology Patterns, Semantic Web 9 (2018), 903—
918. doi:10.3233/SW-180303.

M. Alirezaie, K. Hammar, E. Blomqvist, M. Nystrom and
V. Ivanova, SmartEnv Ontology in E-care@ home, in: 9th In-
ternational Semantic Sensor Networks Workshop, Monterey,
CA, United States, October 9, 2018, Vol. 2213, CEUR-WS,
2018, pp. 72-79, ISSN 1613-0073.

Q. Zhou and R. Fikes, A Reusable Time Ontology, in: Proceed-
ing of the AAAI Workshop on Ontologies for the Semantic Web,
2002.

J. Hobbs and J. Pustejovsky, Annotating and reasoning about
time and events, in: Proceedings of AAAI Spring Symposium
on Logical Formalizations of Commonsense Reasoning, Vol. 3,
2003.

M.J. O’Connor and A.K. Das, A Method for Representing
and Querying Temporal Information in OWL, in: Biomedi-
cal Engineering Systems and Technologies, A. Fred, J. Fil-
ipe and H. Gamboa, eds, Springer Berlin Heidelberg, Berlin,
Heidelberg, 2011, pp. 97-110. ISBN 978-3-642-18472-7.
doi:10.1007/978-3-642-18472-7_8.

C. Zhang, C. Cao, Y. Sui and X. Wu, A Chinese time
ontology for the Semantic Web,
Systems 24(7) (2011), 1057-1074,
doi:10.1016/j.knosys.2011.04.021.

A. Galton, The Treatment of Time in Upper Ontologies, in:
Formal Ontology in Information Systems: Proceedings of the
10th International Conference (FOIS 2018), Vol. 306, 10S
Press, 2018, pp. 33—46. doi:10.3233/978-1-61499-910-2-33.
S. Cox and C. Little, Time Ontology in OWL, W3C Recom-
mendation, W3C, 2017, https://www.w3.org/TR/owl-time/.

T. Flury, G. Privat and F. Ramparany, OWL-based location on-
tology for context-aware services, Proceedings of the Artificial
Intelligence in Mobile Systems (AIMS 2004) (2004), 52-57.
M. Perry and J. Herring, OGC GeoSPARQL-A geographic
query language for RDF data, OGC implementation standard
(2012).

Knowledge-Based
ISSN  0950-7051.

=W N

o 0 g o

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51



@ J oy U W N

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

I. Esnaola-Gonzalez et al. / Ontologies for Observations and Actuations in Buildings: A Survey 29

J.M. Keil and S. Schindler, Comparison and evaluation of on-
tologies for units of measurement, Semantic Web 10(1) (2019),
33-51. doi:10.3233/SW-180310.

M. Lefrancois and A. Zimmermann, The Unified Code for
Units of Measure in RDF: cdt:ucum and other UCUM
Datatypes, in: The Semantic Web: ESWC 2018 Satellite Events,
Vol. 11155, A. Gangemi, A.L. Gentile, A.G. Nuzzolese,
S. Rudolph, M. Maleshkova, H. Paulheim, J.Z. Pan and
M. Alam, eds, Springer, Cham, 2018, pp. 196-201. ISBN 978-
3-319-98192-8. doi:10.1007/978-3-319-98192-5_37.

C.M. Eastman, C. Eastman, P. Teicholz, R. Sacks and K. Lis-
ton, BIM handbook: A guide to building information modeling
for owners, managers, designers, engineers and contractors,
John Wiley & Sons, 2011. doi:10.6028/NIST.IR.7908.

B. Dave, A. Buda, A. Nurminen and K. Friamling, A frame-
work for integrating BIM and IoT through open standards, Au-
tomation in Construction 95 (2018), 35-45, ISSN 0926-5805.
doi:10.1016/j.autcon.2018.07.022.

P. Pauwels and A. Roxin, SimpleBIM: From full ifcOWL
graphs to simplified building graphs, in: eWork and eBusi-
ness in Architecture, Engineering and Construction: ECPPM
2016: Proceedings of the 11th European Conference on Prod-
uct and Process Modelling (ECPPM 2016), Limassol, Cyprus,
7-9 September 2016, S. Christodoulou and R. Scherer, eds,
CRC Press, 2017, pp. 11-18.

P. Pauwels, S. Zhang and Y.-C. Lee, Semantic Web Technolo-
gies in AEC industry: A literature overview, Automation in
Construction (2016). doi:10.1016/j.autcon.2016.10.003.

D. Oberle, How ontologies benefit enterprise applications, Se-
mantic Web 5(6) (2014), 473-491.

H. Qiua, G. Schneider, T. Kauppinen, S. Rudolph and
S. Steigerd, Reasoning on Human Experiences of Indoor En-
vironments using Semantic Web Technologies, in: Proceed-
ings of the 35th International Symposium on Automation and
Robotics in Construction (ISARC 2018), Berlin, Germany,
2018.

J.J.V. Diaz, M.R. Wilby, A.B.R. Gonzdlez and J.G. Muiioz,
EEOnt: An ontological model for a unified representation of
energy efficiency in buildings, Energy and Buildings 60 (2013),
20-27, ISSN 0378-7788. doi:10.1016/j.enbuild.2013.01.012.
M. Niknam and S. Karshenas, A shared ontology approach to
semantic representation of BIM data, Automation in Construc-
tion 80 (2017), 22-36.

P. Pauwels and W. Terkaj, EXPRESS to OWL for construc-
tion industry: Towards a recommendable and usable ifcOWL
ontology, Automation in Construction 63 (2016), 100-133.
doi:10.1016/j.autcon.2015.12.003.

T.M. de Farias, A. Roxin and C. Nicolle, IfcWoD, semantically
adapting IFC model relations into OWL properties, Proceed-
ings of the 32nd CIB W78 Conference on Information Technol-
ogy in Construction (2015).

M. Venugopal, C.M. Eastman and J. Teizer, An ontology-based
analysis of the industry foundation class schema for building
information model exchanges, Advanced Engineering Infor-
matics 29(4) (2015), 940-957, Collective Intelligence Model-
ing, Analysis, and Synthesis for Innovative Engineering Deci-
sion Making Special Issue of the Ist International Conference
on Civil and Building Engineering Informatics, ISSN 1474-
0346. doi:10.1016/j.2e1.2015.09.006.

[72]

(73]

[74]

[75]

[76]

[(77]

(78]

(791

[80]

[81]

[82]

[83]

[84]

[85]

S. Borgo, E.M. Sanfilippo, A. Soji¢ and W. Terkaj, Ontolog-
ical Analysis and Engineering Standards: An Initial Study of
IFC, in: Ontology Modeling in Physical Asset Integrity Man-
agement, V. Ebrahimipour and S. Yacout, eds, Springer Inter-
national Publishing, Cham, 2015, pp. 17-43. ISBN 978-3-319-
15326-1. doi:10.1007/978-3-319-15326-1_2.

W. Terkaj and P. Pauwels, A Method to generate a Modu-
lar ifcOWL Ontology, in: Proceedings of the 8th Workshop
Formal Ontologies Meet Industry, Joint Ontology Workshops
2017, Vol. 2050, 2017.

K. McGlinn, A. Wagner, P. Pauwels, P. Bonsma, P. Kelly and
D. O’Sullivan, Interlinking geospatial and building geometry
with existing and developing standards on the web, Automa-
tion in Construction 103 (2019), 235-250, ISSN 0926-5805.
doi:10.1016/j.autcon.2018.12.026.

M.H. Rasmussen, P. Pauwels, C.A. Hviid and J. Karlshgj,
Proposing a central AEC ontology that allows for domain spe-
cific extensions, in: Proceedings of the Joint Conference on
Computing in Construction (JC3), Vol. 1, 2017, pp. 237-244.
doi:10.24928/JC3-2017/0153.

M.H. Rasmussen, P. Pauwels, M. Lefrancois, G. Schneider,
C. Hviid and J. Karlshgj, Recent changes in the Building
Topology Ontology, in: Proceedings of the 5th Linked Data in
Architecture and Construction Workshop (LDAC 2017), 2017.
doi:10.13140/RG.2.2.32365.28647.

M.H. Rasmussen, M. Lefrancois, M. Bonduel, C.A. Hviid
and J. Karlshgj, OPM: An ontology for describing properties
that evolve over time, in: Proceedings of the 6th Linked Data
in Architecture and Construction Workshop (LDAC 2018),
Vol. 2159, CEUR-WS, 2018, pp. 24-33, ISSN 1613-0073.

W. Terkaj, G.F. Schneider and P. Pauwels, Reusing domain on-
tologies in linked building data: the case of building automa-
tion and control, in: 8th International Workshop on Formal On-
tologies meet Industry, Vol. 2050, 2017.

E. Petrova, P. Pauwels, K. Svidt and R.L. Jensen, In search
of sustainable design patterns: Combining data mining and se-
mantic data modelling on disparate building data, in: Advances
in Informatics and Computing in Civil and Construction Engi-
neering, Springer, 2019, pp. 19-26.

I. Esnaola-Gonzalez and F.J. Diez, Integrating Building and
IoT data in Demand Response solutions, in: Proceedings of the
7th Linked Data in Architecture and Construction Workshop
(LDAC 2019), Vol. 2389, CEUR, 2019, pp. 92-105.

G. Schneider, Towards Aligning Domain Ontologies with the
Building Topology Ontology, in: Proceedings of the S5th Linked
Data in Architecture and Construction Workshop (LDAC
2017),2017. doi:10.13140/RG.2.2.21802.52169.

D. Bonino and F. Corno, Dogont - Ontology Modeling for In-
telligent Domotic Environments, in: The Semantic Web —ISWC
2008, Springer Berlin Heidelberg, 2008, pp. 790-803. ISBN
978-3-540-88563-4. doi:10.1007/978-3-540-88564-1_51.

D. Bonino and L.D. Russis, DogOnt as a viable seed for seman-
tic modeling of AEC/FM, Semantic Web 9(6) (2018), 763-780.
doi:10.3233/SW-180295.

D. Bonino, L.D. Russis, F. Corno and G. Ferrero,
JEERP: Energy-Aware Enterprise Resource Planning,
IT Professional 16(4) (2014), 50-56, ISSN 1520-9202.
doi:10.1109/MITP.2013.22.

M. Poveda-Villalon and R. Garcia-Castro, Extending the
SAREEF ontology for building devices and topology, in: Pro-
ceedings of the 6th Linked Data in Architecture and Construc-

=W N

o 0 g o

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51



@ J oy U W N

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

30

[86]

[87]

[88]

[89]

L. Esnaola-Gonzalez et al. / Ontologies for Observations and Actuations in Buildings: A Survey

tion Workshop (LDAC 2018), Vol. 2159, CEUR-WS, 2018,
pp. 16-23, ISSN 1613-0073.

C. Reinisch, M. Kofler, F. Iglesias and W. Kastner, ThinkHome
Energy Efficiency in Future Smart Homes, EURASIP Journal
on Embedded Systems 2011 (2010), 1-1118, ISSN 1687-3955.
doi:10.1155/2011/104617.

B. Balaji, A. Bhattacharya, G. Fierro, J. Gao, J. Gluck,
D. Hong, A. Johansen, J. Koh, J. Ploennigs, Y. Agarwal,
M. Bergés, D. Culler, R.K. Gupta, M.B. Kjergaard, M. Srivas-
tava and K. Whitehouse, Brick : Metadata schema for portable
smart building applications, Applied Energy 226 (2018), 1273—
1292, ISSN 0306-2619. doi:10.1016/j.apenergy.2018.02.091.
B. Balaji, A. Bhattacharya, G. Fierro, J. Gao, J. Gluck,
D. Hong, A. Johansen, J. Koh, J. Ploennigs, Y. Agar-
wal, M. Berges, D. Culler, R. Gupta, M.B. Kj®rgaard,
M. Srivastava and K. Whitehouse, Brick: Towards a Uni-
fied Metadata Schema For Buildings, in: Proceedings of the
3rd ACM International Conference on Systems for Energy-
Efficient Built Environments, BuildSys 16, ACM, New
York, NY, USA, 2016, pp. 41-50. ISBN 978-1-4503-4264-3.
doi:10.1145/2993422.2993577.

A. Kucera and T. Pitner, Semantic BMS: Allowing usage of
building automation data in facility benchmarking, Advanced

[90]

[91]

[92]

Engineering Informatics 35 (2018), 69-84, ISSN 1474-0346.
doi:10.1016/j.2e1.2018.01.002.

M. Ferndndez-Lopez, M. Poveda-Villalon, M.C. Sudrez-
Figueroa and A. GoOmez-Pérez, Why are ontolo-

gies not reused across the same domain?, Journal of

Web Semantics 57 (2019), 100492, ISSN
doi:10.1016/j.websem.2018.12.010.

M. Poblet, A. Aryani, P. Manghi, K. Unsworth, J. Wang,
B. Hausstein, S. Dallmeier-Tiessen, C.-P. Klas, P. Casanovas
and V. Rodriguez-Doncel, Assigning Creative Commons Li-
censes to Research Metadata: Issues and Cases, in: Al
Approaches to the Complexity of Legal Systems, U. Pa-
gallo, M. Palmirani, P. Casanovas, G. Sartor and S. Vil-
lata, eds, Springer International Publishing, Cham, 2018,
pp. 245-256. ISBN 978-3-030-00178-0. doi:10.1007/978-3-
030-00178-0_16.

S. Peroni, D. Shotton and F. Vitali, Tools for the Automatic
Generation of Ontology Documentation: A Task-Based Evalu-
ation, Int. J. Semant. Web Inf. Syst. 9(1) (2013), 21-44, ISSN
1552-6283. doi:10.4018/jswis.2013010102.

1570-8268.



	Introduction
	Scope of the survey
	Ontologies Review
	Observations and Actuations ontologies
	SSNO
	SOSA/SSN Ontology
	om-lite Ontology
	SAREF Ontology
	SEAS Ontology
	IoT-O Ontology
	IoT-Lite Ontology
	FIESTA-IoT Ontology
	SmartEnv Ontology
	Summary

	Context ontologies
	Time
	Location
	Units of measurements and Quantities

	Building domain ontologies
	ifcOWL Ontology
	BOT
	DogOnt
	SAREF4BLDG
	ThinkHome Ontology
	FIEMSER Ontology
	Brick Ontology
	SEAS Building Ontology
	SBIM Ontology
	REC Building
	Summary


	Discussion & Conclusions
	Acknowledgements
	References

